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ROBUST NOISE TECHNOLOGY AND SYSTEM FOR OIL WELL SRPU DIAGNOSTICS
AND MANAGEMENT

We have analysed noise-induced difficulties in the diagnostics of sucker rod pumping units (SRPUs) related to
the peculiarities of their field operation. We have demonstrated that the existing diagnostic methods based on the
interpretation of dynamometer cards built from signals received from force and stroke sensors do not allow diagnostic
and management problems to be solved in real time. A technology is therefore proposed for determining robust
normalized correlation functions, which are used to form the combinations of informative attributes that correspond to
the possible emergency states of SRPU. The identification of those states is duplicated by determining and forming the
combinations that correspond to the noise characteristics of the force signal, which enhances the reliability of the
results. The simplicity of the realization of the processing algorithms makes it possible to solve the problem of force
signal identification by means of inexpensive controllers in real-time mode. The application of the technology to more
than 100 real objects has demonstrated that the profitability of oil wells increases significantly due to energy savings
and an increase in the overhaul period.
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1. Introduction. SRPUs are known as the primary method of oil lifting; currently, sucker rod
pumping is a widespread practice in world oil production, covering over two-thirds of the total
active well stock [1]. The method is popular due to its simplicity, reliability and applicability to a
wide variety of operating conditions.

However, in the face of decreasing oil reserves, increased reservoir flooding and well
shutdowns caused by delayed equipment diagnostics, the profitability of oil production by SRPU
has decreased considerably. Therefore, improvements in the identification and diagnosis of SRPU
faults are a key issue in the problem of oilfield profitability over long-term operation. The timely
detection of SRPU faults and implementing preventive measures to eliminate those faults can
ensure the necessary stabilisation of oil production. To increase the overhaul period and create the
most favourable conditions for oil production management, various methods and tools for SRPU
technical control and diagnostics have been developed over the last several decades [2-11]. Those
works demonstrate that the information concerning the force on the rod hanger centre contains
comprehensive and least-distorted data about the condition of the underground pumping equipment.

Therefore, dynamometry, i.e., the reading and analysis of the force curve U D (t) received from the

force sensor in the rod hanger centre P(S) , is considered the customary way to control and
diagnose SRPU.

The authors of [2] demonstrate the possibility of recognizing force curves U D (t) with the

use of infra-low frequency spectrum analysers. The possibility of obtaining the amplitude spectrum
of the dynamometer card is considered an advantage of t his method. For instance, it was revealed
that the dynamometer cards of normal operating pumps have no even harmonics, while the
dynamometer cards of leaky pumps have even harmonics whose amplitudes are heavily dependent
on the scale of the leakage; however, only four types of faults could be recognized using this
method [2]. The statistical method was also used for fault recognition by dynamometer cards. This
method compares favourably with other methods of separating dynamometer cards into classes due
to the small amounts of computation and memory required by its application. The authors of [2, 3,
5-8] provide detailed descriptions of the results of numerous studies that have been carried out in
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this field over many years. The above-mentioned diagnostic methods have been used at different
SRPU control stations at real oilfields for many years, and a scientific foundation has been formed
based on these works and various systems for SRPU diagnostics and control by means of
dynamometer cards at the well head.

Based on the operational results of those systems, dynamometer card-based diagnostic
methods have been categorized as follows [2]:

- Diagnostics based directly on the characteristics of the ground dynamometer card;

- Diagnostics based on the secondary characteristics of the dynamometer card (spectral
characteristics such as variance, correlation and regression of the force sensor signal, coefficients of
Fourier series expansion for the dynamometer card, etc.);

- Diagnostics based on the typical characteristics of the ground dynamometer card’s shape;

- Diagnostics comparing the shape of the dynamometer card under consideration with a
reference card selected immediately after well repair and stored in the device memory;

- Diagnostics based on the characteristics of the plunger dynamometer card calculated from
the data of the ground dynamometer card and well design; and

- Diagnostics based on the typical characteristics of the shape of the plunger dynamometer
card.

The shortcoming of these methods is that they do not allow the automatic identification of a
dynamometer card in real time with sufficient ability. For this reason, the identification of
dynamometer cards in real life is mostly performed via semi-automatic interpretation, which
eventually leads to a visual analysis of the obtained dynamometer information by a technologist,
who makes the final decision concerning the presence of a fault in SRPU. The results of the
diagnostics depend on the qualifications of the technologist, and running diagnostics on all wells
takes some time. Further, even a highly qualified specialist sometimes cannot determine precisely
the type of pump fault visually using only dynamometer cards, particularly for deep wells.
Therefore, new technologies for the analysis and identification of dynamometer cards with the use
of modern controllers in real-time mode must be developed. It is reasonable to ensure the
monitoring of the latent period of the origin of SRPU transition into the emergency state by
identifying the rod hanger force per pumping cycle signal of the pumping unit. Our research has
demonstrated that one of the most efficient ways to solve this problem is to create a hybrid
technology for the analysis and identification of signals of hanger force combined with the
technologies of correlation and noise analysis [7-10].

2. Problem statement. In the known SRPU control systems, the dynamometer card
information comes from force and stroke sensors in the form of the electric signal of force U, (t)

and stroke U, (t) via the communication channel. Using the combination of these two variables
U,(t) and Ug(t) , the dynamometer card U (t)=f(U ) , whose form is described by a

parallelogram (Fig. 1), is formed. A skilled technologist can identify more than 20 types of SRPU
faults through a visual analysis of distortions in different sections of its shape [2]. Performing this
operation for a hundred wells, however, is a complicated task.
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Fig. 1 Typical dynamometer card of a normally operating SRPU

It should be noted that in the case that an object’s state is identified through a hardware
implementation, there is no need to use U, (t), as SRPU can be diagnosed by analysing the stress

curve U (t) only. The main challenge in this problem is currently associated with the lack of a
technology that can ensure the adequate identification of the force signal U  (t) in real time. For

instance, when the correlation analysis technology is used for this purpose, the condition of
robustness is not satisfied because the error of the obtained estimates of the correlation functions
caused by the effects of the noise & (t) accompanying the useful force signal U  (t) under
operation changes across a rather broad range. This is related to the fact that the control object, i.e.,
SRPU, operates in the field environment (subject to temperature and humidity extremes, etc.).
Additionally, during pump operation, various faults can also cause the formation of a noise ¢, (t)

that correlates with the signal U  (t) [12]. Therefore, the noise &(t) accompanying the force signal
U, (t) forms under the influence of the following two factors:

e(t) = &,(t) + &, (1)
& (t) forms due to the changes in the environment (temperature and humidity differences, etc.);
&,(t) forms during the operation of the object due to the changes in the technical condition of the

