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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 electromechanical) 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 partially solved while carrying out the simulation of the steady state modes of the pumping
stations. The paper offers an advanced dynamic model of the centrifugal hydraulic load of the pumping station
electric drive which enables studying the processes in the main elements of the centrifugal pump, taking into account
its internal parameters and dependences of these parameters on the physical parameters of the fluid.
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1. Definition of the research problem

The electrotechnical complexes of the pumping stations (PS), which ensure the movement of fluids through
pipelines, are big consumers of electricity. 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 electricity 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 electrical
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-scale 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 operational processes occurring in such objects is in 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 the recent studies and publications on the problem

In the overwhelming majority of cases, the translational 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 impeller [5]. Therefore, the electromechanical and hydraulic processes in the respective
electric elements 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 partially 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 pipeline was implemented in
the mathematical model [9] of the hydraulic load of the PS electric 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 reservoirs in oil fields, while the process of sludge 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 proportional 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 impeller, which includes coefficients determined by the CP passport head and flow parameters or those obtained
experimentally. A similar approach to CP modelling is also used by the authors of the mathematical model of
frequency controlled water supply systems with asynchronous EDCP in [1] for studying the hydraulic modes at the
pipeline inlet and outlet and electromagnetic processes in 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 electromagnetic subsystem is detailed and that of the hydraulic subsystem is extremely
simplified. For example, in [15], as in 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 a refined CP
mathematical model built by applying the principle of electrohydraulic analogy to combine models of its main
structural elements. This model makes it possible to obtain the operational 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 electrohydraulic analogy creates
preconditions for applying the provisions of the theory of electric circuits for the analysis of hydraulic circles.
However, the paper does not mention the possibility of studying transients using the proposed mathematical model.

Thus, the analysis of the researches dealing with the mathematical modelling of the centrifugal hydraulic load of the
PS electric drive reveals the lack of a dynamic EDCP model with an appropriate detailing of the electromagnetic and
hydraulic subsystems, which therefore does not allow studying the interrelation and interdependence of their parameters.

3. Aim of the research

The research aims at constructing an improved dynamic model of the hydraulic subsystem of EDCP, i.e. the
centrifugal hydraulic load of the electric 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 allows considering the influence of the working fluid
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temperature on the parameters of the CP elements 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
distinctive 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:
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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 ®, and ®,.,,, are the actual and nominal value of the rotation frequency of the CP impeller, respectively;

2
Hy(0,)=H,,m [LJ (cOS (0, ol + W op )+ jsin (@, ot + Wi )) is the complex fictitious pressure of the

r.nom

idealized CP [16] (in the steady state modes, the moment of time ¢ and the initial value ¥jcp of the rotation angle of

the CP impeller, which are part of the equations, are arbitrary); O, =Q,, —0,, is the complex volumetric flow rate of
the idealized CP ([16] and Fig.1); H,(£) is the static anti-pressure of the CP hydraulic load (£ is any parameter on

which it can depend); (,, is the complex fictitious flow rate of the CP equivalent circuit;

2 2
H, = \/ [Re(H L D + [Im(H L D is the real pressure head at the CP outlet;

2 2
0,=0,= \/[Re(Q33 D + (Im(Q33 D is the real volumetric flow rate at the CP outlet; O, ., = 0,, is the complex

fictitious flow rate of the mechanical losses of CP ([16] and Fig.1) ; Z;, = R; is the equivalent hydraulic resistance of



4 Viadyslav Lysiak, Myhailo Oliinyk, Olha Sivakova, Myroslav Sabat

the pipeline; ¥cp is the initial value of the rotation angle of the CP impeller; Z, = j—r(me +LHH.W),

r.nom
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ZA0 T k rAQ.num +J LAQ.num s Zmeyh - k Vneh.nom +J Lmeh.ﬂum 5 ZHQ = ]—(D L}lQ.num are Complex

hydraulic resistances of CP; &, and k,,,,,,, are the actual and nominal values of the kinematic viscosity of the working
fluid, respectively; ¢ is time.

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 equation (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 Zy, Z.g, Zap and Z,,; and are the parameters of the
internal 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 41 =494 (t)+qulq (t); 9y =404 (t)"'j%zq (t); 33 = 4334 (t)+jq33q (t); 944 = Quaq (t)+jq44q (t);

ho = Hy o (0, (£)/0, 1om )2 (cOS (@, pomt + W )+ SIN (@, ot + P )); 6.12 = qn+c.]44 are the complex fictitious

pressure head and volumetric flow rate of the idealized CP, respectively;

h, = \/(hu (t))2 +(th (t))z, q, = \/(‘133,1 (t))2 +(q33q (t))z, h,=h,(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(%),
Mcp=Mcp(t) are the torque of the electric drive and the braking torque of the pump on a common shaft, respectively;
Js is the total 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 define the first derivatives. As a result, we finally get:

dq,

d =@, 4, a5+ a5 45+ ho; (14)
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where L =

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 CP impeller.

Verification of the model is carried out in the Mathcad system. For the test simulation, 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 Js=10.5 kg'm?. The nonlinear dissipative resistance of the mechanical energy

. . . . . . _ “1/. ‘/Q('P.num
losses in CP is often represented in the form of a simplified expression ., (4, ) = (H cpom / Ocrnom ) Rucithnoms ,

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 nominal 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.

