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Abstract

The paper analyzes modern trends in modelling the centrifugal hydraulic load of the pumping station electric
drive. It was found that a very simplified approach to the representation of one of the inextricably linked subsystems
(hydraulic or eectromechanical) is mostly used, which significantly reduces the possibility of a complex analysis of
the processes in its individual elements. Models based on this approach can be effectively applied to solve highly
specialized tasks and do not always give a clear idea of the state and modes of all the elements of the subsystems.
This problem was partialy solved while carrying out the simulation of the steady state modes of the pumping
stations. The paper offers an advanced dynamic model of the centrifuga hydraulic load of the pumping station
electric drive which enables studying the processes in the main elements of the centrifugal pump, taking into account
itsinternal parameters and dependences of these parameters on the physical parameters of the fluid.
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1. Definition of theresearch problem

The dectrotechnical complexes of the pumping stations (PS), which ensure the movement of fluids through
pipelines, are big consumers of eectricity. Their operating modes can be both quasi-stationary (with the fluid
consumption change rate being below 0.1 % per second [1], except for emergency modes and for starting or stopping
of assemblies in powerful trunk pipeline systems) and varying (in a large number of less powerful distribution
systems). According to [2], the eectricity overconsumption stemming from the non-optimality of the modes and
number of simultaneously operating units occurring during transient processes is quite significant and can reach 14 %
of the total PS energy consumption. In the former case, it is due to the large capacity of separate objects and in the
latter one, it stems from the large number of less powerful objects. According to the same data, as many as 16
switchovers of pumping units can occur at the main oil PS within one day only. It should be noted that electricity
overconsumption at the pumping station also leads to a significant overconsumption in the elements of electrical
networks [3]. Electric-driven centrifugal pumps (hereinafter referred to as EDCPs) are devices with a low eectrical
efficiency, especially in the case of deep submersible EDCPs, for which power losses can reach 65.8 % of the total PS
power consumption [3]. Besides, the power losses are significantly affected by such factors as the quality of
electricity and availability of uninterrupted power supply, and conducting full-scal e experiments on the operating PSs
is expensive and often unallowable [4] due to the interruptions in their work caused by the experiments. Therefore,
simulation of emergency and operationa processes occurring in such objectsisin most cases the only possible means
of their safe study and of the prediction and implementation of trouble-free energy-saving modes and measures.
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2. Analysis of therecent studies and publications on the problem

In the overwhelming majority of cases, the trandational motion of the fluid using pipeline transport is ensured by
pumping stations equipped with EDCP, which is usually actuated by an asynchronous (less frequently synchronous)
electric drive [3], [4], inextricably linked to the EDCP by a common rigid shaft. Often, the functions of the induction
motor (IM) and the centrifugal pump (CP) are performed by one machine — an induction motor with a squirrel-cage
rotor, which is also the CP impéller [5]. Therefore, the electromechanical and hydraulic processes in the respective
electric dements of PS are indirectly interrelated and interdependent. Due to this, the PS hydraulic load and its power
supply system should be considered as a single complex. The analysis of the modes of this complex was set as an
objective and was partialy solved in [6], whereas the control systems of the complex were developed in [7], [8]. A
more detailed consideration of the main internal hydraulic parameters of EDCP and the pipedline was implemented in
the mathematical model [9] of the hydraulic load of the PS eectric drive. In these studies, the representation of each
subsystem of the PS electric complex provide sufficient detail, but they deal with steady state modes only.

The paper [10] focuses on the simulation of static and dynamic modes of the systems for water pumping into the
oil reservoirsin ail fields, while the process of udge transportation and dosing is considered in [11]. In these works,
CPs are presented in the form of approximation expressions with one generalized fictitious hydraulic resistance and
the power proportiona to the cubed rotation frequency of the CP shaft. The simulation of the dynamic modes of
frequency controlled asynchronous EDCPs with independent multi-stage water CPs is described in [12], and those
with parallel operating CPs are dealt with in [13]. However, these studies used the standard model of the CP from the
MATLAB / SIMULINK library, fictitious parametrization of which is carried out based on the CP passport head and
flow parameters or those obtained experimentally.

