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Abstract

It is shown that the control system of pumping stations does not ensure signaling of the
beginning of the latent period of accidents. Because of this, their state of emergency is detected at
the point when it becomes apparent. At the same time, elimination of a malfunction at the
moment of its initiation requires much less resources and time than after-accident repairs of the
pump. We propose algorithms and technologies for calculating the estimates of the noise variance
and cross-correlation functions between the useful signal and the noise of the vibration signals,
which allow forming informative attributes for signaling and control of the beginning of the
latent period of malfunctions. These technologies can also be used to improve fault-free operation
at reservoir pressure maintenance stations during oil production at compressor stations, at
drilling rigs, at artesian wells, etc.

Keywords: water supply, pump stations, control malfunction, vibration signal, oil production
accidents

I. Introduction

Nowadays in the pumping stations in any systems of technological water supply and water
removal, as well as in urban systems of cold and hot water supply, sewage pumping stations of
wastewater pumping and treatment facilities for monitoring and control, automatic control
systems are used, which ensures exceptional reliability of stations and allows them to operate for a
long time without repair. They process analog and discrete information according to a specified
algorithm and form necessary signals to control technological equipment, display information on
parameters and state of the technological process, prepare transmission of information on current
state of equipment, on parameters and state of the technological process, detect emergency
situations or malfunctions of technological equipment, automatically connect additional pumping
units in case of insufficient capacity. Thanks to this, the population’s vital problem related to
water supply, water supply, wastewater pumping, irrigation of agricultural crops, etc., is
addressed reliably and successfully. However, for the many advantages of the mentioned control
systems, they do not provide signaling of the beginning of the latent period of accidents. The
importance of this problem is due to the fact that any accident is always preceded by the initiation
of certain defects, after which the latent period of accidents begins. After some time, it develops
and only after that it is reflected in the readings of measuring instruments of control and
monitoring systems. The duration of the latent period depends on the dynamics of defect
development. Because of the above mentioned, control systems of pumping stations detect the
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beginning of their emergency state at the moment when it takes on explicit form. Therefore, in
practice there are cases when it turns out to be late and the accident cannot be prevented.
Naturally, to eliminate this drawback it is necessary to create new technologies for the monitoring
and signaling of the beginning of the latent period of the emergency state of the equipment of
pumping stations.

I1. Problem statement

Currently, in pumping stations, the control of technological processes is carried out by means
of control systems, which allow obtaining all kinds of information in time and promptly managing
the process of operation of pumping stations. However, these systems do not provide the
operating personnel with adequate information about the initial latent period of the emergency
state. Because of this, the probability of an accident depends to a certain extent on the
attentiveness and qualification of the operating personnel.

Studies have shown that a vibration process inevitably forms in pumping units as a result of
continuous rotational motion under high pressure. Therefore, it is advisable to use vibration
sensors to monitor the beginning of the latent period of malfunctions during the operation of
pumping stations, because the beginning of the malfunction is largely reflected on the vibration
signals.

At the same time, determining the moment of emergence of correlation between the useful
signal and the noise of vibration signals makes it possible to adequately monitor the beginning of
changes in the technical condition of the pumping station. Consequently, there is a possibility to
create a tool to determine the moments of emergence of correlation between the useful signal and
the noise, which allows to signal the beginning of a latent period of the emergence of an accident
situation.

Thus, at the beginning of the latent period of the emergency state in the pumping unit on the
vibration signals g(t) along with the noise &; (t) caused by external factor, the noise &;(t) emerges,
correlated with the useful signal X(t), which is a carrier of information about the beginning of the
latent accident period [1,2]. In this case, due to the presence of correlation between the useful
signal X(t) and total noise &(t) = &;(t) + &,(t), the following equality takes place:

D, =M[(X() + e@®)(X(@®) + ()] = MIX®OX(®)] + M[X([D)e(®)] + M[e(®)X()] + M[(t)£(D)].

