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Energy Efficient Control by the Group of Oil Pumping Stations Operation
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Abstract. This work is devoted to intensification of the power efficiency of computerized systems of
control by the pumping units group of oil pumping stations of the main lines. The criterion of the en-
ergy efficiency is a minimum total energy loss. The goal set can be reached by the development of
algorithms of the energy efficient control. The most important scientific result based on the identifica-
tion of the mathematical models of the objects controlled is the efficient algorithm for controlling the
group of oil pumping units. It allows determining in real time the operation modes of separate pump-
ing units, upon which the total energy losses will be minimal. The significance of the results obtained
consists in the energy losses decrease across the main oil pipeline during the combined control by the
pumping units groups. Their practical significance consists in decreasing the cost of oil transportation
at the expense of decreasing the energy consumed by the pumping units. The main stages of plotting
the modes maps were presented of the efficient operation of the pumping units based on the definition
of the necessary rotation frequencies and positions of the regulating valves. Experimentally was per-
formed the analysis of the operation modes of the pumping unit using different methods for productiv-
ity regulation, and their comparative energy efficiency was shown. The experimental data extrapola-
tion was carried out, and, on its basis, the possible economic effect was determined brought by the use
of the energy-conserving systems of the controlling the group of pumping systems.
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Dirijare eficienta din punct de vedere energetic pentru grupul instalatiilor de pompare la statiile de
pompare a titeiului
Kanyuk G.I., Mezerya A.Yu., Knyazeva V.N., Fursova T.N., Bliznichenko E.N.
Academia Ucraineand de Inginerie si Pedagogica
Harkov, Ucraina

Rezumat. Scopul lucrdrii consta in cresterea eficientei energetice a sistemelor automate de didrijare pentru un
grup de instalatii de pompare (IP) la statiile ale statiilor de pompare a titeiului (SPT) prin conductele magistrale
de transport. Criteriul de eficientd energetica a sistemului de dirijare dezvoltat este pierderile totale minime de
energie in conducta magistrala de transport titei, pastrand volumele de transportare a titeiului. Acest obiectiv este
atins prin elaborarea algoritmilor pentru comanda eficienta din punct de vedere energetic a unui grup de instalatii
de pompare la statiile de pompare a titeiului. Cele mai importante rezultate stiintifice: in baza identificarii
modelelor matematice ale obiectelor de dirijare (instalatii de pompare), a fost propus un algoritm eficient de
dirijare al unui grup de instalatii pompare la statiile de pompare a titeiului, care face posibila determinarea
regimurilor de functionare in timp real ale unitatilor de pompare luate aparte (valorile frecventei de rotatie a
pompelor dirijate si pozitia supapelor de reglare) la care pierderile totale de energie in conducta magistrald de
transport titei vor fi minime. Semnificatia rezultatelor obtinute consta in reducerea pierderilor de energie in
conducta principald de titei cu controlul combinat al unui grup de unititi de pompare ale statiilor de pompare a
titetului. Semnificatia practicd a rezultatelor consta in reducerea costului transportului petrolului prin reducerea
puterii consumate de unitatile de pompare. Sunt prezentate principalele etape ale constructiei hartilor de regim
(dependenta parametrilor de intrare controlati ai obiectului de control de parametrii de iesire necesari) ale
functionarii efective a unitatilor de pompare ale statiilor de pompare a titeiului.

Cuvinte-cheie: pompa, statie de pompare a petrolului, sistem de control automat, economisire de energie.

