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generators. It is characterised by high reliability, long service life,

low cost and ease of maintenance. In times of military emergency, the operation of autonomous systems can be
critical for people's lives and communication with the outside world. In addition, in such systems, the main con-
sumers of electricity do not use the entire resource of energy generated by the wind turbine. Therefore, the issue
of redistributing excess energy is relevant and can be solved by connecting a water supply system to provide ad-
ditional potable water to consumers. At the same time, pressure instability in the hydraulic water supply network
can worsen living conditions and lead to accidents and disruptions in technological processes.

In connection with these challenges, there is a need to measure and stabilise the pressure in the hydraulic network,
which can be done using observers of technological coordinates developed on the basis of the theory of artificial
neural networks. The paper proposes a modern electromechanical control system for a turbomechanism powered
by an alternative source of electrical energy, with a focus on stabilising the pressure in a hydraulic network using
a pressure observer.

A mathematical description of the main elements of the investigated system is given. The pressure estimator of
the hydraulic network is built on the basis of artificial neural networks with a modified structure with feedback.
The paper considers the operation of a sensorless pressure stabilisation system during changes in hydraulic re-
sistance within the daily water consumption cycle with redistribution of excess energy generated by a wind tur-
bine. The results and analysis of the developed estimator in sensorless control systems powered by a wind turbine
with an electronic load controller are presented.

Key words: pump unit, sensorless control, wind turbine, artificial neural network, pressure stabilisation, pressure
observer.
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YKpaiHu eHacniook siliHu. B okpemux palioHax moxuse 3a-
CMOCYBAHHA AUWe aB8MOHOMHUX CUCMeM 2eHepy8aH-HA efekK-
MpUYHOI eHepail, OCKinbKU MPOKAAOAHHA eeKMPUYHUX MEPEeH(
Y yux micyesocmsax € Hedoyinb-HUm i HepeHmabenoHUM. Taki
cucmemu 3a3s8u4ali 6a3yromecs Ha NOEOHAHHI 8impo- abo 2idpomypbiH, npu-800HUX 08U2YHIB MA eneKmMpPUYHUX
2eHepamopis. BoHU xapakmepu3yomscs 8UCOKOIO HAOIlHICMIO, mpusa-aum mepmiHOM eKCcriayamayii, HU3bKo
cobisapmicmio ma rpocmomoro 06¢sy208y8aHHA. B ymosax 80EH-HO20 cmaHy poboma aeMoOHOMHUX cucmem
Moxce bymu KpumMu4HoO 8axAUB0I0 0414 Humms arodeli i 3a6e3ne-yeHHA 38°A3Ky 3 308HiWHIM c8imom. TaKox K 8
MaKux cucmemax OCHOBHUMU CIOXUBAYAMU eneKmpuU4HOI eHepeaii BUKOPUCMOBYEMbCA He 8ecb pecypc supob-
/A1eHoi 8impoycmaHosKor eHepeil. ToMy numaHHa ne-pepo3nodisny HAOGAUWKOBOI eHepeaii € aKkmyanbHUM ma
MoOMce supiwlysamucs rnioKAYeHHaM cucmemu 8000rnocmavaHHA 015 3abe3neyeHH 0o0amkKkosux nompeb crio-
mwusayie. BoOHouac HecmabinbHicms MUCKY 8 2idpasnivHili Mepexci 8000MOCMa4aHHA MoXe nozipwumu noby-
moasi ymosu, ripussecmu 0o asapitli i 360i8 y mexHOM02iYHUX MPOYECax.