Taking into account that for stationary vibration signals g(iAt) with normal distribution law
in the presence of correlation between X(t) and £(t), the following conditions and equalities hold:

M[X(®X(t)] = Dy, M[X(t)e(t)] = Rx:(0) # 0, M[e(t)e(t)] = D, # 0.
We have
D, =~ M[X(O)X(D)] + 2M[X(D)e(®)] + M[e(t)e(D)].
Consequently, the variance D, of the total vibration signal g(iAt) is determined from the formula
Dy ~ Dy + 2M[X(t)e(t)] + D,. 1)

From formula (1) it is obvious that at the beginning of the malfunction as a result of the
emergence of the noise &,(t), due to the correlation between the useful signal X(t) and the total
noise &(t), the variance of the total noise D, has the following form:

D, = 2Rx.(0) + D,

Obviously, the estimates D, and Ry.(0) of the vibration signal g(t) practically can be used as
an informative attribute of the beginning of the latent malfunction period on the pumping unit.
Consequently, to control the beginning of the latent period of malfunctions in the control system
of pumping stations it is required to determine the estimates Rx.(0) and D, vibration signal
g(iAt).
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I11. Difficulties of controlling the onset of malfunctions by estimates of the
correlation characteristics of vibration signals

As stated above, pumping units in the process of operation tend to go into the latent period of
an emergency state as a result of various defects [1-4]. Usually, this process is reflected on the
vibration signals in the form of noise €(iAt), which has correlation with the useful signals X (iAt)
when a malfunction occurs [1, 5, 6]. Consequently, during this period the total noise (iAt) forms
from the noise &, (iAt), which arises from the influence of external factors and from the noise
&, (iAt), which arises from the emergence of various malfunctions. In this case, the variance of the
vibration signal has the form:

I Lo N I I
Dy ~ Ryy(0) ~ Nzg (iat) ~ NZX (it) +2NZX(1At)s(1At) +NZ€ (iat) ~
L= = L= =

~ RXX(O) + ZRXE(O) + ng(O). (2)
It is also known from the literature [1-4] that in this case the formula for determining the
estimate R, ,(u) can be represented in the form:

1w _ 1~ . . .
Rog) =+ " g(i40) g((i + AD) = = > (X(BE) + e(AD) K (G + wAL) + £((i + 1)AD)) =
i=1 k=1

1
~ NZ[X (EAD)X (i + ) At) + e(AD)X(( + w)At) + X (iAt)e((i + w)At) + (idt)e((i + w)At) =
_ _ {Rxx(0) + 2Rx.(0) + R..(0) when u = 0
= R () + Rex (1) + Re) + Ree) = (™ 03 5" () e e 0 . ©)
Experimental studies have shown [1-4] that during the operation of pumping station
equipment, during the latent period of accidents Ry. (), R..(¢t) are tangible quantities, i.e., the

following inequality takes place:

{RXS(:“) >0
Ree() » 0

and therefore, there is a significant error in the estimate of R4 ().

Because of this, it becomes difficult to ensure the adequacy of the results of monitoring the
operation of equipment by traditional technologies. This is one of the factors preventing the use of
traditional technologies of correlation analysis of noisy signals to control the specified equipment.
In this regard, it is obviously necessary to create new effective technologies of vibration signal

analysis, allowing to reduce errors from the influence of the noise £(iAt) improve the adequacy
of the obtained results.

From expressions (2) and (3) it is obvious that in the presence of correlation between the
useful signal and the noise, the estimate of the correlation function Ryxx(u) of the useful signal
X (iAt) can be determined from the expression:

Rgg(0) — 2Ry, (0) — R..(0) whenpu =10
Rax (1) = {R (W) — 2Ry (1) when i £ 0°
g9 Xe
It was shown in [1, 2] that the estimates of the variance D,, of the total noise £(iAt) can be
determined from the expression:
Dee ~ Ree(0) ~ ~ X, [g2(At) + g (iat) g ((i + 2)At) — 29 (i) g((i + 1)AL)].
Due to this it is possible to determine the estimates of the variance of the useful signal X(iAt)
according to the formula
Dy = Dy — Dee.