mechanical components of the pump, such as wear and tear, bends, cracks, fatigue, etc.
Thus, during operation, the signal contaminated with the noise £(t) is input into the system

instead of the signal U (t) . The analysed signal looks like the following in the analogue form:

gt =U, () +&(1),
and like the following in the digital form:
g(iAt) =U | (iAt) + g(iAt) . (2.2)
For the above reasons, both the amplitude and the spectrum of the noise &(iAt) vary across a
fairly wide range. For the same reasons, the errors of the obtained estimates of the correlation
functions R, (iAt) of the measuring signal g(iAt) =U ,(iAt) + £(iAt) also vary across a wide time
range. Therefore, we fail to provide the condition of robustness for the estimates of the correlation

function in real-time mode, i.e., to rule out the dependence of the obtained results on the effects of
the noise £(iAt). This, first of all, complicates solving the problem of the identification of the

dynamometer card using correlation methods. Consequently, ensuring an adequate identification
requires that the conditions of robustness hold, i.e., the elimination of the effects of the said factors
on the error of the estimates R, (iAt). To that end, it is appropriate to first reduce the estimates
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R, (iAt) to a single dimensionless value by applying the normalization procedure [2, 12-14]. Our

analysis, however, demonstrates that the application of traditional methods introduces additional
error in the normalized estimates of the correlation functions r  (iAt), which, in turn, complicates

the attempt to ensure adequate results for the above-mentioned problems. This issue will thus be
considered in greater detail in the following paragraphs.
It is known that normalized correlation functions of the useful signal U (iAt) are calculated

from the following formula [12-14]:
fou (1) = Ryy (1) / Dy (2.2)
where the estimate of the variance R, () at x =0 is determined from the expression:

N
Ryy (1#=0) =D, =1/ N> U (iAt)U (iAt). (2.3)
i=1
The estimates of the correlation function R, (x) of the useful signal U (iAt) at x =0 are
determined from the formula:
N
Ryu (u) =1/ NZU (AU ((i + w)At), £=01,23... (2.4)
i=1
It is also known that the estimates of the normalized correlation functions r  («) of the noisy
signal g(iAt), consisting of the force signal U (iAt) and the noise £(iAt), are calculated from the

formula;

Fo (1) =Ryg (#)/ D, , (25)

Where:
R, (#=0)=1/N i g(iAt)g(iAt) =1/N i[u (iAt) + g(iAt)][U (iAt) + g(iAt)] =1/ N i[u (AU (iAt) +
) +[U (iAt)e(iAt) + e(iAU (iAt) + g(iAt) e (iAt)]] ) (2.6)

Expression (2.6) clearly shows that the equality R, («=0) =D, holds only at x=0, as the
correlation of U (iAt) and the noise &(iAt) disappearsat x#0, i.e..

1/N i[u (iAD)&(iAt) + e(ADU (iAt) + £(iAt)e(iAt)] ~ 0.

Therefore, the following equality will hold for estimates R, («) at =0 :
Rgg (/u) = RUU (/’1) .
For this reason, when formula (2.5) is applied, the correct result of the division of R, (x) by
D, is obtained only at x=0. For all other cases, when x = 0, an additional error is introduced into

the result, which is one of the factors that violates the adequacy of the identification results.

To eliminate the stated error in the traditional normalization procedure, estimates r,, (x = 0)
should be normalized by means of the following expressions:

Foo (1) = Ry (1) I Ryy (1 =0). (2.7)

As noted earlier, however, it is practically impossible to determine estimate R, («=0) due
to the influence of noise &(iAt).

Thus, the problem we set in this paper is developing technologies that attempt to eliminate the
effects of noise ¢(iAt) on the estimates of the normalized correlation functions r (= 0) to
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ensure the adequate identification of the technical condition of SRPU by means of correlation
functions. We must also obtain estimates of the normalized correlation functions r®g () of the
noisy signals g(iAt) that are sufficiently robust to ensure that the following equality holds:

rRog (1) = o (40) -

As was indicated earlier, when the latent period of fault origin begins in SRPU, a correlation
between the useful signal U (iAt) and the noise &(iAt) = &, (iAt) + &, (iAt) arises. Our experimental
research has demonstrated that the effects of the noise &(iAt) on the estimates of correlation
functions are practically non-existent, but only in the normal state of SRPU. With different types of
SRPU faults because of the influence of the noise the estimates R, change; in other words, a
certain range of the noise variance D_, cross-correlation function R, (« =0) between the force
signal U  (iAt) and the noise (iAt) and the estimate of the sum noise D, corresponds to every

possible fault.

3. Technology for correcting the errors of normalization of correlation functions. As noted
earlier, calculating the estimates of normalized correlation functions is associated with certain
difficulties.

Considering that the error of the estimate R, (x=0) at (u =0) is affected by the presence of
a correlation between the useful signal U (iAt) and the noise &(iAt), as well as formula (2.1) and

equality (2.6) can be written as follows:
N N N N
Ry (11=0)= Z g(iAt)g(iAat) =1/ N ZU 2(iat)+2-1/N ZU (iAt)e(iAt) +1/ N 282 (iAt) =
i=1 i=1 i=1 i=1

=Ry (u=0)+2R,, (1 =0)+D, (3.1)
The estimate of the variance D, of the noise £(iAt), [12-14] is determined from the formula:
N
D, =1/ND_&(iAt)e(iAt). (3.2)
i=1
Therefore, considering equalities (3.1) and (3.2), the formula for calculating R, («=0) can be
represented as follows:
From expression (3.3), it follows that in the presence of a correlation between the useful signal and
the noise, the estimate of the autocorrelation function R, (« =0) contains an error equal to the
value of the sum variance D_ , i.e..
D, =2R,,(u=0)+D,. (3.4)
At (u # 0), expression (2.6) can also be represented in the following form:
N N
Ry (u#0)=1/N Z g(iat)g((i + w)At) =1/ N Z[U (IAL) + e(IAD][U (1 + p)At + (i + p)At] =

i=1 i=1

=1/ Niu (ADU (i + 2)At) +1/ Niu (iAD)e((i + £)At) +1/ Nie(iAt)U (i + L)AL) + (3.5)

+1/ Nia(iAt)g((i + L)AL).

As the following equalities hold at £ # 0
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Ry, (1)1/N iu (iA) (i + £)At ~ 0

i=1

R, (u)1/N ZN:g(iAt)U (i+1)At~0 (3.6)

i=1

R (1)1/N ig(im)g(i L U)At=~0

the following can be written:
N
Ry (1 #0) =1/ N> U (IAU (i + ) At = Ry, (1 # 0) . (3.7)
i=1

Therefore, considering (3.3)-(3.7), formula (2.7) for calculating the estimate of the normalized
autocorrelation function of the noisy signal g(iAt) can be represented as follows:

R =0) =220 = g (3.8)
g
R (u# 0) = LB o Roolk®D (3.9)

Ryy(#=0) ~ Dg=2Ry(u=0)-D’
Thus, the additional error of the normalized correlation functions can be eliminated using
expressions (3.8) and (3.9) if one can estimate the noise variance D, and the correlation function

R,. (u =0) of the useful signal U (iAt) and the noise e(iAt).