12,3,4,5 HaujioHanbHUI TEXHIYHWI YHiBEpCUTET
YKpaiHu « KUIBCbKMIM NOAITEXHIYHUI IHCTUTYT
imeHi Iropa Cikopcbkoro», m. Kuis, YKkpaiHa

Yepes ui 8UKAUKU BUHUKAE nompeba y sumipto8aHHi ma cmabinizauii mucky 8 2iopomepei, o Moxcaugo 30ili-
CHUMU 3a 00NMOMO20I0 OYiHI08AYi8 MEXHO02IYHUX KOOPOUHAM, Po3pobaeHUX Ha OCHOBI meopii my-4Hux Heli-
POHHUX mMepexc. ¥ pobomi 3arpornoHOB8AHO CYYACHY eneKMpPOMEXAHIYHY cucmemy KepyBaHHA mypbomMexaHi3-
MOM, W0 HUBUMbLCA 8i0 AnbMepPHAMUBHO20 OMcepesd enekmpu4Hoi eHepail, 3 aKkueHmom Ha cmabinizayito
MUCKy 8 2i0pasivHili mepexci 3a 00rMoMo20t0 OYiHI08aYA MUCKY.

HasedeHo mamemamuy4Huli ornuc ocCHOBHUX enemeHmig 00cnioncysaHoi cucmemu. OyiHH8aY MUCKY 2i0pa-esiy-
Hoi mepexi No6y008aHO HA OCHOBI WMYYHUX HelPOHHUX MepeX i3 MOOUGIKOBAHOK CMPYKMYPOIO 3i 380pOMHIM
38’A3Kom. Po3ensaHymo pobomy 6e3dasayesoi cucmemu cmabinizayii mucky nio yac 3miH y 2iopa-eniyHomy onopi
rnpomszom 00608020 YUKy CIOXCUBAHHSA 800U rpu rnepepo3nodini HAOAUWKOBOI eHe-pail, ompuMaHoi 8HACMIOOK
HUBEHHA 8i0 8impoycmaHOo8KU. [TpezeHMoB8aHo pe3ynbmamu ma aHaniz pobomu po3pobsaeHo20 ouiHo8a4a 8
cucmemax 6e30a8a4e8020 KePYBAHHS, W0 HUBUMbLCA 8i0 8iMpPOYyCMAHOBKU 3 eEKMPOHHUM pe2ynsimopom Ha-
B8AHMAMCEHHS.

Knrovoei cnoea: HacocHa ycmaHoeKa, 6e30asayese KepysaHHs, 8impoycmaHo8Ka, Wimy4yHa HelipOHHA Mepex(a,

cmabinizayia Harnopy, oyiHBa4 Mucky.

The list of used symbols and abbreviations:
ELC — electronic load controller

PU — pump unit

SEG - self-excited induction generator

Background. Modern technologies in the field of electricity
generation provide an extremely important contribution to
the sustainable development of society and its infrastruc-
ture. Electricity is a key resource for the functioning of var-
ious sectors of the economy, including industry, transport,
agriculture, services and household consumers. A stable
supply of electricity is essential for the smooth operation of
both small businesses and large production complexes. In
addition, electricity powers critical infrastructure facilities,
including medical institutions, water and heat supply sys-
tems, transport networks, and information and communi-
cation systems. Thus, the stability of these facilities directly
depends on the reliability of electricity generation and sup-
ply systems [1].

Electricity generation systems can be based on the use of
various energy sources, which can be divided into two main
categories: non-renewable and renewable. The first cate-
gory includes fossil fuels such as coal, natural gas and oil.
These sources have historically been the main ones for
electricity generation, as they have high energy density and
can provide a stable and constant supply of energy [2], [3].
However, they also have significant disadvantages, includ-
ing high levels of environmental pollution due to green-

house gas emissions, which contribute to global climate
change.

At the same time, renewable energy sources, such as wind,
solar, hydropower and biomass, are becoming increasingly
widespread due to their environmental friendliness. They
do not cause significant emissions of harmful substances
and do not deplete natural resources, making them a more
sustainable choice for the future [4], [5]. However, their ef-
ficiency depends on many factors, including natural condi-
tions (wind or sunlight), which can affect the stability of
electricity supply. The choice of a specific source for an
electricity generation system depends on factors such as
geographical location, resource availability, economic costs
of installation and operation, and environmental impact.

