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Purpose. To substantiate the application of the artificial neural network predictors in the water-supply pump con-
trol systems for forecasting the water consumption within 24 hours.

Methodology. The data for synthesis of an artificial neural network predictor have been obtained by experimental
research studies on the operating water supply system. The mathematical model of the electric drive system of a pump
has been created by using the object-oriented method. This model takes into consideration the nonlinearity of mag-
netic core characteristics of an induction motor and existence of the hydraulic network with distributed parameters at
the pump exit. Using computer simulation, the following aspects were researched: the frequency regulation mode of
asynchronous drive of a pump, dynamic ratings of pump drive for predicted value of water consumption and quality
performance of pressure regulation.

Findings. On the base of experimentally obtained data the artificial neural network predictor, which adequately
forecasts the water consumption value within 24 hours, has been synthesized. The systems controlling an artificial
neural network predictor pump have been synthesized; they realize different laws of the pump output pressure regula-
tion. The laws of frequency control of water-supply pump electric drive system have been substantiated.

Originality. For the first time, it is proposed to use the artificial neural network predictor in the pump control
system to forecast the value of water consumption and synthesis of the control influences on the pump electric drive
with taking the water consumption into consideration. Results, which demonstrate the mutual influences of pro-
cesses in the water-supply network and electromagnetic processes in the electric drive with induction motor, have
been obtained.

Practical value. Due to consideration of the predicted value of water consumption in the offered pump control
system, the efficacy of the water supply system has increased while the unproductive losses of water have decreased.

Keywords: water-supply pump, artificial neural network predictor, asynchronous electric drive, mathematical modelling

by applications of out-of-date technologies and equip-
ment.

Introduction. One of priority problems of the most
world countries in the 21% century is to supply quality

drinking water to the population. The solution of this
problem is necessary for maintaining health, improv-
ing life activity and increasing the living standard of
population. At the same time, in our country’s condi-
tions finding the solution of this problem is consider-
ably complicated because of the unsatisfactory techni-
cal state and wearing out of the water-supply and over-
flow-pipe systems, their high energy-intensity caused
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Maximal satisfaction of consumers’ demands for the
continuous water supply with required pressure with
substantial wear of pipelines has resulted in the unpro-
ductive losses of water. In different regions these losses
make from 15 to 37 %. In order to reduce water losses the
enterprises apply the hourly schedule of water supply, as
well as pressure decrease at the day and night time.

Analysis of the recent research. In order to increase
energy efficiency, the frequency controlled electric
drives are widely used in the water supply and overflow-
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pipe systems [1, 2]. Traditionally, such drives realize the
scalar control law U/f?= const, since dynamics of elec-
tric drives does not influence substantially dynamics of
the system, and provide regulation of pressure at the set
point (often at a pump output). In order to increase
power efficiency of such systems, the change of the con-
trol law and the additional control loops have been used
for providing the pump operation with maximum pos-
sible coefficient of efficiency [3—3].

In the water supply system with the frequency-con-
trolled electromechanical converter, it is possible to
practically avoid emergency situations caused by water
hammer effect, that appear while starting the system and
changing working modes. However, there are still sub-
stantial losses of energy and water as a result of the static
and dynamic pressure. As stated in [4] the highest level
of energy and water saving in the water supply systems is
achieved on condition of accordance of the supplied wa-
ter amount to the used water amount. For this purpose it
is necessary to include a device in the control system
which will predict the water consumption at the next
moment of time and will form the corresponding control
action. For development of such devices, one can use the
approaches based both on the fundamentals of statistical
data analysis and on the methods of theory of intellec-
tual control, in particular, artificial neural networks [6].

It is known, that daily schedules of the water con-
sumption differ substantially depending on a season,
temperature of surrounding air, a day of a week and
other factors. Therefore, in the programmable control
systems it is expedient to use the dynamic models of wa-
ter consumption, which take into consideration changes
of the above mentioned factors. Increase in prediction
exactness for water consumption is also achieved by tak-
ing into consideration a prehistory, i.e. the amount of
water used for previous hours [4].

Unsolved aspects of the problem. In order to improve
the quality of water supply system operation and reduce
water losses, exact prediction of the water consumption
value is required depending on time of the day, season
and seasonal factors.