However, despite the availability of the estimates of D,, and Dy, to solve the problem under
consideration, it is obviously necessary to create a technology for determining the estimate of the
cross-correlation function Ry () between the useful signal and the noise.
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IV. Technology for determining the estimate of the mutual-correlation function
between the useful signal and the noise of the vibration signals

Studies have shown [1, 2] that the nature of the relationship between the noise and the useful
signal is clearly reflected on the estimate of the cross-correlation function R;,(u) between the
centered g(iAt) and non-centered g’'(iAt) noisy signals, which can be determined from the
expression:

Rog' () = ~ZIL1 (AL g (i + mAD), @)
{ g(iAt) = X(iAt) + e(iAt) 5
g'(iAt) = X' (iAD) + £ (iALY ©®)

where g(iAt), g'(iAt), X(iAt), X' (iAt), e(iAt), €' (iAt) are centered and non-centered samples of the
noisy signal g(iAt), the useful signal X (iAt) and the noise €(iAt) respectively.

The analysis of equalities (4), (5) has shown that by means of the formula for calculating the
estimate of the cross-correlation function between centered and non-centered noisy signals it is
possible to estimate the cross-correlation function Ry.(u) between the useful signal X (iAt) and the
noisy signal e(iAt). In this regard, consider one possible way to analyze the relationship between
the useful signal X (iAt) and noise £(iAt). From the literature it is known that [1-4], [6-10] under the
condition of stationarity, the normal distribution law and the absence of correlation
between X (iAt) and £(iAt) , the following equality takes place:

%Zﬁ-":lX(iAt)s(iAt) =0, (6)
~ 3, X' (iAt)e' (iAt) = 0 @)
and when calculating the estimates of R; (1) from formula (6), the following equalities hold
between the number N** of positive products of samples g* (iAt), g’ (iAt) and the number N~* of
negative products of samples g~ (iAt), g’ (iAt)
{ N+t = Nt ®)
N** 4 N~* =N
At the beginning, for the time shift u = 0At, 1At, 2At, ... the following inequality takes place
between the absolute values of samples g(iAt) , g’ (iAt) and between the sums of positive and
negative products
Ryrg () =~ g*(iAt)g' (i + p)AE) >~ T g=(1AD)g"((i + 1)AL) = Rg-g (). (9)

Computational experiments and analysis of expressions (4), (8) showed that when
multiplying the samples of the non-centered signal g'(iAt) by their centered samples g(iAt),
despite the fulfillment of equality (7), (8), the following inequality takes place

~TI|g* (At (G + mae)| = ~ 3| g~ (1ae)g' (i + wAt)).
In formula (4), (9) the difference of the sum of positive and negative products for u = 0 is much

greater than zero, i.e.,
N+t

L0 g0 ((+ war) = T g~ (@AD)g' (i + wAb) > 0, (10)
which shows that the correlation between X (iAt) and e(iAt) is explicitly reflected on the estimate

of Ry+,/(0), because the following inequality always takes place for u = 0:
N+ +

ST gt A g (i + wAe) » ST g (A0 g (i + wAL). (11)

In most real cases, however, the quantity
N+t

1
Ry (0) = 3 ) g*(iBt)g'(iAt)
i=1

is practically a rough estimate of R,/ (u) for p =0, i.e.,
Rggr(O) = Rg+gr(0).
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Because of this, in these cases, an estimate of the correlation coefficient Ry, between the useful
signal and the noise can be determined by the magnitude of the difference R + gr(O) and R, (0)

according to the formula
Rye(0) = Ryv g (0) =Ry (0) = T XN g* (iat)g' (ift) — ~ T, g(iAt) g (iAt).

Naturally, the error in the estimate of the cross-correlation function depends on the
difference R+ ,(0) — Ry-,/(0). But practically always condition (11) is fulfilled and the difference
of the obtained difference from zero can be taken as the information about the presence of
correlation between the useful signal and the noise, i.e,

Rxe(0) = R+ 1 (0) =Ry, (0).