OHepro3¢pexkTUBHOE YIPaB/ieHHe IPYNNOii HACOCHBIX YCTAHOBOK He(TenepeKkayuBalOIUX CTAHIUT
Kaniok I'.'"., Me3eps A.1O., KusizeBa B.H., ®ypcosa T.H., Bausnuuenxo E.H.
YKpanHCKas HH)KCHePHO-TIeJarornaeckas akajaeMus
XapbKoB, YKpanHa
Annomayusa. llens  pa®oThl  3aKiodaeTcss B TOBBIIIGHWH — JHeEpreTudeckod  3ddekTuBHOCTH
ABTOMATH3MPOBAHHBIX CHCTEM YIpaBIEHHs TIpynmnoil HacocHbIX ycraHoBok (HY) HedrenepexaumBarommx
cranimii  (HIIC) wmarucrpanmsHbix  HedTenpoBogoB. Kpurepuem  sHeprermueckoil  3ddexTuBHOCTH
pa3paboTaHHOW CHCTEMBI YNPABJICHHS SBISETCS MUHMUMYM CYMMAapHBIX HOTEPh JHEPTHMH B MaruCTPaJbHOM

© Kaniuk G. I., Mezeria A. Yu.,
Kniazeva V. N., Fursova T. N., 13
Blyznychenko E. N. 2021



PROBLEMELE ENERGETICII REGIONALE 4 (52) 2021

HeTenpoBoJe NPH COXPAaHEHHMH HEOOXOIMMBIX OOBEMOB TpaHCIOPTHPOBKM Hedrtu. I[locraBneHHas uenb
JOCTHTaeTCs 3a CYeT pa3paboTKM aNrOpUTMOB JHEProcOeperaromero yrnpaBieHHs TPYNIOH HAaCOCHBIX
YCTaHOBOK HedrenepekaynBaromux craHnuid. Hamboiee cymiecTBeHHBIE HAydHbIE Pe3yibTaThl: Ha OCHOBE
WACHTU(QHUKAINA MaTeMaTHYeCKHX MoJeNieil OOBEKTOB yIpaBlieHHs (HACOCHBIC YCTAHOBKH) TIPEIIOKEH
9 (EeKTUBHBIA anropuTM YIpaBIeHHs TPYIIOH HACOCHBIX YCTAaHOBOK HE(TENepeKauyMBaIOIINX CTAaHLUH,
HO3BOJIIIOIIMN B PeabHOM BPEMEHH ONPENEIIATh PEKUMBI PAOOTHI OTACIBHBIX HACOCHBIX YCTAHOBOK (3HAYCHUS
YacTOT BPAILCHHUS PETyIHPYEMBIX HACOCOB U IIOJOXKSHHUS PETYIUPYIOIINX 3aABIKEK), IPH KOTOPBIX CyMMapHBIE
HOTEPU SHEPTHH B MaruCTPAIBHOM HedTenpoBoae OyayT MUHUMAIBHBL. 3HAYMMOCTb MOTyYSHHBIX PE3YJIbTaTOB
COCTOHT B CHIKEHHH IIOTEPh SHEPTHH B MaruCTPabHOM HE(TENpOBOJE MPH KOMOMHHPOBAHHOM YIIPABICHUU
TPYINON HAacOCHBIX YCTaHOBOK HedTernepeKkauMBaloIMX CTaHIMH. [IpakTnyeckas 3HAYMMOCTH PE3YJIBTaTOB
COCTOHMT B CHW)KEHHU CE0ECTOMMOCTH TPAHCHOPTHPOBKU HE(TH 3a CUET CHIDKCHHUS MOILIHOCTH, MOTPeOIIsieMOit
HACOCHBIMH yCTaHOBKaMH. [IprBeaeHBl OCHOBHBIE ATAITbl TOCTPOCHUS PEXKUMHBIX KapT (3aBUCHMOCTH BXOJHBIX
peryiupyeMbIX HapaMeTpoB OOBEKTa YIpaBlieHHsT OT TpeOyeMbIX MapaMeTpoB Ha BbIXoae) 3((EeKTHBHON
paboTHl HACOCHBIX YCTAaHOBOK He(TelepeKaunBaOIMX CTAaHIIMI Ha OCHOBE OIpEeNIeHNs] HEOOXOMUMBIX YacTOT
BPAILCHUS PEryIUPYEMBIX HACOCOB M IOJIOKEHHH PETYIUPYIOIMX 3aIBHKEK. DKCIEPUMEHTAIBLHO IMPOBEACH
AQHAIM3  PEKUMOB  pabOTBl  HACOCHOW  YCTaHOBKM IPH  Pa3iM4HBIX  CHOCO0AX  peryaupoBaHUS
NPOU3BOJUTEIILHOCTBIO (4aCTOTHOE, IPOCCENbHOC M KOMOMHHUPOBAaHHOE) M IIOKa3aHa HX CpaBHHUTEIbHAs
9HepreTHyecKkas 3pPEeKTHBHOCTh. BBINOMHEHA SKCTPAIONAIUs SKCIEPUMEHTANBHBIX TaHHBIX, U Ha €€ OCHOBE
OIIpEeNIeNICcH BO3MOXKHBIH IKOHOMHUYECKHI S(P(EeKT OT BHEIAPEHHS IHEProcOEperaroliix CHUCTEM YIIpPaBICHUS
IPYIIIONH HACOCHBIX YCTAHOBOK He()TerepekaunBaloNX CTAHIMI MaruCTpaibHbIX HEQTEIPOBOAOB.