4. Algorithm for calculating the estimates of the noise variance and the cross-correlation
function between the useful signal and the noise. As shown above, the problem of identifying

dynamometer cards can be solved by using the estimates of the noise variance D, and cross-
correlation function R, () between the useful signal, the noise and the variance of the sum noise
D, . Therefore, let us consider one possible way to determine these estimates.

We know that the formula for calculating the estimate of the autocorrelation function R, ()

of the centred sampled random signal g(iAt) with allowance for the effects of the noise &(iAt) can
be represented in the following form:

Ry, (1) =1/ N i g(ADg((i + )At) =1/ N i[u (iAL) +e (IADI[U (i + )AL + &((i + £)AL)] =

=1/N i[u (AU ((i + p)A) +U (A e((i + p)At) + e(IADU ((i + p)At) + e(iAt)e((i + w)A)] = (4.1)
=Ry, (1) + 4, ()
Where:
Ry (1) =1/ NiU(iAt)U ((1+ )At) . (4.2)

We also know that when the samples of the useful signal U (iAt) and the noise ¢(iAt) and the
samples of the noise ¢(iAt) and &((i + u)At), do not correlate the equalities (3.6) hold.
Taking into account (3.2) and (3.6), equality (4.1) can be written as follows:
N
Ry (#=0)=1/N Z[U (IAtMJ (iAt) + U (iAt)e(iAt) + e(iAt)U (iAt)]+ D, = R, (#=0)+ D, (4.3)

i=1
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Ry (1 #0)=1/N i[u (AU ((i + 2)At) +U (IADU ((i + £)AD)] + (AU (i + ) At) = Ry, (i # 0)

It is also a fact [12-15] that if estimates R,,(«=0), Ry, (#=1), and R ,(u=2) are
determined from expression (4.2), their differences are close values:
im ;. Ry, (4=0)-Ryy (=D ~lim, Ry, (£=D)-Ry,(u=2). (4.4)

At—0 At—0
Therefore, the following equality can be regarded as true:

Ruu(u=0)-Ryy(u=) =Ry, (=D -Ry, (£=2). (4.5)
Hence, the following can be written:
Rou (1 =0)~ 2R, (1 =D - Ry, (1 =2). (4.6)

Considering the equalities:
Ry (=D ~=Ry (1=1) | 4.7)
Rgg (/u = 2) ~ F\)UU (lu = 2)
and (4.1), (4.3), (4.5)-(4.7), the following will hold:
D, =R, (#=0)+R(t=2)-2R  (u=1). (4.8)
In other words, if conditions (3.6), (4.4)—(4.7) are satisfied, the expression for determining the
estimate of the sum noise D_ can be represented as [7,12,15]:

N
D, =1/N) [g*(iAt) + g(iAt)g((i + 2)At) — 2g(iAt) g ((i +1)At)]. (4.9
i=1
It is clear that when estimate D_ is known, the formula for calculating the variance of the
useful signal can be written in the following form:
D, =D, -D,.
The estimate R, («=0) in expression (4.1) can be represented as follows:
N N N
Ry (1=0) =1/ N [U(iAt) + £(iAt)]* =1/ N> U ?(iAt) +1/ N 2[U (iAt) (iAt)] +

i=1 i=1 i=1
N
+1/NY &% (iAt) (4.10)
i=1
If we assume the following notations:

1/ Niu 2(iat) =R, (1 =0),

i=1

1/N iz[u (iAt)e(iAt)] = 2R, (4 = 0),

i=1

1/ Niez(iAt) =R, (u=0)=D,_,

i=1

expression (4.10) will take the following form:
Ry (11 =0) =Ry, (u=0)+2R,, (1 =0)+R, (u=0).
Hence, expression (4.8) can be transformed as follows:
D, ~ Ry (1 =2)= 2Ry (1 =1)+ Ry, (1 =0)+2R,, (1 =0)+R, (z=0).

Considering that:

Reg (=1 =Ry, (1 =1),
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Reg (1 =2) =Ry, (1 =2),
Ruu (e =0)+Ry, (1 =2)=2R, (1 =1)
we can assume that the following equality is true:
Ryg (11 =2)— 2Ry, (1t =1) + Ry, (1 =0) =0.
Therefore, formulas (4.8) and (4.9) for the calculation of D_ can be transformed as follows:
D, ~2R,,(u=0)+R, (u=0)=2R,,(u=0)+D,. (4.12)
D, =D, —2R,,(#=0).

Estimate D, can be calculated from expression (4.9); however, the use of this formula does
not allow us to determine estimates R, («=0) and D,. In this regard, let us consider in more
detail the possibility of determining it by means of the technologies for calculating the estimates of
the relay correlation function R;g (1 =0). To that end, we assume the following notations:

+1at g(iAt) >0
sgn g(iAt) =sgnU (iAt) =<0 at g(iAt) =0 (4.12)
—lat g(iAt) <0
and the validity of the equalities:

N
1/ NZSgng(iAt)g((i +u)At)=0at £#0

o (4.13)
1/ND sgne(iAt)e(iat) =0 at =0

i=1
Thus, the formula for determining the estimates of the relay correlation function R;g (¢ =0) will be
represented as follows:

R;g (u=0)=1/N ZN:sgng(iAt)g(iAt) =1/N isgng(iAt) -[U (iAt) + e(iAt)] =

i=1 i=1

=1/N isgn g(iAt) -[U (iAt) + e(iAt)] =1/ N i[[sgn g(iAt) -U (iAt)] + [sgn g(iAt) - e(iAt)]] =

i=1 i=1

=1/N isgn g(iat)U (iat) +1/ N ZN:sgn g(iat) - e(iat) =1/ N isgnu (IAt)U (iAt) +1/ N isgnu (iAt)e(iAt) =

=1 i=1 i=1 i=1

=Ruu (1 =0)+Ru: (= 0)

R'g(12=0)=1/N isgng(iAt)g(iAt) =1/N isgng(iAt)[U (iAt) + g(iAt)] . (4.14)

i=1
As we know [7,12,15] in the absence of a correlation between U (iAt) and &(iAt) under the

conditions (4.12), (4.13) the following approximate equations can be regarded as true for the
estimates of the relay correlation function:

Rg (u=0)- R g (u=1)~ R g (u=1)- R g (u=2)= R g (u=2)- R g (u=3)~ (4.15)
~R'gg (u=3)— R g (u=4)
R*Uf (u=0)- R*US (u=D)~Ruwu=)-Rw@=2)~Ru(u=2)-Ruw(u=3)~ (4.16)
~Ruw(u=3)-Ruw((u=4)
AR"gq (11 =0) =~ AR 4g (11=1) =~ AR g9 (11 =2) = AR g9 (1 =3), (4.17)
10
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ARuu (u=0)~AR"w (=1 =~ AR vu (£ =2) ~ AR"vu (z=3). (4.18)
In the presence of a correlation between U (iAt) and &(iAt), the following expressions can be
regarded as true:
AR g (u=0)- AR g (u=1= AR g (u=1- AR g (u=2), (4.19)
AR g9 (11 =1) = AR oq (1 = 2) ~ AR g9 (11 = 2) = AR g9 (1 = 3) ~ AR g (1 = 3) = AR g (11 = 4) = 0 }
AR"Ww (=1)-AR w (u=2)~ARuu(1=2)—AR vu(1=3) = AR"wu (£ =3)— AR wu (u=4) =0
From equation (4.14), it follows that the estimate of the relay cross-correlation function
ARu: (12 = 0) can be calculated from the formula:
AR gg (1 =0) =~ AR"wu (1 =0)+ AR u: (u =1),
AR us (1t =0)—R gg (£ =0)—R"vu (1 =0). (4.20)
Hence, calculating ARu.(x=0) from expression (4.20) requires that R'uu(u=0) be

determined. It follows from equalities (4.14)—(4.19) that estimate R"uu (x2 =0) can be calculated by
the following expression:
Ruu(u=0)~Ruu (=) +ARvu (=1 = Rigg(1=1)+ AR g ( =1) = R'gg (u =1) +

+[Rgg (£ =1)—R7gg (11 =2)] =2R g9 (11 =1) = R'gg (1 = 2)
Thus, expression (4.20) can be represented as follows:

Rus (u=0)= R*gg (u=0) —[ZR*gg (u=0)- R*gg (u=2)]= R*gg (u=0)- ZR*gg =D+ R*gg (1=0)

Therefore, the expression for calculating the estimate of the relay cross-correlation function
R’u. (12 =0) between the useful signal U (iAt) and the noise &(iAt) can be represented as follows:

R'u:(u=0)~1/N i[sgng(iAt)g(iAt) —2sgn g(iAt)g(i +DAt) +sgn g(iAt)g(i + 2)At)] . (4.21)
i=1
As we can see, with estimate R'u.(u=0) available, it is quite easy to calculate estimate
Ry, (#=0). We know from [12-15] that knowing the estimates R'u.(u=0), Rg(x2=1) and
R,, (# =1)and using the relationship between R g (12 =1)and Ry, (1 =1), we can assume that the
following equality holds:
R'eq (1 =1)/ Ryg (4 =1) = R'ue (= 0)/ Ry, (1 = 0),
Hence, estimate R, (« =0) can be calculated by the formula:
Ry, (1= 0) = Ryg (1 =R s (1 = 0)/ R"gg (2 =1) (4.22)
It is obvious that with a knowledge of estimate R, («=0), estimate D, can be determined
from the expression (4.11):
D, =D, —2R,, (u=0).
Thus, estimates D, and R, (« =0) are determined from formulas (4.11) and (4.22) based on
estimate D, from formula (4.9), R, («=1) from formula (4.1), R g (12 =1) from formula (4.14)
and Ru: (= 0) from formula (4.21).

By inserting the determined values of the noise variance D, and correlation function
R, (©=0) of the useful signal and the noise in expressions (3.8) and (3.9), we will obtain the

robust normalized estimates of the autocorrelation function r®q () of the noisy signal g(iAt).
11
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5. Robust normalisation procedure for estimating correlation functions. The technology for
calculating estimates D_ , D, , R'u.(#2=0) and R, (x=0) makes it possible to ensure the
robustness of the estimates of the normalized correlation functions by eliminating the additional
noise-induced error.

Proposed below is the appropriate sequence of calculations, the totality of which makes up the
procedure of normalizing correlation functions.

1) The estimates of the autocorrelation function of the noise signal are calculated from
expression (4.1):

N
Ry (1) =1/ N> g(iat)g((i +1)At
i=1

2) Based on expression (4.14), the estimate of the relay autocorrelation function of the noisy
signal at x =1 is calculated:

Rigg(u=1=1/ Ni g(iAt)g((i +1)At

3) The estimate of the relay cross-correlation function between the useful signal and the noise
at x =0 is calculated from expression (4.21):

N
Rus(u=0)~1/ NZ[sgn g(iAt)g(iAt) — 2sgn g(iAt)g((i + DAt +sgn g(IAt) g ((i + 2)At].
i=1
4) The estimate of the cross-correlation function between the useful signal and the noise at
4 =0 is calculated from expression (4.22):

Ru, (4 =0) = Ryg (1 =DRue (1 = 0)/ R (1 =1)
5) The estimate of the variance of the sum noise D, and the variance of the noise D, are
calculated from expressions (4.9) and (4.11):
N
D, ~1/N) [9°(iAt) + g(iAt)g((i + 2)At) — 2g(iAt)g((i +1)AL)],

i=1
D,=D, -2R,, (u#=0).
6) The robust estimates of the normalized autocorrelation function of the noisy signal at
4 =0.123,...are calculated from expressions (3.8) and (3.9):

() R, (1=0)/D, =1 atu=0
rgg(p) =
R, (1)/ Dy —2R,,(0)-D, atu=0
Thus, the proposed procedure allows us to calculate the robust estimates of the normalized

autocorrelation function r®y(z) of the noisy signal g(iAt) such that it is free from noise-induced
errors.
The simplicity, accessibility and authenticity of the proposed normalization procedure based
on the technology described above are demonstrated below through a computing experiment.
1. Assume that condition D_ ~ 0.1D,, holds for the noisy signal g(iAt) (Fig.2, blue graph)
consisting of the useful component in the form of a sinusoid
U (iAt) = Asin(iAt) (Fig. 2, green graph) and noise £(iAt) (Fig. 2, red graph).

12
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u()
g
g 2

<« 3 - - % T

Fig. 2 Behaviour of the useful signal U (iAt), the noisy signal g(iAt) and the noise g(iAt) in time

Fig. 2 shows the first 100 samples of the signals g(iAt)(A =10; t = 0: pi/40 :120* pi - pi/40; ),
U (iAt), e(iAt) (& = normrnd(0,2,1,4800)) .
2. Using formulas (3.1) and (3.2):
N
D, =1/N) g(iAt)g(iAt)

D, =1/ Nie(iAt)g(iAt)

we calculate the estimates of the variance of the noisy signal D, =55.229 and the noise variance
D, =3.9064.

