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Abstract

The contemporary state of the modelling of the pump station’s electric drive in a complex with its centrifugal
hydraulic load has been analysed. It was found that most studies focus either on the modelling and development of
automatic control systems for the asynchronous electric drive of pumps or on the optimization of performance
indicators of the station as a whole. Besides, usually only one of the subsystems of a pumping station (or an
electrically-operated pump unit) is modelled with a good degree of detail: either electromagnetic or hydraulic. This
approach does not allow a concurrent research of electromagnetic and hydraulic processes in them. The paper
proposes a comprehensive mathematical model of the dynamic modes of the synchronous electrically-operated
centrifugal pump unit with a pipeline, in which the electromagnetic and hydraulic subsystems are presented with a
balanced degree of detail. The developed model was verified and its viable applications were suggested.
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1. Definition of the research problem selected for the study

One of the largest consumers of electrical power is high-power pumping stations (PS). Depending on the
purpose and current conditions, the modes of their operation can be both quasi steady-state (normal operation modes
of major pipelines and large distribution pipelines (PL) with a low speed of fluid flow variation [1]) and fast changing
(emergency modes, scheduled start-stop operations). Electromechanical transients in any assemblies are accompanied
with manifold surges of electricity consumption as compared to normal operation modes, as well as with a higher risk
of equipment failures. As high-power PSs are of strategic importance, these circumstances impose certain restrictions
on the possibility of conducting physical experiments.

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

Despite the substantial benefits offered by the use of synchronous motors (SM) in comparison with induction
motors for driving centrifugal pumps (CP) [2], [3], these are the synchronous sets of high-powered PS that, we
believe, have not received sufficient research attention. The following major areas of modern studies of this problem
can be distinguished: modelling of dynamic modes of controlled synchronous electric drives of low- and medium-
power fluid pumping systems with utterly simplified representation of the hydraulic subsystem (as in [4]-[8]),
modelling of steady-state modes ([3], [9]) and obtaining of generalized energy indicators and technical-and-economic
indicators ([10]). Therefore, the study of high-powered fluid pumping systems with the synchronous electric drive is
of topical importance.
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3. Aim of the research

The study aims at developing a mathematical model of the dynamic modes of the synchronous electric drive with
a centrifugal hydraulic load of the pumping station (SECPS) with a balanced degree of detail of the electromagnetic
and hydraulic subsystems with an option for studying the processes occurring in these subsystems as a whole and the
processes in their separate structural elements.

4. Results and their discussion

In order to build a mathematical model of SECPS, let us consider its separate elements. The equations will be
written in relative units using the system of base values characteristic for a specific element.
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Fig.1. Block diagram of SECPS

Synchronous electric drive (electromagnetic subsystem). The equation of the mathematical model (MM) of the
synchronous motor are written based on the generalized equations of the synchronous machine with the following
assumptions: the temperature mode is steady-state, the windings have lumped parameters, the flux-current curve of
the magnetic system is non-linear, the effect of the core shape on the magnetic field distribution is disregarded, the
operation mode is symmetrical. The equations are formulated in the orthogonal d-q coordinates rigidly bound with the

rotor in relative units (RU) using the following system of major base values: oy, , = g, o = O o s Vans =2/,
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where smnom Vsmnom Psmnoms Msmnoms COS@Psmnom are nominal SM datasheet parameters. The SM model with n
damping circuits presented in [11] was taken as the basis. It features taking into account the non-linearity of its main
magnetic circuit in the form of a non-linear magnetic resistance dependent on the flux linkage:
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where o, is the rotation frequency of the rotor; ;44 are orthogonal components of the flux linkage from the
magnetic flux of the air gap reduced to the stator winding; R, is the equivalent resistance, which takes into account
active power losses in the steel core; Te=sqisq— Weqisar Tm 1S the electromagnetic torque of the motor and the
operating mechanism torque, respectively; Js is the total moment of inertia of the synchronous electrically-operated
pump unit, kg-mz; for the corresponding windings: Rs, Ls, Rr, L, Ry, L, are the parameters; isyq, ifaq, Ingg @are
orthogonal components of currents; Vsqq, Viaq are orthogonal components of voltages. The non-linear static magnetic
resistance of the main magnetic circuit of SM is approximated by the polynomial based on