In practice, taking into account expression (10), an approximate estimate of Ry.(0) can be

determined from the formula
N+t

1 1%
Ree(0) = [Ryry (0)=Rymyr ()] —Ryg (0) = [ > g7 (180)g'(i00) = > g7 (i80)g' (i) | -
i=1 i=1

- TN, g(ADg (A, (12)

Thus, when the noise &, (iAt), which is correlated with the useful signal X (iAt) emerges, the

estimate Ry.(0), which can be determined from formula (12), will be different from zero.

However, if there is no correlation between them, then the estimate of Ry.(0) will be zero. Due to

this feature of formula (12) it is evident that it is reasonable to use the estimate of Ry.(0) to control
the onset of malfunctions of pumping stations.

V. Possibility of practical control of the beginning of accidents at pumping
stations with the use of noise as a carrier of diagnostic information

Pumping units under the influence of pressure between the inlet and outlet during operation
function in a continuous oscillatory mode, and it is vibration signals that contain the most
information about the beginning of a latent period of emergency state of this object. However, the
control system of the station registers the moment of time, when the object goes into the
emergency mode, but the above-mentioned informative attribute is not used. This leads to
unreasonable costs, because elimination of malfunction at the moment of its origin requires much
less costs and time than after-accident repairs. Therefore, using the estimate of the correlation
coefficient Ry, (0) between the useful vibration signal X(iAt) and the noise €(iAt) to control the
beginning of the latent period of accidents is the most advisable option.

The importance of this problem is also due to the fact that in real life, most pumping stations
are designed for small facilities that cannot purchase and operate expensive equipment with very
advanced and expensive control and monitoring systems. In these cases, pumps with inexpensive
and simple control systems are used. Here, in order to ensure fault-free operation, first of all,
signaling of the beginning of the latent period of accidents is required.

It is generally known that [11, 12] during vibration control, as a rule, vibration displacement,
vibration velocity and vibration acceleration sensors are used. Vibration displacement sensors
characterize the position of the controlled object, vibration acceleration sensors — the rate of
change in its position in time, vibration acceleration sensors — the rate of change of velocity.
These three parameters characterizing vibration are interrelated and by controlling, for instance,
vibration acceleration by single or double integration it is easy to calculate the other two
parameters. In the low-frequency domain, vibration displacement sensors have proved
themselves. For medium-frequency objects, vibration velocity sensors are usually used, and for
high-frequency objects, vibration acceleration sensors are used. Based on the analysis of possible
applications of various vibration sensors to monitor the beginning of changes in the technical
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condition of pumping units, Bean Device AX-3D type sensors, which can be easily installed on the
pump structure, turned out to be one of the possible options. This sensor is preferred because it
makes it possible to collect the measurement information from the sensors using Wi-Fi, via a Bean
CetanWay Contoller type controller. The range of Wi-Fi signals from the BeanDevice AX-3D
sensor is up to 650 meters, which is quite sufficient for the operation of pumping stations.
Technical parameters of the BeanDevice AX-3D sensor are described in [1]. Thus, in this version,
the signal from the vibration sensor BeanDevice AX-3D, mounted on the pump housing, is picked
up at the control panel, where it is analyzed by the Bean CetanWay Contoller according to formula
(12). When the estimate of Ry (0) is non-zero, an alarm is triggered.

VI. Conclusion

Nowadays, in pumping stations in any systems of technological water supply and
wastewater disposal, as well as in urban systems of cold and hot water supply, sewage pumping
stations of wastewater pumping and treatment facilities, automatic control system is used for
monitoring and control. Thanks to this, the population’s vital problem related to water supply and
water supply, wastewater pumping, irrigation of agricultural crops, etc., addressed is reliably and
successfully. However, for the many advantages of the mentioned control systems, they do not
provide signaling of the beginning of the latent period of accidents. The importance of this issue is
due to the fact that any accident is always preceded by the initiation of certain defects, after which
the latent period of accidents begins and it develops after some time. Only then it begins to be
reflected in the readings of measuring instruments of monitoring and control systems. The
duration of the latent period depends on the dynamics of defect development. Because of the
above in the control systems of pumping stations the beginning of their emergency state is
registered when it takes the explicit form.