Knioueevie cnosea. wHacoc, HedremepekauuBalomias CTaHIMs, aBTOMATH3MPOBaHHAs CHUCTEMa YIpaBIICHUS,
sHeprocOepeKeHue.

INTRODUCTION systems of the computerized control (SCC) for
the oil transportation. They ensure the maximum
value of the coefficient of efficiency (CEV) of
the units by means of the optimal regulation of
the rotation frequency.

The increase in the efficiency of the pumping
units of the oil pumping stations is an important
and urgent technical economic problem for the
improvement of the technical economic
characteristics of the main oil lines and for
reducing the oil transportation cost.

In this way, this research is aimed at increasing
energy efficiency of the pumping station units
operation by improving the control systems,
which ensure the minimum energy losses during
the oil transportation.

The objects of the study are the processes of

The share of oil and gas in the energy balance
of industrially developed countries is about 75-
80 %. Regardless of high efforts made in using
the traditional and renewable sources of energy,
this situation will remain unchanged for the
nearest decades.

The necessity of transportation of significant
volumes of oil and gas resulted in the intense
development of the pipeline service as the most
efficient economically [1].

The Ukraine is a powerful transiting channel of
oil and gas. The Ukraine main oil line system
includes 19 oil pipelines with a diameter of 1220
mm and total length of about 4800 km (e. g.,
Germany — 3380 km), 51 oil pumping station
(OPS), whose operation is ensured by 176 . . .
pumping units at a unit productivity to 12500 enhan_clng _the operation ef_ﬁmency of the
m3/h. The overall electric power of the electric pumping units of the 0." pumping stations under
drives is around 360000 kW. The system normal ques of exploitation. C
discharge capacity is 114 min t/year at the input The objects of _the research are SC'ent'.f'C
and over 56 min t/year at the output. The total methods and technical means for the decreasing

nominal capacity of eleven reservoir parks of the the energy losses in_thg oil transportation Process
main oil pipes system is over 1 min me. unQer normal exploitation modes of the pumping
Oil transportation requires substantial energy units.
consumption to drive the pump units of the oil
pumping stations [2-4]. In this context, the
urgent problem is the energy consumption
decrease  using the  development and
implementation of the energy saving systems of
automatic regulation (SAR) of oil pumping units,
which are component parts of the complex

ANALYSIS OF RECENT RESEARCHES
AND PUBLICATIONS
The research and optimization of the control
systems of the main oil lines are performed by an
appreciable quantity of European and world
research teams. The design features and
mechanics of the pumping units are studied
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fairly thoroughly. The advanced model pumping
units with the improved technical economic
characteristics are wused successfully in all
spheres of industry [5-8].

Much attention is given to the pumping units
regulation [8-20]. The energy efficiency of the
pumps is shown to depend above all on the
regulation method selected and on the network
characteristics they work for.

High success was achieved in the development
of mathematical models of the elements and
pumping units joint connections, including the
pumps of the oil pumping stations [21-29].