4
[121: R, (Vs s Wig ) = Im,,(%+%(w§d+w;)+a4 (vi +vi,) ) where a;=0.82; 2,=0.148; 8,=0.044; |y =1/(x+Xy),

where X, X, are relative leakage and magnetizing inductances of SM in the nominal mode. It should be noted that
according to [13], the effect of the frequency on this parameter becomes significant for the frequency values over
100 Hz. Therefore, in this case we disregard this effect. Besides, further on, the orthogonal components of the stator
voltage will be expressed through its amplitude value U, and angle & of the rotor pole shift with respect to the stator
pole:

Vg =V, sing; v, =-V, Cos3 . (10)

The operating mechanism torque T, (the CP torque taking into consideration the power losses on the friction in
the bearings and on the ventilation) is modelled based on the following assumptions: the temperature mode is steady-
state, the CP impeller, SM rotor and their common shaft are considered to be absolutely rigid. The base SM
frequency o, = o, =® is taken as the common base value of the frequency of both subsystems.

'sm.syn

T, =T, +AT,, (11)

where T, =hyg;0,, /(o)bo),), where hy, gs are the fictitious head and total flow of the idealized CP [14], [15];
ATm=ATow,? (if other data is unavailable, we assume AT, =0.02).

Hydraulic load (hydraulic subsystem). The mathematical model of CP with a pipeline presented in [16] based
on [14], [15] was taken as the base according to the principle of electrohydraulic analogy, considering the following
assumptions: the temperature mode is steady-state, and the hydraulic fluid is uncompressible and homogeneous. This
model makes it possible to study the dynamic modes both of CP as a whole and of its internal elements, taking into
consideration the influence of the pumping modes and physical properties of the fluid. The latter indirectly accounts
for the effect of the fluid temperature and pumping modes, as the fluid temperature has a strong impact on the fluid’s
kinematic viscosity. The equations are formulated in the orthogonal d-q coordinates in RU rigidly bound with the
impeller, using the following system of main base values:®,, =0y 0m; Hep =Hpmm:  Qupo =Qepnon s

Teon = Sep / g = PIH . Qscp b/ Oens Zpp =PIH ey /Qpp » Where @cpnom Heproms Qeprom are the CP - nominal
datasheet parameters; p, g are the fluid density and free fall acceleration.

cp.b

Mathematical models of SECPS. In order to adapt the SECPS mathematical model for the use in computer math
systems, let us change it for it to assume its final form by solving the SM model equations (1)-(9), taking into account
(10), (11) with respect to the first-order derivative, and by supplying them with the CP model equations. As a result,
we finally obtain:
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hLd Oszq — th Oszg = 0; (28)

Eh —cq, o b e, e, (29)

where t is the time; o, is the rotation frequency of the SM stator winding voltage; e;,, are the orthogonal components
of the total emf from the magnetic field of the air gap; h = Jh’, +h’,, 0, =./0%, + 05, h, are the actual values of
the fluid head and flow at the CP output and also of the PL static counter head; r,, L, are the equwalent dissipative

hydraulic resistance and hydraulic inductance of PL; q11 Qg + Jhq » q22 Uyza + J0apq q33 Oazq + J033q -
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It is worth reminding that in all the presented expressions there are relative values of the parameters except for
the total moment of inertia Js, kg-m? The algorithms of calculating the dissipative hydraulic resistances Ruq.nom:
Rag.nom: Rannom dependent on the kinematic viscosity and density of the fluid, the non-linear dissipative resistance
I'mecn dependent on the pumping mode as well as that for the hydraulic inductances Lyunom: Lug.noms Lag.noms Lar.noms
Lmecn are presented in [14].

The viability of the model was verified by its implementing in Mathcad. For the test simulations of the dynamic
modes, there were selected 14NDs-N CP driven by the synchronous motor SD2-74/25-6U3 (Rs=0.021344,
Ls+=0.072, R1~=0.059354, L,~=0.2846, R~=0.00756, L+~=0.31586, R,»=12.31). Their parameters are adduced in Tables
1, 2. The total moment of inertia of the system SM—CP, connected by an absolutely rigid shaft is Jx=94.5 kg-m?.

Table 1. Parameters of SM SD2-74/25-6U3.

