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An observer based on an artificial neural network was designed. The observer determines the pumping unit
performance depending on the operating point. Determination is based on the measured technological coordinates of
the system and the pressure of the turbomechanism. Three neural networks were designed for three types of the
productivity observer. The developed observer was investigated by the simulation method within different variations of
disturbing actions, such as hydraulic resistance of the hydraulic system and geodetic pressure. A comparative analysis
of three types of the productivity observer, built with using the pressure and different signals of the system with
arbitrary change of hydraulic resistance was given. By the use of the pump unit efficiency observer, in addition to the
results presented earlier, the efficiency of the productivity observer, which built with using different sensors, in water
supply systems with two series-connected pump units, operating for filling the large tank, is researched. In the water
supply system one pump speed is regulated, the other is unregulated. References 14, Figure 5.
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Introduction. The process of determining and observation the turbomechanisms’ technological
coordinates is an integral part of their automatic control systems design, however, the sensors, which provide
information to the system, are expensive or the access for their installation is limited by the construction of
the hydraulic network. Other parameters, such as pump efficiency, are impossible to be measured directly,
only indirect determination with a certain number of sensors is possible. In [1], the authors propose a system
with two temperature and pressure sensors on input and two on pump output to calculate its efficiency. To
increase the water supply system energy efficiency, the forecasting method can be used [2]. The essence of
this method is to determine the balance of supply productivity and water consumption, but there are many
factors that affect the forecasting accuracy. The forecasting method can also be used to determine the optimal
number of pumps in the system. Multi-pump systems are one of the main ways to improve energy efficiency.
Multi-pump systems can be both single-drive and multi-drive [3]. The required number of working pumps
can be determined based on monitoring the location of the operating point [4]. On the other hand, it is
possible to use an optimal multi-pump head control system based on analytical characteristics and
experimental efficiency distribution diagrams, the control algorithm of which is described [5]. Article [6]
proposes performance control optimization of a multi-pump system by predicting the future state of the
system. Reducing the number of pumps and starting or stopping them increases energy efficiency.

Another perspective way is artificial intelligence theory applying to obtain unknown coordinates [7].
Such observer based on artificial neural networks, which operates with already known measured coordinates,
and allows to observe the other coordinates values, such as pressure, pump performance, mechanical power
and others, is designed in [8]. The authors of article [9] proposed a heat pump direct heating system with
real-time identification and the self-regulation principle, which has high observation values for the given
values and the ability to deviate from perturbations. In [10], a multi-layer controller pump system with
sliding-mode observer based on neural networks of the motion mode is developed and the system robustness

© Burian S.0., Kiselychnyk O.1., Pushkar M.V., Reshetnik V.S., H.Y. Zemlianukhina, 2020
ORCID ID: * https://orcid.org/0000-0002-4947-0201; ** https://orcid.org/0000-0001-5688-2688;
*** https://orcid.org/0000-0002-9576-6433

ISSN 1607-7970. Texn. enexmpoounamira. 2020. Ne 1 71



is investigated. Therefore, the task of building pump coordinate observer based on neural network and test of
its performance is very relevant.

The aim of the paper is to increase the energy efficiency of a pump unit by applying an energy-
efficient control algorithm using neural networks to observe technological coordinates.

Materials and results of the research. Ways to increase the turbomechanism energy efficiency are
almost always deal with the decreasing the drive angular speed and, as a consequence, reduction the con-
sumed power. However, it does not mean that energy efficiency will be maximized, as there is only one point
with maximum efficiency at each speed characteristic of the pump. In order to get to the maximum effi-
ciency point it is necessary to have an array of speeds and productivity at which the maximum efficiency is
obtained. This dependence is called the "maximum efficiency curve" and is shown in Fig. 1, a on the Q-H-
efficiency characteristics of the pump of 160 kW power.
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For the implementation of the rotation speed search algorithm with the maximum pump efficiency
the PI controller, which corrects the actual motor rotation speed, and the block o*= f(Q), which determines
the required speed by the measured performance signal, are used. The structural scheme is presented in
Fig. 1, b, it is described with following equations:

o =k,Q’ +k,Q+k;, (1)
Af =(0-o )K, +1/Tp), ()

where Q is the actual pump productivity; @* is the desired rotation speed at which maximum efficiency is
achieved at the desired productivity value; o is the actual measured motor speed; ki, k,, k; are the approxi-
mation coefficients of the maximum efficiency curve; Af is the increment of the frequency reference; K,, is
the proportional component of the controller; T; is the time constant of the controller integral part.