Typical power generation systems, regardless of the source
used, have a number of common components. These in-
clude energy sources, energy conversion devices (e.g. tur-
bines or photovoltaic panels), power generators, manage-
ment and control systems, and electricity distribution and
transmission systems. Depending on the type of system, it
may include a variety of technical components, such as in-
ternal combustion engines, wind turbines, solar panels,
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batteries and other devices that convert energy from a pri-
mary source into electricity.

In recent years, alternative power generation technologies,
including wind turbines, have gained special attention as
one of the most promising forms of renewable energy.
Wind turbines using self-excited induction generators
(SEGs) provide efficient electricity generation using the ki-
netic energy of the wind. However, one of the main chal-
lenges associated with their operation is the need to stabi-
lise the voltage in the system to prevent failures during
heavy loads [6]. In the case of unstable voltage, there may
be problems with generator shutdowns, which in turn leads
to interruptions in electricity supply.

Various technical solutions are proposed to solve the prob-
lem of voltage stabilisation, among which the use of elec-
tronic load controllers (ELCs) is particularly effective [7], [8].
These devices allow adjusting the voltage in the system by
automatically adjusting electrical parameters, which en-
sures stable operation of the generator even under variable
loads. One of the important advantages of such solutions is
the ability to use excess electricity to power auxiliary sys-
tems, such as water supply systems, which can use this en-
ergy for irrigation, water injection or other needs. Thus, the
introduction of such solutions not only improves the effi-
ciency of wind turbines, but also contributes to a more ra-
tional use of available energy resources.

Meanwhile, ensuring high-precision and efficient control of
the parameters of process facilities is a critical task in mod-
ern electromechanical automation systems, in particular in
the field of turbo-mechanism control. In many cases, the
installation of traditional sensors to measure various pa-
rameters can be technically difficult and financially burden-
some [9]. For example, in hydraulic systems, where param-
eters such as pressure, fluid flow, rotational speed, and
other coordinates need to be monitored, a large number of
sensors significantly increases the cost of the system and
complicates its installation and operation. To optimise such
processes and reduce costs, parameter estimators are
widely used [10]. Estimators allow determining certain co-
ordinates based on information that is already available
and accessible in the system or values from other measur-
ing devices [11].

One of the promising approaches to the implementation of
observers is the use of artificial neural networks [12], [13].
They are capable of learning from a large amount of input
data, which makes it possible to estimate parameters that
cannot be directly measured. Low- and medium-level logic
controllers can be used for their implementation, which
makes this approach flexible and affordable [14].

In turbomechanism control systems, neural networks can
be used to estimate parameters such as pressure, perfor-
mance, mechanical power, and efficiency based on a lim-
ited number of input signals [15]. This can significantly im-
prove the efficiency of control, monitoring and
optimisation of turbo-mechanisms, while reducing the cost
of installing and maintaining sensors.

The use of artificial neural networks in turbomechanism
control systems is a relevant and promising area of re-
search, as it not only provides more accurate control and
management, but also significantly reduces the cost of tra-
ditional measurement and maintenance equipment.

Research objective. The aim of the paper is to investigate a
sensorless water supply system with a modified pressure
observer with feedback, powered by excess electrical en-
ergy generated by a wind turbine using an electronic load
controller.

The research methods are mathematical modelling in the
MATLAB application package, namely the use of Simulink
and ntstool.

Presenting of main materials. In general, the SEG voltage
stabilisation system using an ELC includes a ballast resistor
that acts as a ballast load [16].

The functional diagram of a sensorless turbomechanism
control system that uses a pressure observer based on a
modified neural network with feedback, powered by a wind
turbine generator through an electronic load controller, is
shown in Fig. 1.

In Fig. 1, an induction generator is connected to a load that
can vary from 0 % to 100 % of its rated value during opera-
tion. In parallel with the generator and the load, the ELC is
connected, which consists of a rectifier, a filtering capacitor
(Cerc), and a ballast load, which is represented by the water
supply system under the condition of stabilising the pres-
sure in the network.