To increase energy efficiency of the water supply sys-
tem and reduce unproductive water losses, [7] proposes
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Fig. 1. The structural scheme of the control system with
the neuropredictor:
CS — control system; FC — frequency converter; IM — in-
duction motor; P — short pipeline; WSN — water supply
network; PS — head (pressure) sensor; ANN — artificial
neural network (neuropredictor)
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Fig. 2. The structure of neuropredictor based on recurrent
artificial neural network with one hidden layer

to include the artificial neural network predictor in the
pressure stabilizing system (Fig. 1). The task of such a
device is to correct the set value of pressure depending
on water consumption. The structure of the proposed
neuropredictor is given in Fig. 2.

The application of the artificial neural network pre-
dictor in the control system of a pump for forecasting the
flow rate value gives an opportunity to synthesize the
new control laws for a pump with the purpose of in-
creasing resource saving and energy efficiency. The syn-
thesis of these laws requires the analysis of working
modes of the proposed system with taking into consid-
eration the characteristics of the electric drive and the
water supply network.

Objectives of the article. Tasks of the article are to
research water supply system with the real character of
water consumption using the mathematical modeling
method of the working modes of pump in the and to
validate a possibility of correcting control laws for a
pump electric drive by taking into account the water
flow-rate value, which is forecast with help of artificial
neural network predictor.

The mathematical model of the pump. Regarding con-
trol, the water supply and overflow-pipe systems are dif-
ficult technological complexes, for research of which
mathematical models of different complication levels
are used. The water supply system is a nonlinear system
with varying in time parameters and considerable quan-
tity of variables. Most researchers use a simplified mod-
el of this system based on a second order transfer func-
tion, or more detailed model based on a separate de-
scription of every element of the system.

In our case we use the model of the pump that is
based on approximation of head vs. flow-rates charac-
teristics by the equation [4]

H,(1) = av(t) + bv() (1) + cQ*(0), o))

where H,(t) is the output head of the pump; v(?) is the
relative rotation speed; Q(¢) is the flow rate; a, b, ¢ are
the approximation coefficients.

The dynamics of the pump is described by the first-
order transfer function
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dH (1) H (1) H,()
dr T ’

n

(2

Then the loading torque of the pump drive motor is
determined as

pgQ()H (1)

M =
= o)

, (3)
where p = 1000 kg/m? is water density; 1) is the coefficient
of pump efficiency; o is the angular speed of the motor.

To simulate a hydraulic network, the model, offered
in [8, 9] is used

OO _ L4 (6)- 1,0)-r020);

| 4)
dH (1)
22 =c(0m-0,0),

where H,(t), H,(t) are the heads at the input and output
of the pipeline section; Q,(¢), O,(¢) stand for the flow-
rate in the neighbouring sections of the pipeline; 7, is the
hydraulic resistance of the hydraulic network’s section;
[, = l,,/(Sg), where [, S is the length and the sectional
area of the pipeline. The long hydraulic network is rep-
resented as a series connection of such pipeline sections.
In order to create the model of a frequency-con-
trolled electric drive the object-oriented method de-
scribed in [10] is used. The object-model of induction-
squirrel-cage motor (IM) realizes a mathematical model
in phase coordinates. The calculation scheme of the in-
duction machine is presented as multipole (Fig. 3). For
this scheme the equation of electric balance, written in a
vector-matrix form, is the following
. 4
¢,-0,+R i + dtm ,

)

Whme¢l=(¢AP¢BP¢CP¢M¢%P¢ML’¢2=(@Ap¢3pwcp
0., Pp2s Or), are the vectors of potentials of external

poles of the multipole; i =(iA,iB,iC,ia,ib,ic)t are the

m

vectors of currents of external branches of the multipo-

le, i.e. currents in the stator and rotor; R, =

S

e e e e e e e

Fig. 3. The calculation scheme of induction machine
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= diag(rA,rB,rC,i;,Q,rc) is the diagonal matrix of resis-
tances of the stator and rotor windings; ‘f’dm =
= (\IIA,IVB,IVC,\IIH,\V,,,IVC )1 is the vector of flux linkages
of the stator and rotor windings.