The application of energy efficient control algorithms for pump units involves measurement of the
technological system coordinates required for its operation. The main problem with this is the high cost of
productivity sensors, and the absence of speed sensors on pump units drive motors. To solve the problems of
required coordinates measuring, it is advisable to use the artificial neural networks apparatus (NN) [11],
which has ability to self-study. This approach allows design technological coordinate observers of pump
units based on the coordinates that are available for measurement.

The procedure for NN design consists the selection of the number of hidden layers of neurons, de-
termination the number of neurons in the hidden layers, selection the activation function of neurons, and
training the network, which determines the numerical values of its internal connections parameters.

To create the productivity observer for the 160 kW pump, a two-layer NN was formed with 10 neu-
rons in the first and 1 in the output layer. Two signals can be used as network inputs, one of which is pres-
sure, which is easy to measure, the other one could be speed or active power or one of the stator currents.
The observation accuracy changes from choosing of this coordinate. Angular velocity and hydraulic resis-
tance arrays were used for the network training as perturbations; their transients are shown in Fig. 2. The
training error was 0.034, the regression coefficient — 0.999.

While working with neural networks, their adequate mathematical description is important. In the
general case, the neuron equation is described by the following expression:
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Vi =M (Z X Wy + b)), 3)
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where X, X,,... X, are the inputs of the neuron; w;;,wp, ..., Wiy, are the weight coefficients of synaptic bonds;
b; is the displacement of the neuron; A;(.) is the activation function of the neuron.
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In the case of a two-layer neural network of 10 neurons, the equations describing each neuron are de-
fined according to the following expressions:

y, =th((Hw,, +ow,, +b,)/a,)),

¥, =th((Hw,, + ow,, +b,)/a,), 4)

Yio = th((Hw ,, + @w 5, +b,5)/a,),
where H, @ are the neuron inputs; w;;,wp, ..., Wiy are the weight coefficients of synaptic bonds; b; is the dis-
placement of the neuron; a, is the coefficient of inclination of the function of the tangential hyperbolic tan-
gent tansig.
The general equation describing the neural network operation has the following form:

A

Q=c(th((Hw,, +ow,, +b,)/a,)w, + th(Hw,, + ®ow,, +b,)/a,)w, +

+th((Hw,, + ow,, +b;)/a;)w, + th((Hw, + ow,, +b,)/a,)w, +

+th((Hwg, + ow,, +bs)/a)w, + th((Hw,, + ow,, +b,)/a,)w, + %)
+th((Hw,, + ow,, +b,)/a,)w, + th((Hwy, + owg, +by)/ay)wy +

+th((Hw,,, + ow,;, +b,)/a,,)w,, +b).

where c is the slope factor of linear activation function.

To evaluate the performance of the developed observer, the mathematical simulation was performed
and comparisons were made with the results that were obtained through experimental research.

For the simulation, a structural scheme of an electromechanical automatic control system of two se-
ries-connected pumps, operating for filling the large tank was developed. One pump speed is regulated, the
other is unregulated. The structural scheme is presented in Fig. 5. Herewith the parameters of the hydro sys-
tem are unknown and may arbitrarily change. The algorithm uses the observed performance value to deter-

mine the required rotation speed. Also in the
Hg a . .
I, l system the efficiency observers, which are

o | softstarter Eb nggéznt = Two series developed on the basis of artificial neural

~%1 device " induction | T connected networks, for each pump are used [12].
¢y motor2 pumps |H In Fig. 3 the following notations have
¢ £ w [Vanaoie | o 160 kW been used: uj,, up, Uy are thg phase stator
) Frequency | speed L s each voltage; Tr;, T, are the loading torque of
Af converter | ws | induction | T,, first and second pumps respectively; ®;, ®,
motor 1 are the speed of first and second motors re-

I spectively, f is the frequency reference.
. 3 Classic induction motor models in