The authors in [14] proposed a mathematical model of the dynamic operating modes of the Iranian irrigation
systems. Therein, CP is represented as an approximation polynomial, taking into account the rotation frequency of
the impédller, which includes coefficients determined by the CP passport head and flow parameters or those obtained
experimentally. A similar approach to CP moddling is aso used by the authors of the mathematical modd of
frequency controlled water supply systems with asynchronous EDCP in [1] for studying the hydraulic modes at the
pipdineinlet and outlet and € ectromagnetic processesin the asynchronous electric drive. A number of papers focus on
a separate issue of synthesis and analysis of neural networks for EDCP control. What is common in them is that the
mathematical modelling of the el ectromagnetic subsystem is detailed and that of the hydraulic subsystem is extremely
simplified. For example, in [15] , asin the previous cases, the CP is also represented as an approximation polynomial.

In [16], the authors, being the closest to solving the research problem raised in this study, presented arefined CP
mathematical model built by applying the principle of eectrohydraulic analogy to combine modds of its main
structural elements. This model makes it possible to obtain the operationa characteristics of the CP with a sufficient
accuracy, taking into account the impact on them of the rotational speed of the impeller, as well as of the main
physical parameters of the working fluid. The application of the principle of eectrohydraulic analogy creates
preconditions for applying the provisions of the theory of eectric circuits for the analysis of hydraulic circles.
However, the paper does not mention the possihility of studying trans ents using the proposed mathematical model.

Thus, the analysis of the researches dealing with the mathematical modelling of the centrifugal hydraulic load of the
PS dectric drive revedls the lack of a dynamic EDCP modd with an appropriate detailing of the eectromagnetic and
hydraulic subsystems, which therefore does not alow studying the interrelation and interdependence of their parameters.

3. Aim of theresearch

The research aims at constructing an improved dynamic mode of the hydraulic subsystem of EDCP, i.e. the
centrifuga hydraulic load of the eectric drive of the pump station. This model will enable studying the processes in
the main elements of the centrifugal pump, taking into account its internal parameters and the dependence of these
parameters on the mode coordinates and physical parameters of the working fluid.

4, Results and their discussion

To solve the set tasks, we will base on the CP mathematical model presented in [16]. This model makes it
possible to study the steady state modes both of CP as a whole and of the main elements of its internal structure in
sufficient detail, taking into account the effect of the rotational speed of the impeller, as well as of the density and
kinematic viscosity of the working fluid. The last parameter alows considering the influence of the working fluid
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temperature on the parameters of the CP e ements and pumping modes, since the change in temperature of the fluid
by tens of degrees can lead to a change in the kinematic fluid viscosity by orders of magnitude more. An important
digtinctive feature of the model presented in [16] from the previous solutions offered by the same authors is that the
dissipative mechanical losses in the bearings, gaskets and disk friction of the CP fluid are presented by the non-linear
active resistance dependent on the structural parameters of CP and the hydraulic coordinates of its mode.

Applying the mesh-current method, we will form the equation of the CP mathematical model based on its complex
equivalent circuit presented in [16]. To do this, we transform the said circuit into a form suitable for writing the equations:

Fig. 1. Transformed equivalent circuit of the centrifugal pump.

In the steady state modes, the equations of the CP mathematical model (Fig. 1) will have the following form:
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where o, and o, nom are the actual and nominal value of the rotation frequency of the CP impéller, respectively;

ew 0 . . I
orom G+ (COS(W, ot +Y ocp ) + [ SIN(W, ot +Y o)) is the complex fictitious pressure of the

e%r.nom @
idealized CP[16] (in the steady state modes, the moment of timet and theinitia value Y ocp of the rotation angle of

HO(Wr):H

the CP impeller, which are part of the equations, are arbitrary); QS Q11 Q44 isthe complex volumetric flow rate of
the idealized CP ([16] and Fig. 1); H (x) isthe static anti-pressure of the CP hydraulic load (& is any parameter on

which it can depend)' sz is the complex fictitious flow rate of the CP equivaent circuit;

