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The nature of the efficiency change in pump systems powered by an alternative source of electricity in conditions of a
given pressure stabilization is investigated. An electromechanical water supply system powered by an alternative
energy source using a static compensator (STATCOM) is considered. The observer of energy efficiency of the pump
installation based on theory of artificial neural networks, which training occurs on the basis of static characteristics of
the unit, is constructed. The results and analysis of investigations of the efficiency level changes during a typical daily
cycle of water consumption are shown. References 12, figure 5.
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Introduction. The transition to alternative energy sources allows to obtain electricity economically and
environmentally, which is relevant against the background of rising trends in energy prices used in electricity
generation. In some areas, it is possible to use only autonomous power generation systems, as laying the
power grid is unprofitable and impractical. Such systems are usually performed by combining an electric
generator and a drive motor: an internal combustion engine or a wind or hydro turbine.

Control of water supply systems powered by alternative energy sources, such as wind turbines, is
carried out using both systems with synchronous and inductions wind turbines [1].

Among modern alternative systems of electricity generation, wind turbines based on induction
generators with self-excitation (SEIG) are becoming more common. Stabilization of the SEIG voltage avoids
overturning the generator at high load on it. The issue of voltage stabilization is relevant and can be solved in
many ways. The most widespread are systems with output regulation using a static compensator
(STATCOM) [2] and with an electronic load regulator (ELC) [3].

The process of determining and monitoring the main technological parameters of turbomechanisms
is an integral part of their control system. However, the sensors required to transmit information to the
system are expensive or difficult to install due to the inherent design of the hydraulic system. Parameters
such as pump efficiency cannot be measured directly, only indirect way can be determined using a number of
sensors, which increases the cost of the system.

One of the perspective ways to determine the energy efficiency of turbomechanism systems is the
use of efficiency observers. Observers are designed on the basis of artificial neural networks, which based on
already known measured coordinates, such as pressure and pump performance, allow to estimate the values
of other coordinates [4], [5].

On the other hand, the issue of stability of water supply systems is important. The most common
solution to this problem is to ensure the stabilization of pressure in the hydraulic network by regulating
productivity depending on changes in hydraulic resistance, which is necessary to meet both technological
and social requirements.

The aim of the paper is to investigate the energy efficiency of a pump unit powered by an induction
generator with regulated voltage, in conditions of stabilization of a hydraulic network pressure given level
using the theory of artificial neural networks.
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Materials and results of the research. The research was carried out on the basis of a water supply sys-
tem powered by a wind turbine when regulating the voltage of the induction generators (IG), in conditions of sta-
bilization of the hydraulic network pressure. The functional diagram of the control system is shown in Fig. 1.

In Fig. 1 the following notations are entered: IG — induction generator; STATCOM - static compen-
sator; FC — frequency converter; IM — induction motor; P — pump unit; NN — pump efficiency observer based
on neural network; ul* , u; — voltage and pressure references, respectively; PU, PH — voltage and pressure
controllers set to PI laws, respectively; Ky, Kyy — voltage and pressure feedback coefficients, respectively;
®, — IG rotor angular speed; ® — pump velocity; 7; — load torque on the shaft; O — pump productivity; H —
pump pressure; 1| — estimated value of the pump efficiency; o* — speed reference; U,, U, U, — stator phase
voltage; U, — given stator phase voltage.
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Fig. 1

The investigated system is made with two frequency converters, which makes it possible to place the
wind turbine and pump separately from each other to increase the efficiency of the system in selecting the
optimal areas for objects [6]. It also allows to introduce an additional source of energy from other types of
alternative sources, such as solar energy, which do not require additional control [7].

The induction generator is rotated by a turbine whose velocity is maintained constant. A parallel bat-
tery of capacitors connected in a triangle is used for self-excitation of the IG. Capacitor battery, which is part
of the static compensator, in such systems is calculated so that the SEIG is self-excited at rated load.