The existing technologies for analyzing noisy signals do not allow solving this problem. The
algorithms and technologies proposed here for calculating the estimates of the noise variance and
the cross-correlation functions between the useful signal and the noise, allow forming informative
attributes for the signaling and control of the beginning of the latent period of malfunctions.
Application of the proposed technology in any systems of process water supply and water
disposal, in urban systems of cold and hot water supply, in sewage pumping stations of
wastewater pumping and treatment facilities can increase the degree of fault-free operation of
pumping stations. It should be noted that the proposed technologies can also be used to improve
fault-free operation of electric centrifugal pump units in oil production, modular cluster pump
stations for water injection into the reservoir to maintain reservoir pressure, as well as to improve
fault-free operation of compressor stations of main oil and gas pipelines, drilling units, at artesian
wells, transport facilities, etc.

References

[1] Aliev T. A. Noise Control of the Beginning and Development Dynamics of Accidents,
Springer, 2019. 201 p. DOI: 10.1007/978-3-030-12512-7

[2] Aliev, T. A., A Rzayev, A. H., Guluyev, G. A. and other. (2018). Robust technology and
system for management of sucker rod pumping units in oil wells, Mechanical Systems and Signal
Processing, 99:47-56. DOI: 10.1016/j.ymssp.2017.06.010

[3] Bendat J. S. and Piersol A. G. Random Data, Analysis & Measurement Procedures, Wiley,
New York, 2000.

[4] Collacott R. A. Mechanical Fault Diagnosis and condition monitoring, 1977. 506 p.

[5] Popkovich G. S. and Kuzmin A. A. Automation of water supply and sewerage systems,

514



Telman Aliev, Naila Musaeva, Narmin Rzayeva... RT&A, Special Issue Ne 4 (70)
CONTROLLING OF THE BEGINNING OF THE... Volume 17, November 2022

Moscow, Stroyizdat, 1983. 151 p. (in Russian)

[6] Yakovlev S. V., Karelin Ya. A., Laskov Yu. M. and Kalitsun V. I. Water disposal and
wastewater treatment. Moscow, Stroyizdat, 1996. 591 p. (in Russian)

[7] Thompson D. Railway Noise and Vibration: Mechanisms, Modelling and Means of
Control, 1st Edition, Kindle Edition, 2008. 845 p.

[8] Metin, M and Guclu, R. (2014). Rail Vehicle Vibrations Control Using Parameters
Adaptive PID Controller, Mathematical Problems in Engineering, Hindawi, 1-10. DOL
10.1155/2014/728946

[9] Lin, C. C.,, Wang, J. F. and Chen, B. L. (2005). Train-Induced Vibration Control of High-
Speed Railway Bridges Equipped with Multiple Tuned Mass Dampers. Journal of Bridge
Engineering, 10(4):398-414. DOI: 10.1061/(ASCE)1084-0702(2005)10:4(398)

[10] Sun, C. and Gao, L. (2017). Medium-to-low-speed freight rail transport induced
environmental vibration and analysis of the vibration isolation effect of building slope protection
piles, Journal of Vibroengineering, 19(6):4531-4549. DOI: 10.21595/jve.2017.18168

[11] Anderson, D., Gautier, P., lida, M. and other. (2016). Noise and Vibration Mitigation for
Rail Transportation Systems. Proceedings of the 12th International Workshop on Railway Noise, 12-16
September, Terrigal, Australia. DOI: 10.1007/978-3-319-73411-8

[12] Dudkin, E.P., Andreeva, L.A. and Sultanov, N.N. (2017). Methods of Noise and Vibration
Protection on Urban Rail Transport, Procedia  Engineering,  189:829-835. DOIL
10.1016/j.proeng.2017.05.129

515