2

H, = g?ﬂ Lir +a?mg?—| Lir is the  real pressure  head at the CP outlet;
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2

Q =Q, :\/8 6?333_; +§"?m§)33_9 isthereal volumetric flow rate at the CP outlet; Q Q44 is the complex

fictitious flow rate of the mechanical losses of CP ([16] and Fig. 1) ; Z, = R_isthe equivalent hydraulic resistance of
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the pipeling; Y ocp is the initial value of the rotation angle of the CP impéler; Z,, = jL(L[_nom +LnH_nom),
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hydraulic resistances of CP; k, and k, ,m are the actual and nominal values of the kinematic viscosity of the working
fluid, respectively; tistime

It should be noted that the equation of the CP model, except for the equation (6) describing the pipeline, is
formed in the rotary system of d-q coordinates, rigidly connected with the CP impellers [16]. In this coordinate
system, the internal parameters of CP do not depend on the impeller rotation angle, and the pressure heads and flow
rates are its harmonic (approximately sinusoidal) functions. The eguation (5) specifies, in accordance with [16], the
collinearity of the representational vectors of the actual pressure head and flow rate at the CP output. The physical
content and data on the calculation of the values of the dissipative hydraulic resistance and inductive hydraulic
resistance, which make up the above-mentioned total resistances Z, Z,q, Znog and Zne and are the parameters of the
interna structural elements of the CP, are presented in [16]. The dissipative hydraulic resistance depends on the
density and kinematic viscosity of the working fluid, while the inductive hydraulic resistance depends on the rotation
frequency of the impeller. In dynamic modes, the CP state will be described by the following equations:
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where Gy, = Gy (1) % g (1) Gp = Gong (1) 100 (1) g = Gl (1) + il (1) Clas = Gl (1) + g (1)
ho = Honom (Wr (t)/w,_nom)2 (cos(w,_nomt +Y oep )+ § SIN(W, ot +Y0Cp)); qs = q11+q44 are the complex fictitious
pressure head and volumetric flow rate of the idealized CP, respectively;

h =J(m 0) +(h, (), a =\/(c1@3d ()" +(csq (t))°, hy =hy (t) are the actual values of the pressure head

and volumetric flow rate at the pipeline outlet, as well as of the static pipeline anti-pressure, respectively; Mp=Mp(t),
Mcp=Mcp(t) are the torque of the electric drive and the braking torque of the pump on a common shaft, respectively;
Js isthe tota moment of inertia of the electric drive and CP.

For ease of use in the systems of computer mathematics (in particular, in MATLAB / SIMULINK), we solve the
system of equations (6)—(13) of the model to definethe first derivatives. As aresult, we finally get:

da, _

dt =8, 0,1a,0,1ta,0,t bl ho; (14)
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dq -
d_zzzazl Q11+azz Q22+aza Q33+b2 ho; (15)
da _ o 16
__331Q11+332Q22+333Q33+b3 0, ( )
%:aM(QL)q‘m"'t% ho; (17)
I‘\Jiq:ﬁq - I‘\‘qq:ﬁd =0; (18)
qu _ 2 2 .
=4 (R () + (R () +en: (19)
dw _1& aw, (1) & )
=3 Mo~ raHo )¢ J(om g )+ (g * Q) T (20)
Sg eWr nom @ ﬂ
I r r r r r r r r r r r
where an—L?—l- L— a, =—%- 25, ay =t L?—3; i azazﬁ- 2
11 12 12 13 13 12 21 22 22 23 23 22
o r T r T r _ TeniQ _r _rg. __ rg _rg.
331—#'%,332—£'L.3—2,333—i'i,a44(t)—' Lh( L)!Cl_'L_L!Cz__!Ca_'_!bl_'-_!
31 32 32 33 33 32 meith L L L 11
r r r
=- .—g; b, =- .—g; b, = g ,  where  r;=rp=Rgnom  r2=r23=Rognom  33=Roq.nom*RoH.nom:
L21 L31 Lmech