At the same time, at present, the universal
scientific methods and technical solutions are
almost absent, which would guarantee the
existence of the OPS operation energy efficient
modes over the entire range of the normal modes
of exploitation [16, 26].

The analysis performed set the research
problem consisting in improving the energy-
conserving systems of control by the pumping
units of the oil pumping stations of the main oil
lines, developing the efficient algorithms to
ensure minimum energy losses in the oil pipeline
upon maintaining the technological parameters.

RESEARCH METHODOLOGY

Analysis of the existing normative and
methodical support in creation the systems of
control by the pumping units of the main oil
pipelines showed that at present in the
normative-technical and normative methodical
documentation, the requirements as to the
creation and exploitation of the systems of
control by the main oil pipelines that ensure
maximum operation efficiency of the pumping
units and maintain their action at the coefficient
of efficiency highest levels, are not quite fully
formulated.

The main oil pipeline is a complicated
structure, which consists of separate oil pumping
stations with pumping units of various power
(Fig. 1).

The crucial issue is the method for the pumps
regulation. The most promising is the frequency
regulation principle [15, 27]. Unlike other
methods, it has minimum energy losses for the
oil transportation. In addition, due to the
possibility of smooth regulation, it considerably
improves startability  and exploitation
characteristics of the pumps and extends their
service life. At the same time, the great variety
of the regulation methods and the optimization
variants of the operation modes of the main oil
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pipelines systems makes it possible to conclude a
substantial variability of the modes selection
criteria [11].

The developed functional schemes of the
pumping units as the objects of control (Fig. 2),
can be the basis for creation consistent solutions,
i.e., the system of control by any pump of the
main oil pipeline can be characterized using the
following set of vectors:

- input parameters (regulation parameters)

—reg —unreg

X input = X input + X input ,

A A —unreg
including unregulated Xinput and regulated

—reg
input ,

- output parameters (parameters controlled at the
output ) X output ;

- pump internal parameters Xint;
- environmental factors (periodic and occasional)

¢,
- energy (power) loss parameters Xioss .

The input parameters can include alternatives
such as the position of the regulating valve x,,,
the pump unit rotation frequency n, and the blade
angle of rotation ¢, .

These and other parameters are regulated by
the executing mechanisms EM according to the
algorithm, which is being formed in the EM
regulator. The output parameters include the
values of pressure (P) and consumption (Q)
created by the pumping unit, the useful power

(N“"")and consumed power (N®™); as well as
the pump coefficient of efficiency (). The

vector of internal parameters Xt includes
design characteristics of the pumping unit and
hydraulic circuit, which the pumping unit works

for. The vector of environmental factors ¢

includes eventual temperature changes and other
environmental parameters in the process of
exploitation. The major intended purpose of the
regulation principle proposed is determination of
real ratios for the controlled input parameters,
which ensure the value of the minimum energy
losses throughout the entire normal exploitation
(with any vector values of the output parameters

Xoutput .
Y:r?gut = freg |:>_(>output;>_(>:Jr:1prjfJ , min{YIOSS k _é:| (1)



PROBLEMELE ENERGETICII REGIONALE 4 (52) 2021

Main OPS Intermediate OPS

__________ : P
| () opst 1 | ops2 '2 | opsa |3 " opss | 4 TP

H | 1| 12| | S| |
e O | B N o |_>
| ¥ sP . || | |~
| R o | | | | R
ENCICINOHICIIO
| o || | |
| . || | |

FOULRT L LRI P P
l_ _____ % _ _T_ O S R T O IR
RL ~ |R2 R3 R4 R5
ECL EC2 EC3 EC4 EC5

OPS — the oil pumping station, R — the regulator, MP — the main pump, EM — the electric motor, FT —
the frequency transformer, EC — the electric circuit, TP — the terminal point, SP — the start-up pump.
Fig. 1. Principal scheme of oil pumping system.
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Fig. 2. Functional schemes of pumping units of oil pump lines as the object of control.

