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Abstract

Based on the current regulations on pipeline transport, the need for a systematic approach to the study of
processes occurring in the technological complexes of pumping stations of the main pipelines and their power supply
systems is shown. The development of effective control systems for such complexes in order to reduce energy
consumption involves a comprehensive analysis of current modes and forecasting of both steady-state and dynamic
modes by simultaneously studying their subsystems as a whole The replacement of obsolete centrifugal pumps of
multi-unit pumping stations with main and booster pumps with the modern types with a significantly higher
efficiency increases the importance of energy saving potential in dynamic modes. The scientific research results
regarding modelling of pumping stations and their electrical complexes are analysed. It is shown that the generally
accepted approach is not always sufficient for the effective study of the influence of subsystems of different physical
nature of pumping stations on the power supply system and the mutual influence of these subsystems on each other. A
formalized mathematical model of the system of asynchronous centrifugal units of a multi-unit pumping station with
serial connection of pumps is built, its verification is carried out and the prospects of its use are discussed.

Keywords: asynchronous motor; pumping station; centrifugal pump; pipeline; model.

1. Definition of the research problem selected for the study

Pumping stations (PS) of the main oil and water pipelines are powerful consumers of significant amounts of
electricity. The main pipelines (PL) and PS are transit facilities that allow large amounts of fluid to be transferred to
distribution pipelines. Ukraine has one of the world's biggest oil pipelines. According to the Law of Ukraine "On
Pipeline Transport” [1], "the main pipeline is a technological complex that operates as a single system and which
includes a separate pipeline with all facilities and structures connected with it by a single technological process, or
several pipelines through which the transit, interstate and interregional supplies of transportation products to
consumers are carried out, or other pipelines designed and built in accordance with the state construction
requirements for main pipelines”. The diagnostic and testing procedures are also described here, and the basic
requirements for design, reliability and uninterrupted safe operation of the main pipelines, their diagnostics and
defectoscopy are given in [2], [3]. Conducting physical experiments with transient processes is difficult for a number
of reasons [4]; only diagnostics and defectoscopy strictly regulated in [1], as well as data of operating modes, which
are usually quasi steady-state [5], are actually available. However, the development of effective control systems for
such complexes in order to reduce energy consumption involves a comprehensive analysis of current modes and
forecasting of both steady-state and dynamic [6] modes by simultaneously studying their subsystems as a whole [1].
One of the ways to solve this problem is the development of hybrid models consisting of a digital model of the power
unit and a physical model of the information and signal control system [7].
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Usually, in order to ensure an uninterrupted transportation of fluid under the condition of changeable needs in its
quantity, PS are equipped with farms of buffer reservoirs of the required volume. The powerful main centrifugal
pumps (CP), which create the required fluid pressure with a given capacity (flow rate), are very sensitive to the
damaging effect of possible cavitation processes on the surface of the blades [8]. Therefore, they need to maintain a
cavitation reserve, i.e. a certain stable excess pressure at the inlet over the entire performance range. This pressure is
created by booster units connected in series with the main CPs, which directly intake the fluid from the accumulators
and supply it to the inlet of the main CPs. The booster CPs of the multi-unit PSs have a lower nominal pressure and
power, but the same nominal capacity as the main ones. The analysis of works [9], [10] shows that the feasibility of
using a controlled electric drive of CP on multi-unit PSs depends not only on the form of the technological schedule
of the hydraulic load, but also on the efficiency of the CPs themselves. Recently, obsolete CPs with a low efficiency
(75-80%) are being replaced everywhere by modern units with a significantly higher value of this indicator (up to
90%), as a result of which the energy saving potential increases in dynamic modes.

Given the above, it can be concluded that the development of available new and improvement of existing low-
cost tools for studying the operating modes of powerful multi-unit PSs is relevant.