3. The estimate D, =3.8508 is determined from expression (4.9).

4. Using formulas (2.2), (2.3) and (2.4), we carry out the normalization procedure:

fuu (48 = Ryy (1) 1 Dy
and plot its relationship with «=0,1,2,3,... (Fig. 3, green graph).
5. Using formula (2.5), we carry out the traditional normalization procedure:
Fog (40) = Ryq (1) 1 Dy
and create its plot r,, () (Fig. 3, red graph).

6. Using formula (3.9), with allowance for (4.11), we carry out the proposed normalization
procedure:

ngg (/u) = Rgg(:u * O)/ Dg _2RU5(/J = 0)_ Dg = Rgg(lu)/Dg - D&E
and create its plot (Fig. 3, blue graph).

o) 1 (), P g () I

T u
read )
s

Fig. 3 Charts of the normalized correlation functions of the noisy signal r, («) and the useful
signal 1, (1), as well as the robust correlation function of the noisy signal r® g (1)
13
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Table 1 shows the results of the obtained estimatesr,, (1), r,,(4), g (1) in relation to the
value of 4.
Table 1
The results of the estimates 1, (1), r,,(x), r®g (1) in relation to the value of u
U ryu (1) vy (1) vy (1) u ryu (1) Tyy (W) vy (1)
0 1 1 1 21 -0.0731 -0.0663 -0.0707
1 0.9973 0.9261 0.9873 22 -0.1512 -0.1395 -0.1488
2 0.9885 0.9145 0.9749 23 -0.2282 -0.2111 -0.2250
3 0.9736 0.9027 0.9623 24 -0.3039 -0.2807 -0.2992
4 0.9527 0.8827 0.9410 25 -0.3777 -0.3507 -0.3739
5 0.9259 0.8549 0.9114 26 -0.4492 -0.4158 -0.4433
6 0.8934 0.8266 0.8812 27 -0.5179 -0.4775 -0.5090
7 0.8554 0.7913 0.8436 28 -0.5835 -0.5378 -0.5733
8 0.8121 0.7495 0.7990 29 -0.6454 -0.5961 -0.6355
9 0.7639 0.7096 0.7564 30 -0.7033 -0.6499 -0.6929
10 0.7109 0.6575 0.7009 31 -0.7569 -0.7017 -0.7480
11 0.6535 0.6053 0.6452 32 -0.8059 -0.7465 -0.7958
12 0.5921 0.5484 0.5846 33 -0.8498 -0.7843 -0.8361
13 0.5270 0.4872 0.5194 34 -0.8886 -0.8220 -0.8763
14 0.4587 0.4232 0.4511 35 -0.9218 -0.8524 -0.9087
15 0.3876 0.3575 0.3811 36 -0.9494 -0.8786 -0.9366
16 0.3141 0.2897 0.3089 37 -0.9711 -0.8963 -0.9555
17 0.2386 0.2198 0.2343 38 -0.9868 -0.9121 -0.9724
18 0.1617 0.1509 0.1609 39 -0.9965 -0.9202 -0.9810
19 0.0838 0.0784 0.0836 40 -1.0000 -0.9252 -0.9863
20 0.0053 0.0062 0.0066

The obtained results demonstrate that the graphs of r,, (x) and r®4 (1) practically coincide,
while the graph of r, (x) shows a significant deviation from the true values of r,, («) due to the

non-robustness of the traditional normalization procedure. Thus, the suitability of the practical
application of the proposed normalization procedure is obvious.

In the appendix, we provide a listing of the experiment conducted in the MATLAB
computing environment. The charts in Fig. 3 and the data in Table 1 are the results of that
experiment.

6. Determining the informative attributes for the diagnosis of the technical condition of
SRPU. Our experiments on real oilfield objects have demonstrated that it is possible to form up to
12 informative attributes using the normalized correlation functions of the force signal U  (iAt),
which are determined from expressions (3.8) and (3.9). Moreover, it has been found that the
informative attributes obtained by means of the noise technology from expressions (4.9), (4.11) and

(4.22) also allow us to identify the technical condition of SRPU. Below, we provide the procedure
for determining the informative attributes by means of the normalized correlation functions. First,

the value of the pumping cycle T, is divided into 8 equal time intervals T, , which are determined
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using the following formula:
AT =T, /8.
(E.g., iff T, =104s, then AT, =13 s).
Further, using formulas (3.8) and (3.9), estimates 7y (u = 0), 175 (u = 1ATsr), 155 (u =
2ATgr), ..., 1y (u = 7ATgr) are determined and using formulas
Angl?g (n = 1ATg) = rgI?g (n=0)— rg{?g(.u = 1ATsr),

Arg@(ﬂ = 3ATgr) = rgl?g(ﬂ = 2ATg) — Tg};(ﬂ = 3ATsr),
Argl‘qg (u = 54Tgr) = rgRg (n = 4ATsr) — rgI?g (u = 54Tsr),
ArgI?g (u=T7ATgr) = rgI?g (u = 6ATgr) — Tg@ (u = 7ATsr)

are calculated their difference.

The next step is to calculate the minimum value of the normalized correlation function of the
noisy signal rg’gin(u) and the corresponding value of u., after which the informative attributes
are determined in the form of the following coefficients:

_ Arg’;(y = 1ATsr) _ _ Arglz (n = 3ATgr) _
N1 ATST ) N2 ATST )
_ MR =5ATy) AR (u=T7ATy).
" M 7 M Mo
_ ArgI?g(M = 1ATsr) ) _ ATgRg (n = 1ATgr) )

VAR (w=30Ts)" TN T AR (u = 54Tsr)’

_ ArgI?g(M = 1ATsr) ) _ ATgRg (n = 3ATgr) )
N7 — ) N8 — )
AR (u=TATgr)" ™% Al (u = 5ATsr)

_ Arg}?g (n = 3ATr) ) _ ATgRg(H = 5ATsr) .
N9 = y Bn1o = ’
? Arfy (u = 7ATgr) ° ATf (u = 7ATgr)

K11 = rgrgin(ﬂ); Kn12 = Wmin-

Furthermore, using the estimates of the noise variance D, the variance of the sum signal D,
the variance of the sun noise D_ and the cross-correlation function R, (), the informative
attributes are determined in the form of coefficients:

K,=D,/D,; K,=D,/ID,;K;=R,,/D,.
Thus, the informative attributes K, — K, of the normalized correlation function allow us to

identify the technical condition of SRPU. Coefficients K , —K_, also allow us to duplicate the
identification of the technical condition of SRPU.

15
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7. ldentifying and diagnosing the technical condition of SRPU in real time. As indicated
earlier, the efficient operation of SRPU requires maintaining continuous control of the parameters and
diagnostics of the object’s technical condition in real time.