The algorithm for “~ Performance : :

search of speed |« Q | observer based k stator coordinates a-b are used in the system
with maximal on neural network [13]. A frequency converter implements a
efficiency quadratic scalar control law u/f=const. A
Fig. 3 mathematical model of two sequentially op-

ISSN 1607-7970. Texn. enexmpoounamira. 2020. Ne 1 73



erating pumps and a hydraulic network is described by the following equations (6)-(9) [14]:
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where H is the total pressure; H;, H, are the the pressure of the first and second pumps respectively Q is the
observed value of the productivity; Hy,, Heo, are the nominal pressures at zero feeds of the first and second
pumps at nominal speeds; ®,, ®,, are the nominal speeds of the first and second pumps respectively; y is the
integration time constant; 7,, 7, are the observed value of the pumps efficiency; a,;, a,, are the nominal hy-
draulic resistance of the first and second pumps respectively; a is the hydraulic resistance of the hydraulic
system; Hy, is the geodetic height of water level; p is the water density; g is the free fall acceleration; t is the
time.

The research results of the operation of dynamic modes with a hydraulic resistance arbitrary change,
under the presence of two disturbing actions: a hydraulic resistance and geodetic pressure, and a smooth
change of hydraulic network parameters are shown in Fig. 4, respectively.
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The transients of hydraulic resistance (Fig. 4, @) show that the efficiency of the regulated pump due
to the speed change is constantly at the maximum value, the efficiency of the second pump varies depending
on the operating point position. Herewith, the consumed power of the regulated pump is reduced by 30-40%
depending on the operating point position. The pump efficiency is kept maximum even with two perturba-
tions in the hydro system (Fig. 4, b). With a hydraulic resistance and geodetic pressure smooth changing
(Fig. 4, ¢), the pump efficiency is increased by a maximum of 8% depending on the operating point.

The productivity observer can be built using different sensors or coordinates. In Fig. 5, @ a compari-
son of three types of observers is presented. The observers constructed using: pressure and velocity (Qw),
pressure and active power (Qp), pressure and stator current (Qi) with a hydraulic resistance arbitrary change
are presented. The maximum productivity difference from the standard pump model is obtained for the pres-
sure array and stator current. The minimum is for pressure and speed.

For the observation of the pump efficiency, the arrays of the pressure and the consumed active
power, which were obtained from the analog frequency converter output, were used as the NN input signals.
The technical implementation of the efficiency observer was made on the basis of the ALTERA DEI1-SoC
developer's board [12].

The results of the observer work were tested on an experimental setup with a Calpeda pump of
0.33 kW power [12]. The efficiency static characteristics for the three frequencies of 50, 45 and 40 Hz, built
according to the calculated data and taken with using of a neuro-observer, are shown in Fig. 5, b. Their dif-
ference does not exceed 2.1%.
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Conclusions. In this paper the actual task of increasing the energy efficiency of the electromechani-
cal system of pump unit with the use of technology of neuro-observation of technological coordinates was
solved. The methods of observation of technological coordinates of pump units, their advantages and disad-
vantages have been analyzed, the most promising method of evaluation based on neural networks was cho-
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sen. A detailed methodology for evaluating technological parameters has been developed, which will enable
the creation of sensorless control systems and increase the energy efficiency of pump units. Three artificial
neural networks were designed, using the motor speed data, active power of the motor and the stator current,
based on which the performance observers of the pump unit were constructed. Training of developed net-
works and comparison of their operation were conducted. According to simulation results the designed en-
ergy-efficient controller of pump performance based on the neural-network observer provides a 33% energy
savings for the series connection of two water pumps, one of which is variable speed, and the other in a con-
stant speed pump. It is shown that high energy efficiency is achieved in the presence of system disturbances
such as a variation of hydraulic network resistance, hydrostatic pressure variation and consumers’ activity.
The results for pump units can be extended to other turbomechanisms, including fans, air conditioners and
the mechanisms that operate in continuous modes, such as conveyors etc.
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Ha 6a3i wmyunoi HellponHoi mepedici po3poOieHo oyiHI8ay, AKUL HA OCHOBI BUMIDSHUX MEXHOLO02IYHUX KOOPOUHAM
cucmemu ma Hanopy mypoomexauizmy, 8U3Ha4ae NPOOYKMUBHICHb HACOCHOT YCINAHOBKYU 8 3ANIeHCHOCHI 8I0 po3mauiy-
eanHs pobouoi mouku. Cnpoexmosano mpu HetlpoHHi Mepexci 051 mpboX Munie oyiHeaya npooyKmueHoCmi. po3poo-
JIeHUll OYiHI08AY OOCTIONCEHO MEMOOOM MOOENI0BAHHA NPU PI3HUX 8apiayisax 30yprolouux Oill MaKux, AK 2iopasiiuno2o
onopy mepedxci ma ceode3uunozo mucky. Hasedoeno nopiguanvHuili ananiz mpbox munie oyiHiosauie npooyKmugHoCHi,
n06y0068aAHUX 3 GUKOPUCMAHHAM HANOPY MA PISHUX CUSHAIIE CUCTeMU NPpU O0BLIbHIU 3MIHI 2i0pasiiuHo2o onopy. Buko-
PUCOBYIOUU OYIHIO8AY KOe@IiyieHma KOPUCHOL Oii HACOCHOI YCMAHOBKU Y 000amoK 00 pe3yiomamis, wo 6yiu npeo-
cmaeneHi paniule, BUBYEHO epeKMUBHICIb 3aCMOCYBAHHs OYIHIOBAYA NPOOYKMUBHOCT, NOOYO0BAHO20 3 UKOPUCMAH-
HAM PI3HUX OQMYUKIE 8 CUCMEMAX 6000NOCMAYAHHS 3 080MA NOCAIO06HO 3 €OHAHUMU HACOCHUMU Acpe2amamil, OOUH 3
SAKUX — KEPOBAHULI NO WEUOKOCH, THWUL — HEKePOBAHUTI MA SKI NPaAyioloms 8 PedtCUMI HANOBHEHHsL BEIUKO20 pe3ep8ya-
pa. bion. 14, puc. 5.

