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Abstract

The paper analyses the contemporary state of the el ectric drive hydraulic load modeling in the pumping stations
electrotechnical complex applications. It was found that in the vast majority of cases, mathematica models do not
allow taking into account the specificities of fluid pumping and its consumption at the same time with a balanced
degree of detail. The studies conducted provide sufficient ground for making a conclusion that when modelling the
electric drive operation, the centrifugal hydraulic load cannot be presented in a genera case as the resistant torque
with the fan mechanica characteristic. It was shown that to present such hydraulic load of the electric drive correctly,
one need to use the mathematical model s that simultaneoudly account for the effect of the pump impeller rotation
speed, fluid viscosity and hydraulic network’s spatial structure on both the fluid’s pumping modes and the modes of
its consumption. A complete mathematical moddl of the hydraulic load of the pumping station’s electric drive in
steady-state modes was proposed, which takes into account both the internal parameters of the centrifugal pump and
the spatial distribution of the pipeline.
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1. Definition of theresearch problem

Modelling of the hydraulic subsystem and its components as the eectric drive load for pumping station’s
electrotechnical complex applications is a separate research areg, in the scope of which a lot of studies have been
carried out. The structure of the model, its degree of detail, modelling method and equations used depend on the
subsystem structure and tasks that the model is required to solve. For the analysis of the modes of pumping station’s
electrotechnical complexes, the hydraulic subsystem needs to be presented in a way that is, on the one hand, easy to
use and, on the other, correctly reflects its main properties. Therefore, it is considered viable to rely, first of al, on
those available models that are easily adaptable to the eectric circuit theory applications. Such a choice of models
will makeit possibleto take into cond deration the effect of their internal parameters and to apply a formalized approach.

2. Analysis of therecent studies and publications on the problem

The hydraulic network, which conventionally consists of pipelines, isolation valves, head and flow rate
regulation devices, consumers, etc., is a complex subsystem with spatially distributed parameters, and its
mathematical modelling is a separate scientific problem. Selection of this or that mathematical model relies on the
type and end use of the hydraulic network or its model. A special attention is paid to the sudy and modelling of
pipelines and their networks with a certain degree of detail [1][4]. In these and many other studies, the pipeline is
considered separately from the hydraulic fluid source. A forma source of the hydraulic fluid in most pipelines, which
is centrifugal pumps, isalso modelled in isolation from them, specifically in [5][8]. Much fewer studies (for ingtance,
[9]1-{10Q]), deal with centrifugal pump modelling in inseparable connection with the pipeline, and only some of the
researches [11] are based on the integral composition of the electrical and hydraulic subsystems.
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The analysis of the above-mentioned and many cther solutions suggests that they can be classified into three groups:
1) phenomenological, regression, empirical, simulation, transfer function models, which are completely or
partially devoid of physical sense;

2) models with a detailed description of the physical characteristics of the motor, but with a simplified
presentation of the turbo generator units not taking into account their design (the significant majority of the
considered papers);

3) specialized mathematical models of the frequency-controlled eectric drive units with a detailed
mathematical description of the physics of the electromechanical subsystem and superficial description of the
hydraulic subsystem.

Therefore, the solid majority of the mathematical models do not enable taking into consideration the specific
features of fluid pumping and consumption processes concurrently with a balanced degree of detail.

3. Aim of theresearch

The study aims at substantiating and building a model of the hydraulic load of the pumping station electric drive
adapted for the analysis of steady-state modes of the el ectrotechnical complex.

4, Results and their discussion

To solve the above-set tasks, |et us anayse the mathematical mode [10] of the pump taking into consderation the
spatial digtribution of the pipeline and fluid consumers which was formed on the basis of the diagram presented in Fig. 1.
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Fig. 1. Equivalent circuit [10] of the pump with the spatial distribution of the pipeline
and fluid consumers taken into consideration

According to [10], generally at each pipdine section there occur head losses at the internal dissipative hydraulic
resstances Ri connected in seriesin the equivaent circuit, which are proportiona to the squared volume fluid flow rate.
The gatic counter heads Hc; of the sections characterize the geodetic differential heights of their start and end. A gradual
reduction of the flow rate a ong the pipeline due to the losses or consumption of the fluid isaccounted for by introducing
parallel-connected dissipative hydraulic resstances R ;.1 into the equivalent circuit. The static counter heads Hg . are
descriptive of the geodetic differential heights of the pipdine braches and fluid consumption points. In addition, the
equivaent circuit comprises hydraulic inductances taking into account the impossibility of an ingant change of the fluid
velocity, hydraulic capacitances accounting for the impossibility of an ingant change of the head and hydraulic diodes
that provide for adequate modelling of the hydraulic fluid flow direction. Themajor drawback of thismode isthe utterly
simplified representation of its pumping component in the form of one hydraulic head H,, which significantly lowersthe
accuracy of modelling the modes, especially in case of the variable rotation speed of the centrifugal pump. Let us
distinguish this problem and consder it later. In the meantime, the focus will be on the pipdine and consumers.