The flux linkages in (5) are the functions of currents
of all phases of the stator and rotor, as well as of the rotor
angle y,,. Accordingly, for the flux linkage of a stator
phase A it is possible to write

dy, oy, di, oy, di, oy, di. oy, di
dt i, dt 0i, dt i, dt i dt
+8\|/A di, +8\|;A di, +8\VA dy.
di, dt i, dt dy dt

In the obtained equation, the partial derivatives of
flux linkages according to currents are the dynamic in-
ductances which, in this case, are presented as static in-
ductances, in particular by self-inductance of stator
phase A and mutual inductances between phases of IM
windings. Then, it is possible to write the following in a

vector-matrix form
Wy g i +dql‘"” w=L, pi + Ly o, (6)
= L, — = . 1 1 y
dt am dt d,Ydm pO amp m d’Yd,,, mpO

where p, is the number of pole pairs; ® is the rotor angu-

lar speed; L, is the matrix of self- and mutual induc-
tances of IM windings

LAA LAB LAC LAa LAb LAc
BA BA LBC LBa LBb LBc
T — LCA LCB LCC LCa LCb LCc
o LaA Lab’ LaC Laa Lab Lac ’
LbA LbB LbC Lba Lbb Lbc
L LcA LcB LcC Lm ch Lcc i

where the self-inductances of the stator windings are

0s

2

equal to L, =L, =L.,.=L +L +—*; the self-in-

ductances of the rotor windings are equal to
-L —-L_ +1L, .

L =L =L =—"—2%—": the mutual induc-

aa bb cc 2 k2

tances between the phases of the stator winding are
equal to

-L -L +L
L =L =L =L =L = =—"m os 0s .

AB AC BA CA BC CB 2 ’

the mutual inductances between the phases of the stator
and rotor windings depend on the rotor angle y,,, and are
equal to

k
L
L,=L, :Tmcos(ym +p),
L
LAc = LcA = TmCOS (ng - p)
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(other mutual inductances are determined analogous-
ly); L,, is magnetizing inductance; L, L., are leakage
inductances of the stator and rotor windings; L, L, are
zero-sequence inductances of the stator and rotor; & is
transformation ratio between the stator and rotor wind-
ing; p =2n/3.

To consider non-linearity of a magnetizing charac-
teristic the magnetizing inductance L,, is determined as
a quotient of the flux linkage module y,, to the magne-
tizing current i,

The electromagnetic torque of induction motor is
defined as

M= % oL (il = i),

where i, i, iy, i, are the currents of the stator and rotor
in the rectangular stationary o3 coordinate system which
are determined on the basis of the phase currents from
the known formulas of coordinates transformation.

The rotate speed of the rotor of induction motor is
determined from the mechanical balance equation

do
E_(M—Mc)/J.

In order to simplify the system model, the power
network and frequency converter are presented by the
object-model of the controlled source with changeable
voltage and frequency.

During the research the following parameters of
equipment are used: for the pump they are: power rating
P =760 kW, coefficient of efficiency n = 0.75, nominal
flow rate Q, = 0.556 m*/c, nominal head H, = 100 m; for
induction motor they are: P,, = 800 kW, nominal rota-
tional speed #,, = 1500 rpm, nominal voltage U, = 6000V,
nominal current /, = 94.5 A, moment of inertia J =
=38 kg/m?, magnetizing inductance L,, = 0.3 H, leakage
inductances of the stator and rotor winding L., = L, =
=0.011 H, resistance of the stator and rotor winding R, =
=0.512 Om, R, =0.53 Om; those for hydraulic network
are: a= 118, b =-20.38, c =-94.88, T,,=0.1, [, = 20.28,
r=0.62, C,=4264.

The research results for the dynamic modes in the
“frequency-controlled induction drive — pump — pipe-
line” systems are shown in Figs 4—10 as the time depen-
dences of basic coordinates for the flow-rate changing
from 0.2Q, to Q, (Fig. 4). The main task of the pressure
control system, in this case, is pressure stabilization
(head) on the set level (70 m). Considering the pipeline
parameters distribution, the pipeline output head
(Fig. 6) differs from the pipeline input head in some de-
gree (Fig. 5), namely: with the increasing distance from
the pump, on the exit of which pressure is regulated, the
pressure oscillation increases. At the output of the pipe-
line pressure decline occurs; a drop of pressure in the
pipeline section is proportional to a square of a water
flow rate. The pressure of the pump is stabilized by the
control system with PI-controller of pressure, the out-
put signal of which sets the frequency of the IM supply
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Fig. 8. The rotor current i, i,, i, conveyed to the stator
winding (instantaneous values)