Knrwouoei cnosa: HacocHa ycTaHOBKa, HEHPOHHA MEPEXa, OLIHIOBaY, KOOPJHUHATH, TypOOMEXaHI3M.
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Paspabomano oyenwux na 6aze uCKycCmeeHHOU HelpOHHOU cemu, KOMOPblll, HA OCHOGE UZMEPEHHbIX MeXHOI02UuYe-
CKUX KOOPOUHAM U HANOpa mypbomMexanusma, onpeoensem npousgooumenbHOCb HACOCHOU YCMAHOBKU 8 3a8UCUMO-
cmu om pacnonoxcerust pabouell mouxu. Cnpoexmuposano mpu HelponHvle cemu OJisl mpex munoe OYeHWuKa npous-
sooumenvHocmu. Hccnedosano memooom MoOeiuposanus paspadomanuslll OYeHWUK NPU PA3IULHBIX 8APUAYUSX B03-
MywWanouux 6030elicmaull, makux KaxK 2uopasiuiecko2o COnpomusileHus cemu u eeooe3udeckoeo dasnenus. Ilpuseden
CPABHUMENbHBLI AHANU3 MPEX MUNO0E OYCHWUKOE NPOU3600UMENbHOCIU, NOCMPOEHHLIX C UCNONIb308AHUEM HANOPA U
PDABIUYHBIX CUSHATI08 CUCEMbL NPU NPOU3EOJIbHOM USMEHEHUU 2UOPABIUYECcKo20 conpomusienus. Fcnonv3ys oyenuux
Koo uyuenma none3no2o 0elicmeusi HACOCHOU YCMAHOBKU 6 OONOJIHEHUE K Pe3yIbmamam, Komopbule 0vliu npedcmas-
JIeHbl panee, U3yueHa IPGeKmueHOCmb NPUMEHEHUsT OYESHWUKA NPOU3800UMENbHOCIU, NOCMPOEHHO20 C UCHOIb308a-
HUeM PA3TUYHBIX 0aMYUKO8 8 CUCINEMAX 8000CHADICEHUsL C 08YMsl NOCIE008AMENbHO COCOUHEHHBIMU HACOCHBIMU azpe-
2amamu, 0OUH U3 KOMOPbIX — YAPAGISeMblll N0 CKOPOCMU, OPY20ll — HEYRPASIseMblil U KOMopble pabomarom 6 pejicume
Hanoanerus 6onbulo2o pesepsyapa. buodin. 14, puc. 5.
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