Fig. 4 shows the block diagram of the system for SRPU diagnostics and management. The

diagram comprises three levels:

1. The deep-well pumping unit level, consisting of plunger pump 1; plunger 2; tubing 3; rods
4; polished rod 5; horsehead 6; walking beam 7; pitman 8; crank counterweight 9; reducer 10;
multiple V-belt drive 11; prime mover 12; equalizer 13; force sensor 14; wellhead pressure sensor
15; rotation angle sensor 16; and crank of the beam-pumping unit 17.

2. The robust management station level (RMS, Fig. 5 and Fig. 6), consisting of the controller
for data acquisition from force sensors 15; well-head pressure sensor 15 and rotation angle sensor
16; frequency converter for controlling the speed of the prime mover; a wireless modem equipped
with an antenna to provide information exchange for RMS installed directly by the well with the
centralized control station; and RS 485 interconnecting cables.

3. The oil field’s centralized control station level, which serves up to 200 wells and consists
of an industrial computer and a wireless modem with an antenna.

[

l

¥
1
'
1
1
|
1

Fig. 4 Block diagram of the system for SRPU diagnostics and management
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For diagnostics of the state of SRPU, the system employs combinations of the technologies
for identifying the dynamometer card based on the estimates of normalized correlation functions
and noise characteristics of the force signal. To implement them in a robust system for SRPU
diagnostics and management, the sampling interval of the force signal U (t) was determined first,

based on the duration of the pumping cycle T, . For most oil wells, the duration of T, varies
within a range of 5-20 seconds. We have deduced from experiments that to obtain the estimate of
the correlation function r®4 (1) with the required accuracy, we need only to sample the force
signal at the frequency f =500-1000 Hz. It has also been established that robust normalized
estimates of r®y () can be obtained from a number of samples of U, () n=>1024 . Our

experiments have proven that any minute change in the technical condition of SRPU during the
pumping cycle T, affects the estimate of the normalized correlation functions of the force signal

U, (iAt). This, in turn, leads to a change in the informative attributes K, — K, and K, —K ;.

Thus, during the operation of SRPU, combinations of those coefficients form easily based on its
various technical conditions (Table 2), which is why they allow for the reliable identification of the
force signal U , (iAt), i.e., the technical condition of SRPU in real-time mode (Table 2).

Therefore the identification of SRPU faults comes down to the search for relevant
combinations of the normalized coefficients K, — K,;,,which makes a visual interpretation of the

dynamometer card unnecessary in determining the fault in SRPU. To demonstrate the possibility of
the considered identification option in real industrial practice, we provide the 8 most common fault
types in Fig. 7 below. Table 2 contains combinations of relevant estimates of normalized
coefficients.

1 2 3 4
500 500 500 500
400 400 400 400
300 300 300 300
200 200 200 200
0 512 M4 0 512 1024 0 512 1024 0 512 1024
400 m 400 m 400 / 400 ﬁa
200 200 200 200
0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400
5 6 F 8
500 500 500 500
400 400 400 400
300 300 300 300
200 200 200 200
0 512 1024 0 512 1024 ] 512 1024 0 512 1024
200 200 200 200
0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400

Fig. 7 Template force curves and dynamometer cards
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Table 2
Combinations of estimates of normalized coefficients
Attributes Knz Knz Kns Knag Kns Kne
rfog(u=1) | riog(u=3) | rfg(u=5) | rfg(u=7) | Mow=1 | fal=1
R R
Fault type I AT, | AT, | AT | AT I =3) | /7 aa(u=5)
Breakdown of | 0.058302 0.021427 -0.020932 -0.062865 2.7209 -2.7853
the discharge
line
Breakdown of | 0.042181 0.02277 -0.0067786 -0.043884 1.8525 -6.2226
the suction line
Plunger 0.072276 0.024799 -0.037473 -0.071132 2.9145 -1.9288
sticking
Pump down of | 0.056666 0.043252 0.0013712 -0.053839 1.3101 41.325
the level
High plunger 0.055614 0.011688 -0.025684 -0.06399 4.7581 -2.1653
fit
High 0.064761 0.0021131 -0.04916 -0.056753 30.647 -1.3173
percentage of
leakage in the
discharge line
Leakage inthe | 0.061186 0.032006 -0.014403 -0.058085 1.9117 -4.2481
suction line
High 0.058415 0.034291 -0.0071802 -0.050712 1.7035 -8.1357
percentage of
leakage
Attributes Kn7 Kns Kno Kn1o Kn11 Kni2
ngg(ﬂzl) ngg(,U:3) o (u=3) ngg(,U=5) nggmin Hmin
Fault type I8 (p=7) 1% (u=5) | ITRg(u=7) | /TR (u=7)
Breakdown  of | -0.92741 -1.0236 -0.34084 0.33297 -0.9189 99
the discharge
line
Breakdown of -0.96119 -3.3591 -0.51887 0.15447 -0.8189 104
the suction line
Plunger sticking | -1.0161 -0.66178 -0.34863 0.52681 -0.92938 94
Level -1.0525 31.543 -0.80337 -0.025469 -0.90529 104
pumpdown
High plunger fit | -0.8691 -0.45508 -0.18266 0.40137 -0.83869 94
High percentage | -1.1411 -0.042985 -0.037234 0.86621 -0.7803 81
of leakage in the
discharge line
Leakage in the -1.0534 -2.2221 -0.55101 0.24796 -0.89677 104
suction line
High percentage | -1.1519 -4.7758 -0.6762 0.14159 -0.84584 104
of leakage
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The identification of the technical condition of SRPU is duplicated using noise technology to
enhance authenticity. Here, we use the technology to calculate the cross-correlation function
Ry, (1 = 0) between the useful signal U (iAt) and the noise £(iAt)from expressions (4.9), (4.11),

(4.21), (4.22). According to our numerous experiments, in the normal state, the estimate of the
cross-correlation function R, (x« =0) between the useful signal and the noise is equal to zero.

When any fault arises, the estimate of R, (« =0) is different from zero. As a result, when the

technical condition of SRPU changes due to the effects of the noise that forms when a fault arises,
estimates K_, —K_, change. A certain combination of the values of those estimates corresponds to

each of the 8 fault types (see Table 2).

Under field conditions when real objects are operating, the signals received from force sensor
144 (Fig. 4) are used by the system to determine combinations of the normalized coefficients
Ky Kyasn Kygp @nd K, —K_; in real time during the SRPU pumping cycle. They are compared

to the reference coefficients, which were determined in advance (e.g.,, they are given for one object
in Table 2). The most likely fault in the SRPU is identified based on the closest reference. The
simplicity of calculating those coefficients makes it possible to implement the proposed diagnostic
technique by means of any modern controller (in our case, LPC 2148 FBD64). Thus, during the
operation of SRPU, control commands for the object are formed based on the results of
identification, e.g., to change the duration of the pumping cycle. At the same time, the information
concerning the state of the object is transmitted to the control station via an RMD 400 SP4 wireless
modem (Fig. 4). When the object is in the normal state, this information is displayed on the screen
at the central control station in green; when the initial stage of a fault is detected, this information is
displayed in yellow, and an emergency state is indicated by red.