2. Analysis of the recent studies and publications on the problem

An intrinsic connection between the electromechanical and hydraulic subsystems of PSs of the main pipelines
and their power supply systems requires a systematic approach to the study of processes occurring in such
technological complexes, as well as to their modelling. However, in most works dedicated to this issue, the emphasis
is usually laid on deepening the mathematical description of only one separate subsystem: either hydraulic [11], [12]
or electromechanical [13], [14], [15]. The ways to optimize energy and other integrated indicators of the modes of PS
power complexes on the basis of objective functions are proposed in [16], [17], which gives only a general picture (a
more detailed mathematical description of PS subsystems is given in [18]). The simulation models (for example, [12],
[19]) provide more details on a number of coordinates of the mode, but do not reflect the essence of the physical
processes. In the works [20], [21], each of the subsystems of a single electrically driven asynchronous pumping unit
in dynamic modes is described in sufficient detail, but the issue of modelling their joint operation, which is typical for
multi-unit PSs, is not resolved.

3. Aim of the research

The aim of the paper is to develop a mathematical model of the dynamic modes of the system of asynchronous
centrifugal units (ACU) of a multi-unit pumping station with serial connection of pumps, which will allow studying
both the influence of subsystems of different physical nature on the power supply system and the mutual influence of
these subsystems on each other, while operating the internal parameters of the separate structural elements.

4. Results and their discussion

The model of a saturated asynchronous motor (AM) and the CP model, the feature of which is the identification
of its parameters by the geometric dimensions of the CP structural elements and physical properties of the working
fluid, created in the d-q coordinates connected with the common shaft, proposed in [21], are taken as the basis. Fig. 1
shows a generalized diagram of the hydraulic connections of ACU of a multi-unit PS.

Fig.1. Generalized diagram of hydraulic connections of ACU of a multi-unit PS.

According to the diagram in Fig. 1, the symbol N indicates the total number of ACUs of a multi-unit PS with a
serial connection of CP hydraulic paths and the index i indicates the serial number of ACU, AM and CP. The
generalized model of the ACU system of a multi-unit PS with a serial connection of CP hydraulic paths is represented
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by equations (1)-(7), supplemented by expressions (8), (9). The small bold symbols indicate the complex variables
(real and imaginary parts correspond to d-q coordinates).

The equations (1)-(3) describe the state of each individual (i-th) ACU (total number of equations is 10-N), in
particular:

e equation (1) is written in a matrix-vector form; it describes the state of electromagnetic (4 equations with
complex variables for each AM) and hydraulic (4 equations with complex variables for each CP)
subsystems of ACU, i=1...N, the total number of equations is 8-N;

e equation (2) sets the collinearity of the vectors of pressure and volumetric flow rate of the working fluid at
the outlet of each individual CP (1 equation for each CP), i=1...N, the total number of equations is N;

e equation (3) of the AM rotor movement establishes the connection of the electromagnetic and hydraulic
subsystems of each specific ACU with an absolutely rigid common shaft, i=1...N, the total number of
equations is N

The equations (4)-(6) describe the serial connection of CP hydraulic paths of all ACUs and PLs (total number of
equations is N+1), in particular:
e equation (4) defines the equality of volumetric flow rate of the working fluid of all CPs connected in series
by hydraulic paths (1 equation for the i-th and i+1st CP), i=1...N-1, the total number of equations is N-1;

e equation (5) sets the equality of volumetric flow rates of the working fluid at the PL inlet and random of CPs
connected in series by hydraulic paths (1 equation for PL and random separate CP), i is arbitrary in the range
from 1 to N, the total number of equations is 1;

e equation (6) sets the equality of the working fluid pressure at the PL inlet and the sum of the working fluid
pressure of all CPs connected in series by hydraulic paths (1 equation for PL and arbitrary i-th of separate
CP), i=1...N, the total number of equations is 1.

The equation (7) describes the state of PL (total number of equations is 1).