Fig. 9. The power factor of the electric drive in case of
flow rate changing 0.20, — Q, - 0.20, and for the
use of the different frequency control laws
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voltage and, accordingly, the rotation speed. The value
of IM supply voltage, in this case, is determined by the
frequency regulation law. The IM rotor current (Fig. 8)
is determined by slip, accordingly the amplitude and the
frequency of the rotor current are increasing with the
flow rate increasing.

The chosen frequency control law determines a
change of the power-factor of the electric drive under
the flow rate changing (Fig. 9). The use of the frequency
control law U/f? = const gives an opportunity to in-
crease a power-factor in case of the flow rate decreas-
ing. The best result, for this system, in terms of provid-
ing the maximal power-factor, gives the use of the fre-
quency control law U/f* = const, at which the maximal
reduction of magnetic flux and magnetizing current
occurs for a low rotation speed of IM (under a low flow
rate).

In order to consider the real character of the flow rate
changing within 24 hours, the schedule of the water
consumption was experimentally obtained from the tak-
en off hourly data (Fig. 10). While estimating, the real
character of daily flow rate changing was modelled by
dependence in reduced scale of time. This dependence
(Fig. 11) was obtained from the output of the intensity
selector, the input signal of which were jumping, ac-
cording to the real flow rate values, taken once every
hour.

In Fig. 12 the water flow-rate predicted by neuropre-
dictor also is shown.

The research results for the dynamic modes in the
pressure regulation system regarding the real chart of
flow rate changing are shown in Fig. 12. The research
was carried out for the pressure set point signal changing
proportionally to the predicted flow rate H,, = H,,, +
+ k0, and proportionally to a square of the predicted
flow rate H,, = Hy,p+ K, Qf,,‘ For the purpose of the com-
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Fig. 10. The real chart of the water consumption Q within
24 hours
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Fig. 11. The water flow rate Q: the real and the predicted
by neuropredictor
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parative analysis, the traditional system with the perma-
nent pressure set point signal was studied. For all cases
the scalar control law U/f2 = const was realized.

The automatic control system provides the astatic
regulation of the pressure (Fig. 12, a). As the research
results show, the reduction of the head in the system
with the flow rate prediction gives an opportunity to de-
crease the consumption of active-power by the pump

Fig. 12. The heat at the pump output H (a), the consumed
active power of the pump P (b), the pump rotation
speed o (c), the current of IM I, stator (d), the power
factor of the electric drive cos ¢ (e) for the frequency
control laws:
1—H=const; 2— Hy,=H,y+K;Qprq; 3 — Hy,= Hyp+
+ K Q?}red
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drive (Fig. 12, b). The reduction of pressure at a small
value of flow rate is attained by decrease in the IM speed
(Fig. 12, ¢). The stator current (Fig. 12, d) decreases
both due to reduction of active constituent according to
reduction of IM load and reactive constituent that de-
creases according to the stator voltage decreasing pro-
portionally to the square of frequency, and, accordingly,
to the IM magnetic flux. The decrease in the magnetic
flux and magnetizing current under the frequency re-
duction provides increasing of the electric drive power-
factor (Fig. 12, e).

Conclusions. The research results allow asserting that
the electric drive control system with the artificial neural
network predictor permits decreasing the consumption
of active-power and increasing the power-factor of elec-
tric drive compared to the system with permanent set
point pressure; notably, the system in which a set point
signal changes proportionally to the square of the pre-
dicted flow rate value has a higher efficiency.
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Mera. OOrpyHTyBaHHSI BUKOPUCTAHHS Helporipe-
JMUKTOPIB y CUCTEMaX KepyBaHHSI HaCOCaMU CUCTEM BO-
JIOTIOCTaYaHHSI Tl MIPOTrHO3YBaHHS BEJMYMHU BUTpa-
TU BIPOJOBXK T00MU.