If the proposed technologies are introduced in oilfields with a large number of wells,
combinations of reference coefficients are determined for each of well successively as various faults
arise in SRPU. This is implemented with the participation of a technologist, who identifies the
nature of the fault by interpreting the dynamometer card and registers the corresponding
combinations of coefficients K,;,Ky.,,..., Ky, and K —K_, in the system’s identification block.
Thus, during the operation, as certain faults arise at each well, a combination of corresponding
reference estimates of coefficients is formed in the identification block of each system. As a result,
after a certain period of operation, combinations of reference coefficients for corresponding faults
are formed and saved in the identification units of the SRPU diagnostic and management system at
all wells. When all possible SRPU faults have been diagnosed and saved in the identification blocks
the system moves into the automated diagnostic and management mode.

Fig. 7 shows template force curves U (iAt) and corresponding dynamometer cards for eight

typical SRPU faults. Table 2 shows the combinations of the normalized coefficients K, — K,,. It
is clear that only one combination of estimates K,, — K,;, corresponds to each dynamometer card.

It is also clear that if those combinations of coefficients K, K,,..., K\, are available, we can

definitely determine the same fault types that are usually determined visually by a technologist from
a dynamometer card. Thus, combinations of these coefficients make it possible to perform
automated identification of the technical condition of SRPU. Consequently, we no longer have to
use dynamometer cards to visually identify the state of SRPU in the semi-automated mode. To
enhance the authenticity and reliability of the identification results, the obtained results are
compared with the combination of coefficients K_, and K_;, which, alongside the informative

attributes, allow for the identification of the technical condition of SRPU. The estimates are also
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determined and saved in advance for each fault type. Due to the use of these coefficients, the
process of identification is duplicated, which enhances the authenticity and reliability of the system
operation.

8. Conclusion. SRPU is widely used for oil lifting at old oilfields; however, as it is impossible
to diagnose the technical condition of SRPU in real-time mode, the profitability of oilfields in long-
term operation decreases. Therefore, the problem of developing new, efficient technologies and
systems to diagnose the technical condition of SRPU is of both academic and economic interest.

The commonly used semi-automated method based on the interpretation of the shape of the
dynamometer card does not yield desired results for true control of the technical condition of SRPU.
This is because the human factor required by this method limits the time available for identification,
on the one hand, and implies a dependence on the qualifications of the technologist, on the other.
Moreover, the deeper the well, the more difficult it is to identify certain fault types from the shape
of the dynamometer card alone. Analytically, correlation and spectral methods are the most suitable
for identifying the technical condition of SRPU by analysing the force signal U (iAt). However,

control objects actually operate under field conditions and the wide variation in climatic conditions
worldwide leads to major errors in the obtained results. Further, mechanical processes associated
with an object’s transition to the emergency state also cause noises that vary over a wide range, and
for these reasons, adequate estimates cannot be obtained either by correlation or by spectral
methods. At first glance, the effects of the errors on the results of the identification of dynamometer
cards can be eliminated by filtering the noise accompanying the useful signal U (iAt) . If the noise

spectrum is stable, the application of filtration usually produces satisfactory results. Under the field
conditions, however, the spectrum of the noise varies widely due to abrupt changes in the factors of
its formation. Additionally, the spectrum of the noise that forms due to changes in SRPU
mechanical processes changes also varies widely, frequently overlapping the range of the useful
signal spectrum. For these reason, we cannot get the desired effect using the technology for filtering
the force signal, in which case the spectrum of the useful signal can be significantly distorted. Thus,
we cannot always achieve satisfactory results through correlation or spectral analysis of the force
signal by using filtration. Therefore, solving the problem under consideration first requires
developing the technologies that can determine estimates of correlation and spectral characteristics
and will remain practically unaffected by changes in said noises.

This paper establishes both theoretically and experimentally that it is possible to determine the
normalized coefficients K,,,K,,....Ky;, , which are practically unaffected by the above-

mentioned noises, by means of normalized correlation functions. The advantage of using these
coefficients is that they are easy to calculate on modern controllers (for instance, LPC 2148
FBDG64). Thus, it becomes possible to perform diagnostics in real time. When SRPU diagnostics are
duplicated with the application of coefficients K , —K_, obtained from the estimates of the noise

variance and cross-correlation functions between the useful signal and the noise, as well as the sum
variance, the reliability and authenticity of the results is enhanced. The simplicity of realization of
these technologies allows the development of a simple, reliable and inexpensive system for SRPU
diagnostics and management, which we have introduced to working oil fields in Azerbaijan. The
service experience of the system at 35 wells in the Bibi Heybat oilfield and 190 wells of the
Azerbaijan-British company “Shirvan Oil”, among others, has demonstrated the reliability of these
systems. The enhanced diagnostics and management of SRPU made it possible to operate the wells
in an adequate mode and increase their profitability due to savings in energy and prolonged
overhaul periods. For instance, at the Bibi Heyat oilfield, energy savings reached 50 per cent and
overhaul periods increased by 30 per cent.
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It should be noted that the operational experience of these systems have established that the
values of the coefficients K, —K,,, and K_ —K_, vary insignificantly (no more than 5-10 per

cent) for wells of the same depth at every oilfield. Therefore, if we determine combinations of these

coefficients at corresponding faults for one well, they can be used in the control systems for other

wells of similar depth. Considering that the pump is placed at approximately the same depth at most

old deposits, it is clear that forming the reference base of coefficient combinations in the diagnostics

and management systems will not take much time.
Appendix:

A=10;

t=0:pi/40:120*pi-pi/40;

U=A%*sin(t);

randn('state’,0)

randn('state’,0)

e=normrnd(0,2,1,4800);

V=U+e;

N=2400;

RVVO0_s=0;

for i=1:N

RVVO_t(i)=V(i)*V(i);

RVV0_s=RVV0_s+RVVO0_t(i);

end

RVV0=RVVO0_s/N;

D_V=RVVO;

Ree0 s=0;

fori=1:N

Ree0_t(i)=e(i)*e(i);

Ree0_s=Ree0_s+Ree0_t(i);

end

Ree0=Ree0_s/N;

D_epsilon=Ree0;

RVV1 s=0;

for i=1:(N-1)

RVVL_t(i)=V(i)*V(i+1);

RVV1 s=RVV1 s+ RVV1_t(i);

end

RVV1=RVV1_s/(N-1);

RVV2_s=0;

for i=1:(N-2)