The flow rate of high-capacity pumping stations fairly slowly changes over time, except for the cases of starting
or shutting down the equipment and in emergencies. For instance, according to the data in the water consumption
curve for the water supply network [12], the highest speed of increase or drop in consumption does not exceed
0.1%/s. Due to this, such modes can be regarded as quas steady-state ones. It is in these modes that the major
volumes of electrical power are consumed and its major losses are sugtained, and it isfor them that the application of
energy-saving structural and circuit design solutions will produce the most significant effect.

In the steady-state modes, al the hydraulic inductances in the equivalent circuit become eements with zero
resistance, hydraulic diodes turn into elements with zero or infinite resistance, depending on the direction of the fluid
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flow, and hydraulic capacities become elements with infinite resistance. Therefore, part of the equivalent circuit that
corresponds to the pipeline and consumersis transformed into the circuit presented bel ow:

Fig. 2. Equivalent circuit of the pipeline and consumers in steady-state modes

In this figure, the hydraulic resistance R denotes the fluid consumer at the end of the pipeline, Hg; are static
counter heads of the pipeline sections; the hydraulic resistances R ., are denote losses or equivalent hydraulic
resistances of the pipeline branches, Hs; ., are static counter heads of the pipeline branches and consumption points,
Hrei, Qrei , Q are other resistances and losses. It should be notes that if thei,(i+1)" branch in the scheme simulates
the fluid losses, thereis zero static counter head in this branch.

Having taken into consideration the effect of the hydraulic fluid viscosity k, on the dissipative hydraulic
resistance in accordance with [5] and having assumed the rated head and centrifugal pump flow rate to be the base
values, we receive the equation of the mathematical model of the pipeline and consumers in steady-state modes,
except for the viscosity k., in which case we will omit the agterisk * in relatives units to keep the records concise:
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Ingead of the utterly simplified representation of the pumping component (H,., Fig. 2), we will assume the
solutions presented in [5] and [8]. After reducing the number of equations of the model [5] and taking into account
the throttle and bypass changing the internal parameters of the pump regardiess of its externa hydraulic load, we
obtain the improved equivalent circuit of the centrifugal pump (Fig. 3).

On the basis of this circuit, the equations of the centrifugal pump mathematical model are written as follows:

(Zoo +Z00) s - 2,8, - 2,8, - H, =0, ()
-Z0& +(2,.+ 2,.) &, +H,, =0; (6)
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Qcp_ Hcp/R)p_Qre:O’ (11)

where w, istherdative rotation speed of the centrifugal pump impeller;

Q.. H,. are the actual volume flow rate of the fluid and actua head with the throttle and bypass of the redl
centrifugal pump taken into consideration, respectively;

Ry, R, areequivalent dissipative hydraulic resistances of the throttle and bypass, which are the functions of the
isolation valve rotation angle and, in the end, depend on the actua volume flow rate and head;

prd + pr ¢ =Q, istheactua volume flow rate of the fluid of the centrifugal pump without the throttle and bypass;

H2 +H2 =H_ istheactual head of the centrifugal pump without the throttle and bypass;
cpd cpq cp

Z., Z,., Z,, aretheequivalent complex hydraulic resistances of the centrifugal pump defined by the hydraulic fluid
viscosity and impeller rotation speed, namely:

ZOJ = Wr* erQnom (K/* ri nom + er* Xi nom) (K/* rDQnom + er*XDQnom) / ((kv* rDQnom + sz)* (erQnom + XDQnom))(Xi nom + thom +
+XmHnom + erQnom (k\/" rDQnom + er* XDQnom) / (kv* rDQnom + er* (XDQnom + erQnom))) - ka* ri nom);

Z,, = (Wee (Ko * X ) (KT + 19X )) /W0 06 s + X + Xostrom * Xscv0m (K o *+ 1Wi Xogrem )/
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Fig. 3. Equivalent circuit of the centrifugal pump in steady-state modes

The active and inductive hydraulic resistances in the rated duty included in the above-adduced expressions for
the complex hydraulic resistances are calculated using the technique presented in detail in [5]. The authors also cite

the values of these resistances calculated for avariety of centrifugal pumps that operate at the pumping stations of the
oil trunk pipelines.