Mertoauka. I1isixoM ekcriepuMeHTaJbHUX J0CIi-
JDKEHb Ha JIi0Yiil cucTeMi BOMOMOCTaYaHHSI OTPUMAaHi
JaHi s cuHTe3y Helipompenukropa. I3 3actocyBaH-
HSIM 00’€KTHO-OPiEHTOBAHOTO METOAY CTBOpEHA MaTe-
MaTHYHA MOJIETb CHCTEeMHU eJIEKTPOIIpMBOIa Hacoca,
1110 BPaXOBY€ HEJiHIMHICTh XapaKTEepUCTUKKU HaMarHi-
YyBaHHSl MarHiTONpPOBOAY ACMHXPOHHOI MAalllMHU Ta
HasSIBHICTb TiIpaBliuHOI MepexXi 3 PO3IOALICHUMU T1a-
pamMeTpaMu Ha BUXOJi Hacoca. I3 3acTocyBaHHSIM PO3-
po06JIeHOT MaTeMaTUYHOI MOJIEJ LIJISIXOM KOMIT I0Tep-
HOT'O CUMYJIIOBAaHHS NOCJIIXKEHI PEXXMMHU 4aCTOTHOIO
peryJitoBaHHSI aCUHXPOHHOTO €JIEKTPOINPUBOJA HACO-
ca, IMHAMiYHi peXXUMU POOOTHU €JIeKTPONPUBOIA Y BU-
MajaKy MPOTHO30BaHUX BUTPAT Ta SKICHI MOKA3HUKU
PEryJIoBaHHS TUCKY.

Pe3ynbTaT. Ha 0CHOBI eKCIepUMEHTAIBHO OTPU-
MaHUX JOAHUX CHHTE30BAaHO HEHPOIPEANKTOp, IO
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aJeKBAaTHO TIPOTHO3YE BEIMYMHY CITOXUBAHOI BIIPO-
moBxX mobou Bogu. CHHTEe30BaHA CHCTeMa KepyBaHHS
HACcOCOM 3 HEMPONIPEAMKTOPOM, 1110 peasi3ye pi3Hi 3a-
KOHH peryIioBaHHS TUCKY Ha Buxomi Hacocy. OOrpyH-
TOBaHO 3aKOHM YaCTOTHOIO DPETYJIIOBaHHS IS eJIeK-
TPOINPUBOJA HACOCA.

HaykoBa HoBH3HA. YTieplie B CUCTeMi KepyBaHHS
HAcOCOM 3allpOIIOHOBAaHEe BUKOPUCTAHHS Helporipe-
IUKTOpa IS TIPOTHO3YBaHHSI BEJIMYMHU BHUTPATH Ta
CHHTE3Y KepYIOUMX BIUIMBIB Ha €JIEKTPOITPUBO. HACOCY
3 ypaxyBaHHSM BEJIWYMHU IIPOTHO30BAHOTO CITOXM-
BaHHS Bomgu. OTpMMaHi pe3ylbTaTH, IO IEMOHCTPY-
IOTh B3Aa€EMHUI BILJIMB MPOLIECIB Y BOJOMPOBIAHIN Me-
peXi Ta eJIeKTPOMArHiTHUX IIPOIIECiB B ACMHXPOHHOMY
eJIEKTPOIIPUBO/II.

IIpakTHYHA 3HAYMMICTB. 3aBISIKU BpaxyBaHHS MPO-
FHO30BaHOI BEJIMYMHU BOLOCIOXMBAHHS B 3alpoIo-
HOBaHiil cucTeMi KepyBaHHSI HAaCOCOM ITiJBUIIYETHCS
eHeproeeKTUBHICTb CHUCTEMM BOIOIMOCTaYaHHS Ta
3MEHIIYIOTBCS HEITPOAYKTUBHI BTpATH BOIM.

KmouoBi ciioBa: nacoc, Heiiponpeduxmop, acunxpoH-
HUIl eneKmponpusoo, Mmamemamuyne MoOea08aHHs

Ieab. O00CHOBaHNE WMCIOJB30BAHUS HEUpOIIpe-
JTUKTOPOB B CUCTEMaXx yIpaBJIEeHUSI HACOCAMM CHUCTEM
BOJIOCHAOXEHUS JIsl MPOTHO3UPOBAHUS BEJIUYMHBI
pacxona Ha MPOTSKEHUN CYTOK