The key control signals of the STATCOM inverter come from the PWM controller, which, depend-
ing on the voltage received from the voltage regulator, gives a signal to close these keys. The task of the
voltage regulator is to maintain a constant voltage of the SEIG, which in turn makes constant the value of the
generated voltage.

The mathematical model of an induction generator in an arbitrary coordinate system is described by
the following system of nonlinear differential equations [8]:
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iy = [iSd isq] , g =[iRd qu] are the vectors of stator and rotor currents; U, = [USd Usq] is the stator

voltage vector; R, and R, are the active stator and rotor resistance; p, is the number of pole pairs; @, is

the angular velocity of rotation of an arbitrary coordinate system d-q.

Excitation capacitors with capacitance C are connected in parallel to the stator windings and in paral-
lel to them — the load due to the hydraulic resistance change of the network in accordance with the daily cy-
cle of water consumption by housing and communal services.

Then, the equation for the voltage on the stator windings (on the excitation capacitors) is obtained on
the basis of Kirchhoff's first law in the form:
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where i, =[i,, i,,] is the load current vector.
The classical model of an induction motor in the coordinates of the stator a-b [8] is used. The fre-
quency converter implements the quadratic law of frequency control U / f? =const [9]. The pressure regula-

tor is set to the PI control law [10] and provides stabilization of the network pressure at a given level.
The pump unit is described by the first-order differential equation (3), the equation for determining the
pressure (4), the equation for determining the loading torque when observing the pump efficiency (5) [11]:
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where y is the integration time constant of the pump; H,, is the nominal pressure at zero feed at nominal

speed; @, is the nominal speed of pump; H_ is the geodetic height of water level; a, is the nominal hy-

st

droresistance of the pump; a is the hydraulic resistance of the network; p is the water density; g is the free

fall acceleration; t is the time.
While working with neural networks, their mathematical description is important. In the general
case, the equation of neurons is described by the following expression [4]:

Y= )\’i(z X Wy + b)), (6)
=

where X1, Xp,... Xy, are the inputs of the neuron; w;;,wp, ..., Wi, are the weight coefficients of synaptic bonds;
b; is the displacement of the neuron; A(.) is the activation function of the neuron.
Equations describing each neuron in the case of a two-layer neural network with 10 neurons in the
first layer are written as follows:
y, =th((Hw,, + ®ow, +b,)/a,)

y, =th((Hw,, + ®w,, +b,)/a,) )

Yio = th((Hw o, + @w 5, +b;)/a,)
where H, o are the neuron inputs; a, is the coefficient of inclination of the function of the tangential hyper-
bolic tangent tansig.
Therefore, the general equation that determines the operation of an artificial neural network to esti-
mate the efficiency of the pump is written as follows:
n=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((Hw,, + ow,, +b,)/a,)w, +th(Hw,, +ow,, +b,)/a,)w, + , (®)
+th((Hw,, +ow,, +b,)/a,)w, + th((Hw,, + ow,, +bg)/ag)w, +

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

where c is the slope factor of linear activation function.

Based on the given mathematical description of the electromechanical system elements, a model was
obtained within the application packages MATLAB SimPowerSystems and Simulink to investigate the en-
ergy efficiency of the water supply system in terms of stabilization of pressure in the hydraulic system pow-
ered by wind turbine.

To measure the efficiency of the pump used an observer based on the neural network, which was de-
signed in accordance with the method described in [12]. To create an artificial neural network to estimate the
efficiency of the pump used a neural network editor (Network / Data / Manager) in the application package
MATLAB. The training of the neural network was based on the catalog’ characteristics of the pump and
formed from 2 layers of 10 neurons in the first and 1 in the output layer. The training error was 0.031, the
regression coefficient was 0.998, which indicates the profitability of the neural network and the possibility of
using it as an observer of the efficiency of the selected pump.
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a, m’/s? P ' ' ' ' ' During the research, the nature of the change the value of hy-
draulic resistance was adopted on the basis of one of the typical
schedules of water consumption within the daily water supply cycle
of residential buildings [10]. The graph of hydroresistance changes of
the network is shown in Fig. 2. The daily cycle begins with 5 s, as it
is necessary to first overclock the generator and induction motor.