The SEG rotor is driven by the wind turbine at a constant
velocity, regardless of changes in wind speed. At the same
time, the wind velocity can vary from the nominal to the
critical one. A capacitor bank connected in parallel accord-
ing to the ‘delta’ scheme is used to ensure self-excitation of
the SEG. The capacity of this battery is calculated in such a
way that the self-excitation process is guaranteed when the
rated load is connected to the generator. For a more accu-
rate determination of the required capacity, a preliminary
calculation of the SEG self-excitation limits in the coordi-
nates ‘capacity - rotational speed - load’ is performed, as
well as an analytical determination of the static voltage
characteristics of the generator [17].

In Fig. 1. the following notations are introduced: IG —induc-
tion generator; FC — frequency converter; IM — induction
motor; PU — pump unit; NN — pump pressure observer
based on a neural network; u; — task for pressure; PC —
pressure regulator configured for the Pl control law; K —
feedback coefficient for and pressure; m, —angular velocity
of the IG rotor; C — capacity of excitation capacitors; ® —
pump velocity; T, —load torque on the pump motor shaft;
P — power of the pump drive motor; | — stator current mod-
ule of the pump drive motor; H — observed value of the
pump pressure; ®* —given speed; Ua, Up, Uc — stator phase
voltage; Uanc — given stator phase voltage.
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Fig. 1. Functional diagram for the investigation of a sensorless control system for the turbomechanism

One of the key functions of the ELC is to maintain a constant
load on the generator set, which ensures a constant output
voltage. In case of load changes in the system, the ballast
load, which is realised through the pumping system, is au-
tomatically connected, keeping the total power supplied to
the generator unchanged. This avoids voltage fluctuations
and ensures stable operation of the generator [18], [19].

(1)

where Piotal— the total electrical power at the generator; P,
— the electrical power consumed by the load connected to
the SEG; Pvai— the electrical power consumed by the ballast
load.

P

total — I:)L + I:)bal ’

For further research, the method of mathematical model-
ling based on a mathematical description of the main ele-
ments of the system was used.

The mathematical model of SEG, represented in an orthog-
onal coordinate system rotating at an arbitrary velocity, is
described by a system of nonlinear differential equations
[20]:

V7

d¥, —U, -R,i, —0,J¥,,

o 2)
dtz =—R,i, +(p,®, — 0 NY,,

where

{o
_J:
1

. . . T
vectors of stator and rotor flux linkages; I, z[lld llq:l )

. . . T
L= ['2d IZq]

u=[u, U

_01i| Y zl:\Pld LIJ1q :|T W, :[\Pzd ‘{JZq e

— vectors of stator and rotor currents;

T
1q] — stator voltage vector; R;, R, —active

resistances of the stator and rotor; p, — number of pole
pairs; m, —angular velocity of rotation of an arbitrary coor-
dinate system d-q.

The mathematical model of the induction pump motor is
based on the classical system in the stator a-b coordinates
[21]. The frequency converter of the PU is configured in ac-
cordance with the quadratic frequency control law [22]. To
maintain a stable pressure in the hydraulic network, a pres-
sure regulator is used that implements the Pl control law;
details of the mathematical description of this regulator
can be found in [23].

The dynamics of transient processes in a single-unit PU, tak-
ing into account the hydraulic network, is described by the
system of equations [24]:

dQ H, o’
XE:ZJ—Z_Hst_(an—i_a)QZ'
H o
H:ﬂ_aan' (3)
1w,
T = ngH'
nw

where Q — pump productivity; H — pump pressure; H, -
nominal pressure at zero supply at the nominal speed; o,
—nominal speed of the pump; ¥ — pump integration time
constant; H, — geodetic height of the water level; a, -

nominal hydraulic resistance of the pump; a —hydraulic re-
sistance of the network; p — density of water; g — free fall

acceleration; 1 — pump efficiency; t —time.
In the model of a water supply system, the operation of

consumers is approximated by a given hydraulic resistance
determined on the basis of a typical water flow curve,
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which is selected depending on the operating conditions
and the scope of the electromechanical system.