Generally, the function of the energy losses in where n, m, k, | is the quantity of significant
the pumping unit is determined by the sum of  mechanic, hydrogasdynamic, thermal, electric
mechanic E,_, , hydrogasdynamic E_, , thermal ~ processes and elements in the pumping unit; F is

i i i the external load; V and G are the rate of motion
E, and electric £ losses in certain elements .4 oil weight; ker and ki are the coefficients of
and processes occurring in the pumping unit. It dry and liquid frictions; | is the current intensity;
can be represented as follows: Z and ¢, are the coefficients of friction and local

hydraulic resistances; K,, is the heat transfer
coefficient; AT is the temperature driving force;

gd

AE = AE ., + AE, + AE, + AE; S is the heat transfer area; and t is the time of
n process.
AE =) (Kg - F + K V) - AL Total energy losses in the OPS pumps depend
i=1 on the oil consumption and pumps’ rotation
V2 frequency:
Z(z +g., 2g %0 @
. AN = % AinQl§i+Aﬂzi 'ni2+AQiQpi+"' 3)
AEt:ZKmq'ATq‘Sq'tq; izt Ay M+ Ag Qi + G
g=1
L, or recalculating for the position of the
AEy =D I7-R -t regulation valves:
r=1
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oss, n +A1055 n +
AN = Z —i_'A‘Iossi X —i_'A‘Iossi )

i=1
’ ni + Aiosg

€)
+ Ay Xy,

where coefficients A define the dependence
of the energy losses on the square of rotation

frequency Aﬂ);, rotation frequency Ay, the

Xpy 2

square of position of the regulation valve Ag,

Xpy 2

the position of the regulation valve Ag, the
product of rotation frequency by position of the
regulation valve A10551 and constant component

A,OS%, which is independent of the regulated

parameters. The values of coefficients A can be
determined by the experimental data resulting
from approximation of full-scale and current
exploitation characteristics with respect to
dependences (5).

In dependences (5) A, is the dependency

ratio of coefficient of efficiency of the i-th pump
on the oil consumption at a fixed viscosity value;
Ay is the dependency ratio of the consumed
energy of the i-th pump on the oil consumption
at a fixed viscosity value; B,By; are the
dependency ratios of the coefficient of efficiency
and consumed energy of the i-th pump on the

rotation frequency; and C are the constant
components of relevant characteristics.

Ain = _AinNi;

A12i = _Br]iBNi;
Agi = (Ar\n - AniCNi _quANi);
A = (BNi - BniCNi _CryiBNi);
Aogii = —(A,;Byi + B A);

= (1—C i) Cuis

= A (A + A+ A O

Aoss = 2P0, A5, Co,i + Ao Ao + Ay +
+ Aq,iCoyis
o = Aos (A
= 2R, AgiCo,i + A Agyii
= 4 A0 A, Agsi + A Aoy

0ss;

Xy

0SS

XN
0ss;
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Then, the functions of the energy losses and
conditions of their minimum are defined as
follows:

AN = AQ®n + BQ?n +CQn + D, (6)
or
AN = AnZ + Apn; + Agx? + ... @
+ AgXi + AsXing + Ay
OAN; _ oA (ni)Qs . 0B, (n;)
on, on, on, ®
4 oCi (n;) N oD, (n;) o
on; on,

From equations (6-8) we shall find the required
rotation frequency of the pump, which is
controlled (having the frequency regulator) and
corresponds to the coefficient of efficiency
maximum:

A,

r E_f(Q 1Ny rv)

(9)

and the value of the regulation valves positions,
upon which the coefficient of efficiency
maximum of the oil pumping station will be
maximal:

Xi = Aghi + Ay, (10)

where A, 4,,, Ag, Ay are the approximation

coefficients of the characteristics of separate
pumping units.

Using the frequency method of control under
the decrease in rotation frequency, the hydraulic
pressure is reduced. The theoretical meaning of
consumption, to which we can efficiently apply
the frequency regulation, is determined by the
construction design of the pumping unit and is
within the range of about 30 % from minimum to
maximum. Based on determination of the
rotation frequencies (9) and position of
regulation valves (10) the mode maps of the
pump efficient operation are constructed Fig. 3).