Jsm,
Pncmy kW T'lnom, Vs.nomy V Nnom, Tpm COS(Pnorn, Is.nomy A Tmax* Ts* Iki* Vf.nom, V If.nom, A kgsr:nz
280 0.943 380 1000 0.9 (lead.) 501 1.7 1.2 6.3 28 135 84
Table 2. Parameters of CP 14NDs-N.
Huom, | Quom, Nnom, | Phyar-nom,
:T:m mn;/r; Mnom, r;i:] hﬁ{Al}om HO.nom* RAQ* LAQ* RAH* LAH* Lt* L“H* LpQ* Rmech* Lmech*

45 1260 | 0.809 | 980 154 1.302 | 29.47 | 9.49 | 6.627-10“ | 0.4144 | 0.00876 | 0.0352 |0.2375| 7.180 | 0.02287

The results of computer simulation in Mathcad are shown in Fig. 2-15.
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Fig. 12. Fluid flow at CP outlet Fig. 13. Fluid flow at PL inlet
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Fig. 14. SM power factor Fig. 15. Total output-input ratio of SECPS

Using the developed model, the sequences of the following operation modes of SECPS were calculated. At first,
SM was not loaded, and the CP outlet valve was shut. Then, during the time from 3s to 5s, SM and CP were
gradually connected in a linear fashion. At a time of 10 s, during 0.5 s, the valve at the CP outlet completely opened
and the fluid began to flow into PL. At a time of 155, during 0.1 s the complete depressurization of the CP-PL
connection occurred; at a time of 20 s, during 0.5 s the CP outlet valve was completely shut.

5. Conclusion

A mathematical model of the dynamic modes of the high-power synchronous electric drive with a centrifugal
pumping load taking into consideration the main hydraulic parameters of the pipeline was developed. The balanced
degree of detail of the representation of the hydraulic and electromagnetic subsystems enables a concurrent study both
of the processes occurring in these subsystems and of the processes taking place in their separate structural elements.
The computer simulation results were obtained. The proposed model can be a useful tool for the simulation of
operational and emergency modes of operating high-power systems of fluid transportation and their power supply
systems without conducting full-scale experiments, as well as for the design of new objects. The results obtained in
this study are planned to be used for building a generalized mathematical model of the dynamic modes of a power
supply system for a pumping station.
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JAMHAMIYHI pe:KUMH CUHXPOHHOI'O eJICKTPONIPUBOAY 3 BiILICHTPOBUM
riApaB/JiYHUM HABAHTAKEHHAM MOMIIOBOI CTAHIIII

Baanucnas Jlucak, Muxaiino OmiiHIK

Hayionanvuuii ynieepcumem «JIvgiecoka nonimexuixay, 8yn. Cmenana Banoepu, 12, Jlveis, 79013, Vrpaina

AHoTanis

IIpoBeneHO aHai3 Cy4acHOTO CTaHy MOJCIIOBAHHS EJICKTPONPHUBOY MOMIIOBHX CTAaHIIA y KOMILUICKCI 3 HOTO
BIJIIICHTPOBUM TiIpaB/IiYHUM HaBaHTa)KCHHSIM. BUABJICHO, 110 MepeBaskHA OUIBIIICTH AOCIIPKEHb 30Cepe/PKeHa abo
Ha MOJIC/TIOBAHHI Ta PO3POOJICHHI aBTOMATHYHHX CHCTEM KEPYBaHHS aCHHXPOHHOIO €JIEKTPOIPUBOY MOMII, a00 Ha
ONTUMI3allil MOKa3HHUKIB POOOTH CcTaHIH B mitoMy. Kpim Toro, 3a3Buuaii uIie ofaHa 3 MiJACHCTEM IIOMITOBOI CTaHIIIT
(4M eJeKTPOIPHBOIHOTO TIOMIIOBOTO arperary) MOAEIIOEThCS 3 JOCTATHBOIO JeTalli3alliio: abo eJeKTpoMartitTHa, abo
rigpapmivuna. Takuil miaXia HE Aa€ 3MOTH OJHOYACHO JTOCTIKYBATH CJICKTPOMATHITHI Ta TiAPaBIiYHI MPOILECH, IO
BinOyBaroTbcss B HUX. Y Milf poOOTI HaBeIeHO KOMIUIEKCHY MaTeMaTHYHy MOJETh JWHAMIYHUX PEXKUAMIB
CHUHXPOHHOTO €JICKTPOIPUBOHOTO BIAIIEHTPOBOIO MOMITOBOTO arperary 3 TpyOompoBoIOM, y sKiif 31 30aJaHCOBAaHUM
CTYIICHEM JleTalli3allii MpeACTaBICHO €JIEKTPOMArHiTHy Ta TiApaBiidyHy MiJCHCTEMHU. 3AiHCHEHO Bepudikamio
Ppo3pobiieHoi Moieni Ta 3anpoIIoHOBaHO cepu i1 3acTocyBaHHSI.

Ku1104oBi ci10Ba: CHHXpOHHUI IBUTYH; TTOMIIOBA CTaHITis; BIIIEHTPOBA IMOMIIA; TPYOOTIPOBi; MOJEINb.
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