Hiom, Qroms Nnom, Phydr~no|m H,
0.nom*

m mih | om rpm kW
45 1260 | 0.809 980 154 1.302 2947 | 949 | 6.627-10" | 0.4144 | 0.00876 | 0.0352 |0.2375| 7.180 | 0.02287

Rap+ Lo+ Rap+ Lan+ L Loy Lyos | Rueci —

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 characteristics at different
values of the rotational speed of the impeller.
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Fig.2. Real actual and nominal volumetric flow rates of the Fig.3. Real actual pressure heads at the CP outlet and at the
working fluid at the CP outlet. pipeline inlet, idealized CP pressure head and the

corresponding nominal pressure heads.

The simulation was carried out under the following conditions. The torque of the electric drive Mp=0 for ¢ <0
provided a linear increase in the rotation frequency of the impeller from zero to the nominal value for a time from t =
0 tot=0.1s, after which it continued to provide a constant nominal value of the impeller rotational speed. The
starting of CP occurred in the idle mode (the pipeline is closed; the actual flow rate of the fluid is equal to zero). At a
time t = 3 s, the pipeline valve started to open (the opening time of the valve is 2 seconds). At t= 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 losses in the elements of the CP, as well
as its head 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 operational characteristics of the corresponding CP confirm the validity of the proposed
mathematical 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 nominal value.
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l i l l
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| | | Phydx
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! |
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1 : mech ‘ 1 400
S | |
l I l l
wo L
| | | | |
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Phydr : } Pu)ech :: 1 03 APAH APAQ
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} } } mech APAQ
/ | | l | Z J "
0 2 4 6 8 ts 0 2 4 6 8 ts
Fig.4. Useful hydraulic power at the outlet of CP and Fig.5. Dissipative power losses in CP elements: mechanical, in

mechanical power consumed by it on the drive shaft. the impeller seals and in the volute diffuser.
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Fig.6. Nominal and current CP energy conversion efficiency. Fig.7. Family of CP head and flow characteristics at different

values of the impeller rotational speed (per-unit).

5. Conclusion

An improved dynamic model of the centrifugal pump unit is proposed, taking into account the influence of the
pipeline. The use of the principle of electro-hydrodynamic analogy for the formation of model equations makes it
possible to apply the basic provisions of the theory of electric circuits for the analysis of hydraulic circles. This allows
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 elements 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 stations, taking into account the influence of hydraulic networks.
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JInHaMivHe MOIeJIIOBAHHS BIIIEHTPOBOIO Ii/IPABJIIYHOI0 HABAHTAKEHHS
€JIEKTPONPHUBOY IOMIIOBOI CTAHIIII

Bnagucnas Jlucsk, Muxaiino Omiiinuk, Onbra CiBakoa, Mupocias Cadat

Hayionanvnuii ynieepcumem “Jlvsiecorxa nonimexuixa”, eyn. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalia

[IpoananmizoBaHo cydacHi TEHAEHII MOJEIIOBAHHSI  BIALEHTPOBOTO  TiAPABIIYHOrO  HAaBAHTAXKECHHS

CIICKTPOIPUBOIY IMOMIIOBUX CTaHINH. BHSBIEHO, IO NEPEBAKHO 3aCTOCOBYETHCS TPAHUYHO CIIPOIICHHUH MiIXil J0

TIPE/ICTaBJICHHS. OJHOI 3 HEPO3PHBHO IOB’S3aHUX IiJACUCTEM (TiJpaBJIiYHOI YW ENEKTPOMEXaHIYHOI), 10 3HAYHO

3BY)KYE MOXKJIMBOCTI KOMIUIEKCHOTO aHaJli3y IPOIECiB, sIKi BiOYBalOThCS B OKpeMHX 1i enemeHTax. Mopeni,

moOy/I0BaHI Ha TaKKUX 3acaliaX, MOXKYTh €()eKTHUBHO 3aCTOCOBYBATHCH JJIsl BUPIIICHHS BY3bKOCIICIIai30BaHMX 3a1a4 1
HE 3aBXIY Jal0Th JOCTATHE YSBIICHHS MPO CTaH I PSKUMH YCIX €IEMEHTIB mijacucTeM. YacTKOBO If0 IpoOieMy

BI/IpiH_IeHO Hi)l YyaC MOJCIIOBAHHA YCTAJICHUX pe)KI/IMiB IIOMITIOBUX CTaHHiﬁ. 3aHpOHOHOBaHO YAOCKOHAJICHY

JUHAMIYHY MOJENb BIAIEHTPOBOrO TiJPaBIIYHOIO HABAaHTA)XEHHS €JIEKTPOIPHBOAY IOMIIOBOI CTaHINI, sKa Jae
3MOTY JIOCJIJDKYBAaTH IIPOLECH, IO BiJIOYBAIOTHCS B OCHOBHHX €JIEMEHTAaX BIALEHTPOBOI MOMIM 3 ypaxyBaHHSM 11
BHYTPIMIHIX MapaMeTpiB Ta 3aJIeKHOCTI X MapaMeTpiB Bijl (pi3UUHHUX MapaMeTpiB PiHHH.

Ki1ro4oBi ci1oBa: eeKTpONpPHBO/; HABAHTAKEHHS; IOMITOBA CTaHIIIS, BiIIICHTPOBA ITOMIIA; T'iApaBIIidYHa MEpeKa.