When modelling neural networks, special attention should
be paid to their mathematical description. In general, the
neuronal equation is described as follows [12]:

y, = ki(i:xjwij +b,), (4)

where X1, X2, ... Xm — neuron inputs; wii, Wi, ..., Wim — weight
coefficients of synaptic connections; b; — displacement of
the neuron; Ai(.) — activation function of the neuron.

To solve the problem of estimating technological parame-
ters in a continuous conveying system, the NARX neural
network with feedback was chosen. The modified structure

of the coordinate estimator improves the accuracy of de-
termining the output parameter under conditions of varia-
ble dynamic influences, in particular, the hydraulic re-
sistance of the network. Neural networks with feedback
can function with incomplete or noisy data, efficiently pro-
cessing large amounts of information and performing dis-
tributed processing on multiple nodes, which makes them
suitable for working with large-scale data sets.

For investigation, a neural network consisting of two layers
was used: the first layer with 10 neurons and the output
layer with 1 neuron. The equations describing the function-
ing of neurons in a two-layer network with 10 neurons,
three input signals and feedback for the tasks of estimating
the pressure in a pumping unit are as follows:

H=c(th((Pw,, + ow,, +Iw; +b, +H)/a,)w, +th((Pw,, +ow,, +Iw,, +b, +H)/a,)w, +

+th((Pw,, + oW, +1w,, +b, +I:I)/a3)w3 +th((Pw,, +ow,, +Iw,; +b, +I:I)/a4)w4 +

+th((Pw,, + ow,, +Iw,, +b, +H)/a )w, + th((Pw,, +ow,, +Iw, +b, +H)/a )w, + (5)

+th((HPW,, + W, +1w., +b, +H)/a,)w, +th((Pw,, + OW,, +Iw,, +b, +H)/a,)w, +

+th((Pw,, + OW,, + 1w, +b, +H) /a,)w, + th((Pw,,, + ©W,,, +Iw,, +b,, +H)/a,)w,, +b),

where ¢ — coefficient of inclination of the linear activation
function; P, w, | —neuron inputs (power, velocity, stator cur-
rent module); wi1, wi2, Wi, ..., Wim — weight coefficients of
synaptic connections; bi — displacement of the neuron; a1 —
coefficient of inclination of the hyperbolic tangent function
tansig.

Further training of the neural network for the implementa-
tion of the pressure observer was carried out using the Le-
venberg-McWardt method (trainlm) to solve the problem
of function approximation [25], using the MATLAB ntstool
application package.

Based on the above mathematical description of the key el-
ements of the electromechanical system, a model was cre-
ated in the MATLAB SimPowerSystems and Simulink envi-
ronments. The model is used to study a water supply
system with a modified structure of the pressure estimator
under conditions of stabilisation of the head in the hydrau-
lic system when powered by excess energy generated by a
wind turbine (Fig. 1). The modelling was carried out for an
installation with the following parameters: the power of
the SEG was 5.5 kW, the induction drive motor was 4 kW,
and the pump was 3.7 kW.

One of the typical water consumption patterns during the
daily cycle in residential water supply systems was chosen
for the research [23], [26]. The graph of changes in the hy-
draulic resistance of the network is shown in Fig. 2. The
start of the daily cycle is 5 s earlier, as the generator and
engine must first be accelerated. Conventionally, the cycle
is divided into four main phases: morning (6:00-12:00), day-
time (12:00-17:00), evening (17:00-21:00) and nighttime
(21:00-6:00). The highest load on the system occurs in the
morning and evening, when the hydraulic resistance of the
network is minimal. The gradual nature of the resistance

change is explained by the fact that processes in liquid
transport systems are subject to minor fluctuations. This
helps to improve the accuracy of training sets for the neural
network that estimates pressure, although there is no sig-
nificant impact on other system parameters. The increase
in the amount of training data, however, complicates the
modelling of such processes both in the time dimension
and in terms of memory usage of computing devices [27].