Thus, the generalized model of the system of ACU of a multi-unit PS with CP hydraulic paths connected in
series consists of 11-N + 2 equations (including 8 equations in the complex form). The above expressions include
relative values of coordinates and parameters; the exception is the total moment of inertia of ACU Jy, kg-m?, as well
as the basic values [21], marked with the index b.
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where t is the time; P, is the matrix of ACU parameters (its full form is given in Table 1);

_i:(qm, Qoiv Qagiv Auaiv b5 1ov €50 Wy )t is the column wvector of ACU mode coordinates;

D, = (day, /dt, das, /dt, dag, /dt, day, /dt, di, /dt, di, /dt, dy, /dt, 0) is the column vector of the first

derivatives of the ACU mode coordinates; \7i:<0, 0,00 v,/L, 00 O)I is the column vector of ACU

coercive forces; wy, g is the angular frequency of the ACU common shaft and angular frequency of the AM stator
winding voltage; hy is the PL static back pressure; ig; iri, Vs iS the stator current, rotor current reduced to the stator and
AM stator winding voltage; s is the flux linkage from the magnetic flux of the air gap of AM reduced to the stator;
L., Rs are the leakage inductance and resistance of AM stator winding; L, R, are the leakage inductance and
resistance of AM rotor winding reduced to the stator; R, is the equivalent resistance to account for active energy

losses in the AM core; R, (\Vs, ) is the static nonlinear magnetic resistance of the AM main magnetic circuit given in
the form of a polynomial (x,;, X, are relative nominal values of AM magnetization and scattering inductances); h, is

the fictitious pressure of the idealized CP (Hgnomi is the nominal value, oy is arbitrary); Oy Oyr Oz COag A€

the fictitious CP output; h, =./h’, +h’, is the effective head of the real CP; g, =/, +0%, IS the effective
volumetric flow rate of fluid of the real CP; h.y is the total head of all CPs at the PL inlet; hy is the PL static back
pressure; L, r_ is the PL hydraulic inductance and hydraulic resistance; ., (qLi)is the equivalent hydraulic

resistance [22] to take into account the CP mechanical energy losses; ATg; is the equivalent torque to account for

mechanical losses in ACU bearings; Js; is the total moment of ACU inertia, kg‘mz.

Table 1 shows the full view of P, matrix of CP and AM parameters of i-th ACU. The columns 1...8 of the table

correspond to the components of 5, column vector of the mode coordinates, and rows 1..8 correspond to the
separate equations of the i-th ACU compactly written in the matrix-vector form (1).

Table 1. Matrix If’i of CP ta AM parameters of i-th ACU

1 2 3 4 5 6 7 8
T I S - T 0 0 0 0 0
Lu, L12, L12, L13‘ L13, L12,
N I T T S 0 0 0 0 0
L21, Lzz, L22, L23, L23, Lzz,
gl o fa | ) e fm 0 0 0 0 0
sz, Lsz, L3z‘ L33, L33, |-32I
-
4 0 0 0 M 0 0 0 0
Lmech,
5 0 0 0 0 R _ j 0 — “Je,
Lsi : LS. Ls‘
_wsl R". H _ws. J ((05 -, )
6 0 0 0 0 0 L i (a) ~o, ) » C
7 0 0 0 0 0 0 1
jo,
8 0 0 0 0 1 1 0 |Ry(v;)-—=
Rai
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To test the efficiency and correctness of the model, it was adapted to a 2-unit ACU system, which consists of the
main (first) and booster (second) units, the CP hydraulic paths of which are connected in series and operate for a
common pipeline. The test calculations were performed in the Mathcad system. The parameters of the units selected
for the test calculations are shown in Tables 2...5. The CP moment of inertia is taken into account in the amount of
15% of the AM moment of inertia.