I—ll:Lt.nom'H—pH.nom+|—pQ.nom; L12:L21:LpQ.nom; L23:L32:LDQ.nom; I—33: I—DQ.nom'H—DH.nom; LZZZLpQ.nom'H—DQ.nomy Where

-1 . N N
10 . . 1 o . . L . . L : : L
63_12 21 T - ’ L22 = L ’ L33 63_32 23 L12 = L21 = Lll ’ L13 = L31 = L11L33 ’ L23 = L32 = L33 '
e L11 L11 7] e Las L33 !Zl L12 L12 |-23 L23
where L :ﬂ_ |_22 +ﬁ_
L, Ly
The values of the hydraulic inductances, which are included in the equations (6)—(13) and (14)—20), are
obtained from the corresponding hydraulic inductive resistances at the nominal rotational speed of the CPimpeller.
Verification of the model is carried out in the Mathcad system. For the test Smulation, 14NDs-N CP was chosen,
the nominal parameters of which are given in Table 1. The table presents the relative values of the parameters of the

elements of the CP mathematical model obtained using the method described in [16]. The total moment of inertia of
the electric drive and centrifugal pump J:=10.5 kg-m The nonlinear dissipative resistance of the mechanical energy

losses in CP is often represented in the form of a simplified expressionr, ... () = (H e rom/Qepom ) Rusmnom ™,

ih.nom*

1~

which can be applied on condition that the operating modes of the centrifugal pump predominantly fall into the range
of the operating fluid consumption from 60 to 110 % of the nomind value. Therefore, it is calculated in this case
according to the refined algorithm described in detail in [16].

Table 1. Nominal parameters of the 14NDs-N CP and the parameters of the elements of its mathematical model.

H Nnom, .nomy
F;m' %}%’E Mrnom, rnporl‘:] H“E{I{I/om H 0.nont RAQ* LAQ* RAH* LAH* Lt* LpH* LpQ* Rrrech* Lmech*

45 1260 | 0.809 | 980 154 1302 | 29.47 | 9.49 | 6.627-10* | 0.4144 | 0.00876 | 0.0352 [0.2375| 7.180 | 0.02287

Figures 2—7 show the simulation of the time dependencies of the main real and fictitious coordinates of the
operating mode of CP, the power losses in the CP elements and its family of head and flow characterigtics at different
values of therotational speed of the impeller.
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Fig. 2. Red actual and nominal volumetric flow rates Fig. 3. Red actual pressure heads at the CP
of the working fluid at the CP outlet. outlet and at the pipelineinlet, ideaized CP pressure
head and the corresponding nominal pressure heads.

The simulation was carried out under the following conditions. The torque of the eectric drive Mp=0 for t <0
provided alinear increasein the rotation frequency of the impeller from zero to the nomina value for atimefromt =
Otot=0.1s, after which it continued to provide a constant nominal value of the impeller rotational speed. The
gtarting of CP occurred in the idle mode (the pipeline is closed; the actual flow rate of the fluid is equal to zero). At a
timet=3s the pipeine valve started to open (the opening time of the valve is 2 seconds). Att = 7 s, a complete
pipeline burst was simulated (duration of its formation is 1 s). Figures 2—7 show the simulation of the time
dependencies of the main real and fictitious CP mode coordinates and power lossesin the e ements of the CP, aswell
asitshead and flow characteristics family at different values of the impeller rotational speed.

A series of mathematical experiments, the results of one of which are presented in Figures 2—7, and comparison
of their outcomes with the operationa characterigtics of the corresponding CP confirm the validity of the proposed
mathematica model. For the nominal rotational speed of the impeller, the discrepancy between the head and flow
characteristics and energy conversion efficiencies obtained on this model and the model of the steady state modes [9]
does not exceed 15 % in the flow rate range of 13.3-249 % of the nomina value.

Fig. 4. Useful hydraulic power at the outlet of CP and Fig. 5. Disspative power |ossesin CP € ements: mechanical,
mechanical power consumed by it on the drive shaft. in the impeller seds and in the volute diffuser.
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Fig. 6. Nominal and current CP energy Fig. 7. Family of CP head and flow characteristics at different
conversion efficiency. values of theimpdller rotational speed (per-unit).