x10’
a, SZ/mS T T T T T

5 L

4 L

Fig. 2. Graph of changes in hydraulic resistance in the hy-
draulic network of the system

Further studies were carried out for the following values of
electric power Pva and the level of pressure stabilisation in
the hydraulic network to meet the needs of consumers:

— from 0 s to 7 s (morning cycle period) Ppba = 1.65 kW,
which corresponds to 30% of the total generator power
Piotal; pressure stabilisation level —5 m
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— from 7 sto 15 s (daytime period of the cycle) Ppai = 2.75
kW, which corresponds to 50% of Piotal; pressure stabili-
sation level — 10 m.

— from 15 s to 22 s (evening period of the cycle) Ppai = 0
kW, which corresponds to 0% of Piotal.

— from 22 s to 30 s (night period of the cycle) Ppal = 4.95
kW, which is 90% of Piotal; pressure stabilisation level —
40 m.

The results of the investigation are shown in Figs. 3-5.

H,m

Morning Daytime Evening

50

period period period

401

30

20

10 [t

\

0 5 10 15 20 25 ts

Fig. 3. Transients in a sensorless control system: actual H
and observed H pump pressure

Q, m*/h ; ‘ i

10

0 5 10 15 20 25 ts

Fig. 4. Transients in a sensorless control system:
pump performance

From the graphs in Figs. 3-5, it can be seen that in the pro-
cess of investigating the sensorless control system of the
turbomechanism with a modified pressure estimator and
feedback, which is powered by a wind turbine using an elec-
tronic load controller to redistribute excess electrical en-
ergy, the system successfully stabilises the pressure in the
hydraulic network within the daily cycle with high accuracy
at the corresponding specified levels. When comparing the
estimated pressure value in the sensorless control system

with the actual pressure value obtained using a pressure
sensor, the estimation error varies from 0% to 14%. Such
errors are caused by abrupt changes in the hydraulic re-
sistance of the network. At night, oscillatory processes are
observed due to the low resistance of the hydraulic net-
work. Since the pump acts as a ballast load, the developed
system can be used for additional tasks in water supply sys-
tems, such as irrigation or pumping water into tanks.

The results of the investigation have confirmed that the de-
veloped pressure observer can be effectively used in sen-
sorless pressure stabilisation systems in hydraulic networks
powered by wind turbines when redistributing excess en-
ergy.

w, rad/s

oy,

100

50| L_J

e

()_ J

0 5 10 15 20 25 ts

Fig. 5. Transients in a sensorless control system: velocity of
the pump drive motor

Conclusions. Based on the research, the following conclu-
sions have been formulated:

A sensorless water supply system with a modified feedback
pressure estimator was developed, which is powered by a
wind turbine using an electronic load controller under con-
ditions of stabilising the pressure of the hydraulic network.
This system allows the pumping unit to be used as a ballast
load in an autonomous network, which makes it possible to
consume excess energy and meet the needs of consumers,
such as pumping water into reservoirs and irrigation.

The design and training of a pumping unit pressure ob-
server is based on artificial neural networks, which ensures
the implementation of the principle of sensorless control of
turbomechanisms. Removing pressure sensors from the
system reduces its cost. The use of a neural network with
feedback allows for accurate modelling of dynamic pro-
cesses with an error of up to 15% in estimating process co-
ordinates. Dynamic errors are associated with abrupt
changes in the hydraulic resistance of the network.

Research was conducted on a sensorless control system for
a turbomechanism with a modified pressure estimator with
feedback, which is powered by a wind turbine while redis-
tributing excess energy. When comparing the estimated
pressure values obtained in the sensorless system with the
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actual pressure measured by the sensor, it was found that
the estimation error ranges from 0% to 14%.

The results of the investigation can be recommended for
use in the design of new or reconstruction of existing con-
trol systems for pumping systems powered by a wind tur-
bine with a self-excited induction generator, provided that
the wind turbine velocity is constant.
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