Table 2. Parameters of AM-1 of 4AN355M6U3 type of ACU-1 booster unit

Pnomy kw TMnom, Vs.nomy \Y% Nnom, PM COS®Pnom, Po Tax* Trmin* T lgx Jamy kgmz
250 0.935 380 985 0.9 3 22 0.9 1.4 7 9.5

Table 3. Parameters of AM-2 of 4A3MB-1600/6000Y2-5 type of ACU-2 main unit

Prom, kw Mnom, Vs.nom V Npom, FPM COS®nom, Po Trnax Trnin* Tex Ig Jam, kg'mz
1600 0,961 6300 2979 0,9 1 26 0.7 1.9 6 31.0

Table 4. Parameters of booster CP-1 of 14H/Ic-H type of ACU-1 booster unit

Hnom, Qnomy Nnom, Phydr-nom,
TMnom,

m mé/h rpm KW Ho.nom* Rag« Lag~ Rar= Lan+ L Lk Luo | Rmecrr | Lmech=

45 1260 | 0.809 | 980 154 1302 | 29.47 | 949 | 6.627-10* | 0.4144 | 0.00876 | 0.0352 |0.2375| 7.180 | 0.02287

Table 5. Parameters of main CP-2 of QG300-2-100b type of ACU-2 main unit

Hnom, Qnoms Nnom: | Phydr-nom,
TMnom,

m mé/h rpm KW Ho.nom* Rag« Lag~ Rar= Lan+ L Lk Luo | Rmecrr | Lmech=

428 800 | 0.745 | 2980 932 2.641 | 43.89 | 15.12 | 5.897-10° | 0.4675 | 1.03311 | 0.3122 |2.3111|20.377 | 0.00436

At the time t = 0.1 s, the AM-1 of ACU-1 was switched on and after its acceleration at the time t = 2.0 s, the
AM-2 of ACU-2 was switched on (direct start, hydraulic valves of CP of units were closed). From t=5.0 to t=5.5 s,
the hydraulic valve of CP-1 of ACU-1 was smoothly opened, and from t=15.0 s to t=15.5 s, the hydraulic valve of
CP-2 of ACU-2 was smoothly opened. At the time t = 22.0 s for 0.1 s, an emergency situation was simulated
(complete break of PL), and from t = 22.0 sto t = 25.5 s, a smooth simultaneous closing of CP valves of both units
was simulated. The main results are presented in Fig. 2...11.

The correctness of the model is confirmed by the convergence of the coordinates of the nominal and limit
steady-state modes obtained on the model and the main nominal mode data of AM and CP. For this purpose, the
figures were supplemented with the corresponding nominal mode data of CP (nominal and maximum pressure in the
mode of the fully closed hydraulic valve at the outlet and volumetric flows in the mode of complete break of the
pipeline), the amplitude values of the rated current calculated according to the nominal data of AM, the
nominal values of electromagnetic torques at the rated frequencies and powers as well as the rated rotational speed of
AM and CP.
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Fig.2. Phase A current of AM-1 stator. Fig.3. AM-1 electromagnetic torque and mechanical moment
and CP-1 mechanical moment of resistance.
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Fig.6. AM-2 electromagnetic torque and mechanical moment Fig.7. Working fluid head at CP-2 outlet.

and CP-2 mechanical moment of resistance.
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Fig.8. Rotational speed of ACU-1 common shaft and ACU-2 Fig.9. Volumetric flow rate of working fluid at CP-1, CP-2
common shaft. outlet and PL inlet.
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Fig.10. CP-1 and CP-2 working fluid head at PL inlet. Fig. 11. CP-1 and CP-2 net and rated hydraulic power.
5. Conclusion