The investigations were performed for the SEIG with a ca-
pacity of 5.5 kW, an induction motor — 4 kW and a pump — 3.7 kW
. . . . . J  for constant speed horizontal wind turbine. The pressure stabilization
05 1015 20025 ts Jevel is 48 m, which is the nominal pressure for the selected pump.

Fig. 2 The results of the study of the pump unit, generator and the level of
pump unit efficiency are shown in Fig. 3-5 respectively, where Uy is line-to-line SEIG voltage; Uy is line-to-
line load voltage.
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From the graphs of the
pump transients it is seen that Sor k-'-l-l'|'l—-'l'-v'|'-"""""|‘-
when changing the hydraulic 10 401 1
resistance, the pressure regula- 20l
tor works out the set value with
a dynamic error of not more 3 207

than 1%. The presence of the

10
error of the set pressure is due to
. . 0 0 ,
the stiff nature of the change in 0 5 10 15 20 25 s 0 5 10 15 20 25 ts
hydroresistance. Fig. 3
The voltage U,V , , . ‘ , Y

controller  stabilizes
the value of the output
line load voltage at 200
510 V. This confirms
the fact that the pro-
posed system main-
tains the value of the  -400}
output voltage of the -
generator at a con- 0 5 o 1520 25
stant level regardless

of the hydraulic resistance of the water supply system.

The energy efficiency of the pump varies according to
the change in hydraulic resistance. In the busiest periods of
time the efficiency of the pump is 59%, which corresponds to 50+
the nominal value of the efficiency when operating at a pres-
sure level of 48 m.

Conclusions. Investigations have shown that the de-
veloped control system allows to observe the energy efficiency 35+
of the pumping unit, which powered by an alternative source
of electrical energy, in terms of pressure stabilization, with
high accuracy. The pump efficiency reaches the maximum
value at the nominal mode of pump and the drive motor opera- 20
tions. The dynamic error of the hydraulic network pressure at a
given level when changing its resistance does not exceed 1%, Fig. 5
which is admissible for technological and housing and communal requirements. The model developed in
MATLAB allows to analyze the energy efficiency of the sensorless control system of the turbomechanism
when controlling the magnitude and frequency of the voltage of the generator that supplies it. Given the
analysis of research, it is recommended to use the results obtained both in the design of new and in the re-
construction of existing control systems of pumping units powered by a wind turbine with a self-excitated
induction generator.
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Hocniooceno xapaxmep 3minu Koeghiyicumy xopucnoi 0ii (KK/]) ¢ nacocnux cucmemax y pasi scueients 6i0 aivmep-
HamueHo20 Oxcependa eleKmpudHoi eumepzii ¢ ymosax cmabinizayii 3a0anozco mucky. Posenanymo enekmpomexaniuny
cucmemy 6000NOCMAYAHHS, WO HCUBUMBCA 8I0 AILINEPHAMUBHO20 0Xcepend eleKMpPUYHOi eHepaii uepe3 8UKOPUCTAHHS
cmamuunozo komnencamopa (STATCOM). Ilobydosano oyiniosau enepeoe@ekmusHOCmi HACOCHOT YCMAHOBKU HA OC-
HOBI Meopii WmyyHUX HeUPOHHUX MEPEdNC, MPEHYBAHHsL KO 8100y8acmbCsi Ha 6A3I CMAMUYHUX XAPAKMEPUCMUK d2pe-
eamy. Ilokaszano pesyromamu ma ananiz 0ocuiodxcensv 3minu pisus KKJJ npomseom munoeo2o 00606020 Yukiy cnoicu-
eanns 6oou. bibmn. 12, puc. 5.

Knrwowuoei cnosa: nHacocHa ycTaHOBKa, €(DEeKTHBHICTD, CTAOLII3aLlis TUCKY, PETYIIIOBAHHS HANpyry, aCHHXPOHHUH I'eHe-
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