Mertoauka. IlyreM sKcrepuMEHTaIbHBIX UCCIEHO0-
BaHUI Ha JEUCTBYIOIIECH CUCTEME BOJOCHAOXKEHHUS MO~
JIydeHbl [JaHHbIC [UISI CHUHTE3a HEUPONpPEeaIuKTOpa.
C npuMeHeHHeM 00bEKTHO-OPUEHTUPOBAHHOTO METO-
Jla CO3/laHa MaTeMaTUYecKask MOIEIb CUCTEMbI JIEK-
TPOIPUBOIA HACOCA, YUYUTHIBaIOLIAst HETMHERHOCTh Xa-
PaKTepUCTUKM HaMarHMYMBaHWUS MarHUTOMNPOBOJA
ACMHXPOHHOW MalllMHbI ¥ HajJluyue TUIPaBINYEeCKOMN
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CETH C pacIipeieJICHHBIMU ITapaMeTpaMi Ha BBIXOJIE Ha-
coca. C UCTIOIb30BaHNEM Pa3pabOTaHHON MOIEIH IIy-
TeM KOMITBIOTEPHOM CHUMYJISIIIUA MCCICIOBAHbl PEXKM-
MBI YACTOTHOTO DPETYJIMPOBAaHUS aCUHXPOHHOTO 3JICK-
TPONIPUBONIA HAcOca, TMHAMUYECKUE PEXUMBbI PaOOThI
3JIEKTPOIPMBO/A ISl IPOTHO3MPYEMOTO pacxoia U Ka-
YECTBEHHbIE MTOKA3aTe/IM PEryIMpOBaHUs JaBICHUS.

Pe3ynbTatel. Ha ocHOBaHUM 3KCMepUMEHTAIbHO
MOJYYEHHBIX NaHHBIX CUHTE3UPOBAH HEWpOmpenunK-
TOpP, aAeKBAaTHO MPOTHO3UPYIOUIUI BEJIUYUHY MOTpE-
OonsieMoii 3a cyTku BoAbl. CHUHTE3UpOBaHA CHUCTEMa
VIIpaBJICHHUS HACOCOM C HEMPOIIPETUKTOPOM, pean3y-
foIasl pa3JIMIHbIC 3aKOHBI PETYINPOBAHUS TABICHMS
Ha BbIXoAe Hacoca. OO0CHOBAaHBI 3aKOHBI YaCTOTHOTO
peryInpoBaHUs IS 3JIEKTPOIIPUBOIA Hacoca.

Hayuynas HoBusHa. BriepBbie B cucTeMe yrpaBieHuUs
HACOCOM TIPEJIOXKEHO MCIO0JIb30BaHNE HEHPOIpennK-
TOpa i1 MPOTHO3UPOBAHMSI BEJMUMHBI pacxola U
CHUHTE3A YIIPABJISAIOLIMX BO3IEHCTBUI Ha 3JIEKTPOIIPU-
BOJ Hacoca C y4eTOM BEJIWYUHBI MPOTHO3UPYEMOIO
pacxoza Bonbl. [ToydyeHbl pe3yabTaThl, IeMOHCTPUPY-
IOllIMEe B3aMMHOE BJIMSTHUE TIPOLIECCOB B BOAOMPOBO-
JTHOM CETH Y DJIEKTPOMArHUTHBIX MPOLIECCOB B aCUH-
XPOHHOM 3JICKTPOIIPUBOIIC.

IIpakTHyecKas 3HaUMMOCTb. biraromapst yuety mpo-
THO3UPYEMOM BEJTMIMHBI BOTOTIOTPEOICHUS B TIPEIJIO-
JKEHHOM CHCTEeMe YIIpaBJIeHHUS HACOCOM ITOBBIIIAETCS
5HeproaG@GEeKTUBHOCTh CUCTEMbI BOJOCHAOXEHUS U
YMEHBIIIAIOTCS HEMTPOAYKTUBHbBIE TTOTEPU BOIHI.

KimoueBble cioBa: Hacoc, Heilponpedukmop, acuH-
XPOHHbLIL INeKMPONPUE0o0d, Mamemamu4eckoe mMooeiupo-
eamue

Pexomendosarno 0o nybaikauii dokm. mexH. Hayk
B. I. Mopo3zom. Jlama Hadxodxcenus pykonucy 25.03. 16.
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