5. Conclusion

An improved dynamic model of the centrifugal pump unit is proposed, taking into account the influence of the
pipeine. The use of the principle of eectro-hydrodynamic analogy for the formation of modd eguations makes it
possible to apply the basic provisions of thetheory of eectric circuits for the analysis of hydraulic circles. Thisalows
considering the interrelated hydraulic and electromechanical subsystems of the pump station as a single complex in
sufficient detail. Testing the developed model of the centrifugal hydraulic load of the electric drive of the pumping
station by simulating a number of its dynamic modes verified its efficiency. The model can be effectively applied for
studying the behaviour of both centrifugal pumps and the processes occurring in their main elements, taking into
account its internal parameters and the dependence of these parameters on the fluid's physical parameters and the
hydraulic coordinates of the mode. The degree of detail of the model can extend its application also to troubleshoot
individual main elements of the pump. The study, the results of which are presented herein, can be continued to
refine the presentation of individual e ements of the simulated electric centrifugal pump unit, as well as to improve
the existing and create new mathematical models of the dynamic modes of electrotechnical complexes of multi-unit
pumping gations, taking into account the influence of hydraulic networks.
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JInHaMiuHe MOIeJIIOBAHHS BiIIEHTPOBOI0 I/IPABJIIYHOI0 HABAHTAKEHHHA
€JIEKTPONPHUBOY IOMIIOBOI CTAHIIII

Bnamucnas Jlucsk, Muxaitno Omniiinuk, Onbra CiBakoBa, MupociiaB Cabat

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

AHoTalisa

[IpoananizoBaHO Cy4acHI TEHACHII MOIECTIOBAHHSA BiAIIEHTPOBOIO TiIPaBJIiYHOTO HABAHTAXXCHHS EJIEKTPO-
NIPUBOAY TIIOMIIOBUX CTaHLIWd. BuUSBIEHO, IO NEpeBaXHO 3aCTOCOBYETHCS TPAHWUYHO CIPOIIEHHH MiAXix a0
MPEeCTaBICHHS OHi€l 3 HEPO3PUBHO IOB SI3aHUX TiAcHCcTeM (TigpaBiIiuyHOl YM €JIEKTPOMEXaHIYHOI), 10 3HAYHO
3BY)KYE MOXJIMBOCTI KOMIUIEKCHOTO aHaJli3y IIPOIECiB, sIKi BilOYyBarOThCS B OKpeMHX ii eileMeHTax. Momeii,
MoOyIOBaHI Ha TaKHMX 3acajax, MOKHa €()eKTHBHO 3aCTOCOBYBATH JIsl BUPILIEHHs BY3bKOCHEIiali30BaHUX 3ajad, 1
BOHH HE 3aBXKIU JAI0Th IOCTATHE YSBJICHHS PO CTaH 1 PeKUMH YCIX eJIeMEeHTIB mijicucreM. YacTKOBO 10 IpobiaeMy
BUPILIEHO WiJ 4Yac MOJENIOBAHHS YCTAJCHUX pPEXKHUMIB IOMIOBHX CTaHIH. 3alpOIIOHOBAHO BJOCKOHAJIEHY
JUHAMIYHY MOJENb BIAIEHTPOBOrO TiJPAaBIIYHOIO HABAaHTA)XEHHS €JIEKTPONPHBOMY IOMIIOBOI CTaHINI, sfKa Jae
3MOTY JIOCJIJDKYBAaTH TPOLECH, IO BiOYBAIOTHCS B OCHOBHHX €JIEMEHTAaX BIALEHTPOBOI MOMIHU 3 ypaxyBaHHAM Il
BHYTPIIIHIX MapaMeTpiB Ta 3aJISKHOCTI X MapaMeTpiB Bij (pi3UUHHUX MapaMeTpiB PiHHH.

Kuarouosi ciioBa: CJICKTPOIPUBOJ; HABAaHTAXCHH:,; IIOMIIOBA CTaHHiH; BiI[HeHTpOBa ToMIia, riz[paBnqua MEpeKa.