The dependences thus obtained can be used in
the pumping unit regulators and corrected
automatically in real time modes. This will
enable to obtain maximum energy efficiency
(coefficient of efficiency) of the oil pumping
station, provided the required technological
process parameters, technological limitations and
perturbations are ensured.
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Fig. 3. Mode map of the energy-efficient operation of OPS pump.

In accordance with the developed and
identified using the results of the full-scale
experiment, data of mathematical models (29)
and general concept of the energy efficient
control (1), it is possible to obtain the
generalized functional scheme of the system of
automatized energy-saving control by the OPS
units (Fig. 4).

This kind of control system contains blocks of
pumping units reference models of separate OPS
and the block of reference main oil pipeline as a
whole, blocks of formation and determination of
energy loss functions in the pumping units of the
oil pumping system and blocks for minimum
function comparison of the energy losses.

The experiments were performed using the
laboratory operating unit equipped with facilities
for frequency and throttle regulation of
productivity.

The working characteristics plotted based on
the measurements and calculations for the
centrifugal pump 2K-6 (electric motor AO-42-2;
nm=0.84) are shown in Fig. 5.

The decrease in the consumed power at the
frequency method of control compared to the
throttle method of control is as follows:

AN =N, —N, (11)

re

Annual energy saving during the pumping unit
operation for 7000 h per year (average
calculation period), is:

EK = AN -7000 =1000-7000-0,7 = 4900 kWh. (12)

where 0.7 is the mode coefficient.

The graphs of difference in the pump
characteristics between the frequency and
throttle controls are shown in Fig. 6.
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The economic efficiency of the frequency
control is defined based on the annual graph of
the pump load and the system as a whole.

Thus, the yearly-average economy of energy is
as follows:

B (13)

1T
—jAN»tm.
TO ] 1

Under conditions of the uniform distribution of
the load during calculation period in the range of
(30-100) % of the power, the energy economy is
determined as following:

_ AN4 +AN

E 100 T
2 1

av

(14)

In this particular case, the decrease in the
energy losses can be about 5000 kWh. The
annual economy at tariff ¢ = 0.05 € / kWh, is 250
€.

Upon the overall electric power of the electric
drivers of the Ukraine oil pumping stations being
360 kWh and if that each third pump has a
system of the frequency control, the annual
economy of energy will be as following

_Wav ) Nz
* 3N

ex

E , (15)

and may exceed 250 kWh.

That is, in money equivalent the annual
economy will be over 12 min. €.
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With the frequency drivers being mounted at  annual profit will be over 15 min. €.
the increased number of pumps, the expected
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Fig. 4. Functional scheme of control by the OPS pump group.
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CONCLUSIONS

The scientific and practical results obtained
allow the following inferences:

1. Further development was obtained by the al-
gorithms of the systems of the energy-conserving
control by the group of pumping units of oil
pumping stations of the main oil pipelines, which
ensure minimum energy losses throughout the
total range during a normal exploitation.

2. The generalized verified mathematical mod-
el of the OPS pumping units was proposed, and
the main ratios for the determination of the main
energy losses in the elements of the system of
control were obtained. The analytical depend-
ences between the major mode parameters of the
OPS pumping units operation by the approxima-
tion of their experimental characteristics were
obtained.

3. The experiments of the modes of pumps’ op-
eration were carried out, and on their basis the
identification was performed of the developed
mathematical models. The extrapolation of the
experimental results obtained on the Ukrainian
active oil pumping stations under condition that
each third pump is equipped with the system of
frequency control, showed that the implementa-

3
Flow rate Q 10°, m’/s
Fig. 6. Differences between energy characteristics of 2K-6 pump under frequency and throttle controls.
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tion of the experimental results obtained and de-
velopments at the Ukrainian OPS can ensure the
annual energy economy during oil transportation
of the order of 400 mWh.
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