Fig. 4 presents the set of head/flow curves of the centrifugal pump 14 NDsN for various rotation frequency of
the impeller. Fig. 5 shows three variants of the head/flow curve of this same pump: 1 — for the constant hydraulic
resistance of the external hydraulic network, and two limit variants. 2 — for the constant rated volume flow rate at the
pump outlet, 3 — for the constant rated head at the pump outlet. The calculations were based on the condition that
Ry = 0 and Ry, = oo. The rated values of the centrifugal pump 14 NDsN and parameters of its equivalent circuit’s
elements (active and inductive hydraulic resistances) are presented in [5].
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Fig. 4. Set of satic head/flow curves of the centrifugal pump Fig. 5. Static speed/load curves of the centrifugal pump
14 NDsN for various (%) impeller rotetion frequency 14 NDsN for various external hydraulic loads

Fig. 5 shows that the fan mechanical characteristic of the centrifugal pump denoted as M1, , which is typically
used for most cases of modelling its electric drive operation, is only a partial (subject to the constant hydraulic
resistance of the externa hydraulic network) case out of many possible ones. The composition of the models of the
centrifuga pump (Fig. 3) and hydraulic network (Fig. 2) results in a complete mathematical model of the hydraulic
load of the pumping station’s e ectric drive in the steady-state modes taking into account both the internal parameters
of the centrifugal pump and the spatia distribution of the pipeline. The modd consists of the equations (1)—(4) and
(5)—12). It should be noted that the effect of the fluid's temperature conditions on its pumping modes can aso be
taken into consideration, as the viscosity factor of the fluid depends on its temperature. The equivalent circuit
corresponding to thismodel is shown in Fig. 6.

Fig. 6. Equivalent circuit of the hydraulic load of the pumping station’s eectric drive in steady-state modes

5. Conclusion

The results of the study provide ground for making a conclusion that, when modelling the eectric drive
operation, the centrifugal hydraulic load cannot be presented in a general case as the resistant torque with the fan
mechanical characteristic. In order to present the hydraulic load of the dectric drive within the pumping station’s
electrotechnical complex correctly, it is necessary to use the mathematical models that simultaneously account for the
effect of the pump impeller rotation speed, fluid viscosity and hydraulic network’ s spatial structure on both the fluid
pumping modes and the modes of its consumption.
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Mone/il0oBaHHS TiIPaBJiYHOI0 HABAHTAKEHHS €JIEKTPONPHUBOLY
Y CKJIA/I eJIEKTPOTEXHIYHOr0 KOMILJIEKCY NMOMIIOBOI CTAHIIIL

Bnamucnas Jlucsik, Muxaitno Omniitnuk, FOpiit enex

Hayionanvnuii ynieepcumem “ Jlvgiecorxa nonimexuixa” , eyi. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalisa

[IpoananizoBaHuii cy4acHHH CTaH MOJIEIIOBAHHS TiAPaBIIiYHOIO HABAHTAKEHHS EJIEKTPOIPHBOAY Y CKIaJIi
EJIEKTPOTEXHIYHOTO KOMIUIEKCY IOMIIOBUX CTaHILid. BusiBieHo, mo OLbLIiCTh MaTeMaTHYHUX MoENed He Jae
MOXIIMBOCTI 31 30aJlaHCOBaHMM CTYIIEHEM JeTaji3allii BpaxoBYBaTH OCOOJMBOCTI MpOILECIB IIOMITyBaHHS Ta
CHOXKMBaHHS PiIUHU onHOoYacHO. [IpoBemeHi AOCTi/KEHHs JaloTh MiJICTaBU 3pOOUTH BHCHOBOK IIPO HEMOXKJIMBICTh
MIPE/ICTABIICHHS y 3arajbHOMY BHIIAJy BiAIEHTPOBOrO TiJPaBIiYHOTO HABAHTAXKEHHS Y BUIJISIII MOMEHTY OIOPY 3
“BEHTWISITOPHOI  MEXaHIYHOI XapaKTEPUCTUKOIO ITiJ] YaC MOJACTIOBaHHS POOOTH elekTpomnpuBoay. [lokasaHo, 1o
U KOPEKTHOTO BiJJOOpa)KEHHsI TAKOTO TiJpaBiIiYHOrO0 HABaHTAXKEHHs E€JIEKTPOIPUBOAY HEOOXIJHO 3aCTOCOBYBATH
Taki MaTeMaTW4Hi MOZENi, SKi OJHOYACHO BPaxOBYIOTh BIUIMB KYTOBOI LIBHJIKOCTI oOepTaHHS poOo4yoro kosieca
TIOMIIH, B’ SI3KOCTI PiIMHM Ta MPOCTOPOBOi OYIOBH TiAPaBIIidHOI MEPEXKi SK HA PEKUMHU MOMITYBaHHS PiIMHH, TaK 1 Ha
pexuMu 11 CIOKMBaHHS. 3ampONOHOBAaHO IIOBHY MaTeMaTHYHY MOJENb TiPaBIIiYHOTO HAaBaHTaKEHHS
€JIEKTPOIPUBOAY TIOMITOBOI CTAHIT B YCTAIEHUX PEXUMAaxX 3 ypaxyBaHHSM SIK BHYTPIIIHIX [TapaMeTpiB BiIIEHTPOBOI
ITOMITH, TaK i IPOCTOPOBOT'O PO3IMOLIY TPYOOIIPOBOMY.

KirouoBi cioBa: rigpaBiiuHa Mepeka; TPYOOIPOBI; BIAIICHTPOBA TIOMIIA; [IOMITOBA CTaHIIis, EIIEKTPOIPHBO/I.