A mathematical model of the system of asynchronous centrifugal units of a multi-unit pumping station with
serial connection of pumps is presented. The model is an effective tool for studying the influence of subsystems of
different physical nature of pumping stations on the power supply system and the mutual influence of these
subsystems on each other in order to improve the energy efficiency. The use in the model of the hydraulic subsystem
of the parameters that depend on the geometric dimensions of the structural elements of the pumps and the physical
properties of working fluid allows taking into account the operational change in the characteristics of the hydraulic
subsystem and its impact on the modes. The modular principle and formalization of the matrix-vector form of writing
the equations of the model make it possible to adapt it for the analysis of various electrical complexes for fluid
transportation and automate the formation of equations, significantly expanding possible applications. Supplementing
the developed digital model with a physical model of the information and signal control system can create an
effective tool for a comprehensive analysis of current modes and forecasting of both steady-state and dynamic modes
of such complexes without conducting physical experiments on power equipment.
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MogenoBaHHS Pe:KUMIB CHCTEMH ACMHXPOHHMX BiIICHTPOBUX arperaris
O0araToarperaTHoi NOMIOBOI CTAHIUII 3 MOCJIIOBHUM CIIOJTYYCHHAM MOMII

Bnapucnas JIucsx, |M1/1xa17mo OniﬁHpml

Hayionanvnuti ynieepcumem «JIvgiecora nonimexuixay, eyn. C. banoepu, 12, m. Jlveie, 79013, Vrpaina

AHoTanis

Ha mifcTaBi YWHHUX HOPMATHBHUX JOKYMEHTIB IIOA0 TPYOOIPOBIAHOTO TPAHCIOPTY MOKA3aHO HEOOXiIHICTh
CHUCTEMHOTO IMiIXO0y JO BHBYEHHS IMPOIIECIB, SIKi BiIOYBAIOTHCS B TEXHOJOTIYHUX KOMIUIEKCAX MOMIIOBUX CTaHITIH
MaricTpajibHUX TPYOOIPOBOIIB Ta IXHIX CUCTEM EIEKTPONOCTa4aHHs. Po3po0iieHHs e(heKTUBHUX CHCTEM KEpyBaHHS
TAaKAMHU KOMIUIEKCAMH 3 METOI0 3MEHIICHHS CHEPrOCHOXXHBAHHSA Nependadae BCeOIYHUI aHaNi3 MOTOYHUX Ta
MIPOTHO3YBaHHS SIK YCTaJCHUX, TaK 1 JMHAMIYHUX PEXKUMIB IIJITXOM OJHOYACHOTO JOCHTIHKEHHS TXHIX MiJCUCTEM SIK
€IMHOTO TUIOT0. 3aMiHa 3aCTapiIMX BINLICHTPOBHUX IOMIT OaraTOarperaTHHX IOMIIOBUX CTaHIIH 3 OCHOBHUMH Ta
OAMPHAMHA TIOMIAMH HAa CydYacHi MoOfenmi 31 CYTTEBO BHUIIUM K.K.J. 30UIbIlye BaroMmictb MOTCHINATY
€HEeproouaHOCTI B AMHAMIYHUX pexumMax. lIpoaHami3oBaHO HAayKOBi pO3pOOKH, SKi CTOCYIOTHCS MOJAETIOBAHHS
MMOMIIOBHUX CTaHINM Ta IXHIX €JIEKTPOTEXHIYHMX KOMIUIEKCiB. [loka3aHo, 10 3aralbHONMPUHHATAN TiAXiJ HE 3aBXKIH
JIOCTaTHIH Juisi e()eKTHBHOTO JOCIHI/DKEHHS BIUIMBY IiJICKCTEM Pi3HOI (i3MYHOI NPHPOAM IOMIIOBUX CTaHIiil Ha
CHUCTEMY EJIEKTPOIOCTaYaHHs Ta B3aEMHOTO BIUITMBY ITUX IMIJCUCTEM OfHAa Ha oaHy. [loOymoBaHo (opmarnizoBany
MaTeMaTHYHy MOJIENIb CHUCTEMH AaCHHXPOHHHX BIJIEHTPOBUX arperaTiB OaraTtoarperaTHoi HMOMIIOBOI CTaHII 3
MOCJTITOBHAM CIIOJTYYEHHSIM ITOMII, 3A1IHCHEHO 11 Bepu]iKalliro Ta 3aIpOIOHOBAHO NEPCIIEKTHBH 11 BAKOPHCTAHHS.
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