RVV2_t(i)=V(i)*V(i+2);

RVV2_s=RVV2_s+RVV2_t(i);

end

RVV2=RVV2_s/(N-1);

Dee=RVV0-2*RVV1+RVV?2;

RUUO_s=0;

for i=1:N

RUUO_t(i)=U(i)*U(i);

RUUO_s=RUUO_s+RUUO0_t(i);
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end

RUUO=RUUO_s/N;

for k=1:(N-1)

for f=1:(N-k)
RUU_t=U(f)*U(f+k);

if f==1

RUU_s=RUU t;

else
RUU_s=RUU_s+RUU t;
end

end
RUU(K)=RUU_s/(N-k);
end
RUU_n_0=RUU0/RUUO;
for i=1:40
RUU_n(i)=RUU(i)/RUUO0;
end

for k=1:(N-1)

for f=1:(N-k)
RVV_t=V(H)*V(f+k);

if f==1

RVV_s=RVV t;

else
RVV_s=RVV_s+RVV t;
end

end
RVV(K)=RVV_s/(N-k);
end
RVV_n_0=RVV0/RVVO;
for i=1:40
RVV_n(i)=RVV(i)/RVVO;
end
RVV_n_new_0=RVVO0/RVVO;
for i=1:40
RVV_n_new(i)=RVV(i)/(D_V-Dee);
end

for i=1:100

u1(i)=uU(i);

el(i)=e(i);

V1(i)=V(i);

end

plot(U1,'g")

hold on

plot(el,'r")

hold on

plot(V1)

figure
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plot([RUU_n_0 RUU n],'q)

hold on

plot([RVV_n_0RVV_n],'T)

hold on

plot([RVV_n_new_0 RVV_n_new])
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T.A. 9liyev, A.H. Rzayev, Q.A. Quluyev, T.9. 9lizads, N.E. Rzayeva
Robust Noise texnologiya vo neft quyularmin stanqh darinlik nasos qurgusunun diaqnostika vo
idaraetma sistemi

Col soraitinda istismar olunan, kiiylorin tosirine moruz qalan stangli doarinlik nasos qurgularimn
(SDNQ) voaziyyatinin diagnoz olunmasmn ¢atinliklori analiz olunur. QOiivwva Vo gedis vericilorindon alinmig
signallar asasinda qurulmus dinamoqramlarin interpretasiyasina asaslanan mévcud diagnostika tisullarimin real
vaxt migyasinda diagnozlasdirma va idarsetma mosalalorini holl eds bilmomasi  gostorilmisdir. SDNQ — in
miimkiin gaza Vaziyyatlorina uygun golon informatik alamotlor kombinasiyasi formalagdirmag maQqsadi ilo robast,
normaya salmmis korrelyasiya funksiyalarmmin toyin edilmo texnologiyast toklif olunmusdur. Eyni zamanda
SDNQ — in bu vaziyyatlorinin identifikasiyasi qiivvo signalimin noise xarakteristikalarina uygun kombinasiyalarin
toyin edilmasi va formalasdirilmast yolu ilo tokrarlanir, bu isa diagnozlasdirmamin naticalorinin etibariilig
doracasini yiiksaldir.

Isloma alqoritmlarinin  sadaliyi qiivve signalmin  identifikasiva moasalosini sads va ucuzlu kontroller
vasitasi ilo real vaxt miqyasinda holl etmayo imkan verir.
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Yaradilmis algoritmlorin 100- dan ¢ox real obyektds totbiqi elektrik enerjisina gonast va tomirlor arasi
vaxtin artirtlmast hesabia neft quyularmmin rentabelliyinin kifayat qodor yiiksalmasini gostormisdir.

Acar sozlari: noise texnologiya, dinamogramma, stanqli nasos qurgusu, neft quyusu, kiiyin dispersiyasi,
qarsiligh korrelyasiya funksiyast
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T.A. Anues, A.T'. P3aeB, I'.A. I'ynyes, T.A. Anu3ane, H.J. P3aeBa
Po6acTHas Noise TexHoJiorus u cucreMa quarHoctuxu u ynpasienusi HIITHY HeTAHBIX cKBaKHH

Ananusuposansvt mpyoHocmu OuaeHOCMUKYU WMAH208bIX 21YOUHHO HacocHblx ycmanogok (LIITHY), evizeannvie
GIUAHUEM NOMEXU, CEA3AHHble CheyuuKol e2o IKcniyamayuu 6 nonesvix ycrogusax. Ilokazano, umo cyuecmeyroujue
Memoobl OUASHOCMUKY, OCHOBAHHbLE HA UHMEPNPemayult OUHAMOZSPAMM, NOCMPOEHHBIX NO CUSHAIAM, NOLYYAeMbIM OM
0amuuKo8 ycuaus u X00d, He NO360JAI0M peuiumdv 3a0ayi OUAZHOCMUKU U YAPAGTeHUs 8 DedalbHOM Macuimabe
epemenu. Ilpeonodxcena mexuonocus onpedeneHuss poOACMHLIX HOPMUPOBAHHLIX KOPPENAYUOHHLIX QYHKYUL, npu
noMowu  KOMOPbIX  QOpMUpyromces  KOMOUHAyuu  UHQGOPMAMUBHBIX NPUSHAKOS, KOMOpble COOMBEmCmEyiom
603MOdICHbLIM  asaputineim cocmosinuam LITHY. Hoenmugpurkayus smux cocmosnuti LITHY Oybaupyemcs nymem
onpeoenenus u GopmMuposarus KomoOuxayul, coomeemcmeyiowux NOISE Xapakmepucmuk CUSHAIA YCUIUs, YMO
nogbluaem cmeneHb HAOEHCHOCU pe3yabmamos ouaznocmuxu. IIpocmoma peanuzayuu anrzopummos obpabomxu
NO360J5lem peuums 3a0a4y UOeHMUGUKAYUY CUSHATA YCULUSL NPU NOMOWU HeOOPOSUX KOHMPOIIEPO8 8 PedlbHOM
macwmabe spemenu. Ilpumenenue na 6onee 100 peanvhvix 06veKmMax NOKA3AN0, YMO NPU DMOM 3 CYENm IKOHOMUU
INEKMPOIHEP2UL U YBENUUEHUS MEICPEMOHMHO20 Nepuodd, pPeHmabenbHOCIb HeBMIHbIX CKBANCUH 3HAYUMETbHO
no8bIUAENCA.

KaroueBble ci1oBa: NOISE TEXHOJIOT WS, JMHAMOTPAMMa, IITAHIOBas HACOCHAsI yCTAHOBKA, HE(DTSIHAS CKBAXKHHA,
JWICTIEPCHUS IITyMa, B3AUMHOKOPPEIIUOHHAS (PYHKIIUS
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