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Research of the regulator of an expander-generator unit

Abstract. The relevance of research is determined by the tasks of increasing the efficiency of alternative and renewable
energy power plants. The purpose of the work is to develop a method of coordinating the settings of the automatic
excitation regulators and the speed of rotation of the rotor of the generator from the vortex installation of the expander-
generator unit, which is part of the autonomous power consumption network. To achieve the goal, the methods of
mathematical modelling in the MATLAB environment, physical modelling, processing of experimental data, theory of
automatic control, theory of magnetic field, theory of electric machines, programming of microprocessor devices were
used. Considering the need to expand the base of alternative energy sources, the task of controlling the energy plant for the
utilization of excess pressure of gas transportation networks was considered. The study of the regulator of the expander-
generator unit was based on a model reflecting the interaction of mechanical and electrical processes. A set of nonlinear
differential equations corresponded to the description of these processes. Accurate consideration of nonlinearities of
the considered control object complicates the implementation of the corresponding microprocessor control systems.
Modelling is aimed at achieving a compromise between the required accuracy of object control and the possibilities of
simplifying the object control structure. The use of experimental and datasheet data of the devices made it possible to
evaluate the dynamics of turbine rotation and voltage generation, forming the factors for the untying of the control
circuits. The use of MATLAB with the Lookup Table option made it possible to perform a multi-point linearization of the
nonlinear description of the process, speeding up the modelling and adjustment of the regulator. This is important to

Article’s History: Received: 20.03.2024; Revised: 03.06.2024; Accepted: 15.08.2024.

Suggested Citation:
Kulinchenko, H., Panych, A., Masliennikov, A., & Leontiev, P. (2024). Research of the regulator of an expander-generator
unit. Machinery & Energetics, 15(3), 33-46. doi: 10.31548/machinery/3.2024.33.

*Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
oY Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0000-0002-8501-5636
https://orcid.org/0000-0003-2511-5763
https://orcid.org/0000-0003-1174-0322
https://orcid.org/0000-0002-9494-9078

Research of the regulator of an expander-generator unit

coordinate the settings of the frequency control loops and the output voltage, given the trade-off between the speed of
the regulator and the minimization of oscillations in the generation frequency. Based on the obtained results, a regulator
of the expander-generator unit was developed, which ensures the stabilization of the initial parameters of the unit under
the conditions of electrical load disturbances. In practice, the obtained data can be used in the integration of renewable
energy sources into the general energy system through the optimization of the operation of generators

Keywords: vortex turbine; rotation frequency; coordination of settings; nonlinear model; synchronous generator;

excitation regulator

INTRODUCTION

The perspective of any direction of improvement of pow-
er plants is determined by the design features of the main
parameters embedded in it, as well as the current charac-
teristics of the used working environments and automation
tools. In the conditions of real operation, rapidly changing
loads, work at fractions of power from the nominal, can
cause a drop in the efficiency of the power plant.

One of such power plants is the expander-generator
unit (EGU), which is used for monitoring the modes of tech-
nological equipment in gas distribution networks to provide
energy. At the same time, there are no strict requirements
for electricity generation modes, since electricity is ob-
tained by utilizing excess gas pressure. At the same time, as
the power consumption from the EGU increases, problems
arise with the stability of the received energy parameters.

The relevance of research is determined by the tasks of
assessing the energy efficiency of the operation of the EGU,
as well as the prospects of building a system of coordination
of local regulators, where deviations of the system param-
eters are involved in the regulation of the electricity gen-
eration process. Therefore, the prediction of the constant
correspondence of the volumes of generated and consumed
energy during the operation of the EGU determines the pos-
sibilities of effective operation of the installation. The need
to establish compliance is related to variations in electric-
ity consumption over time in the presence of disturbanc-
es in the parameters of the gas flow entering the turbine.

Accordingto].Bjorket al. (2022), the stabilization of the
turbine rotation parameters of a power plant can be solved
with the help of regulators built based on a turbine model
of a certain type. At the same time, power generation spe-
cialists S. Rajamand (2020) continued research on improv-
ing the means of controlling electric generators. The au-
thor noted that the use of a synchronous generator and an
adapted voltage drop system is important for maintaining
the stable operation of microgrids with inverters. Control
of a synchronous generator and modified drop allows for
efficient regulation of frequency and voltage in microgrids
incorporating inverter technologies. A. Mezerya & S. Pridv-
orov (2023) analyzed the qualitative indicators of the use of
different types of generators at mini-hydroelectric power
plants (HPP), focusing on the evaluation of efficiency, reli-
ability and environmental impact indicators. Understand-
ing these indicators helps in choosing the most appropri-
ate type of generator for specific operating conditions and
sustainability goals. In addition, this analysis provides in-

sight into maintenance requirements and long-term oper-
ating costs, which are important for optimizing the overall
efficiency of the mini HPP. The requirements for increasing
the efficiency of generation mode control determine the
use of more advanced algorithms for regulator settings.
Given the value of the moment of inertia of the rotors of
the vortex turbine (VT) and the EGU generator, respective-
ly, the small time constant of the plant, adequate methods
and algorithms for setting their regulators are necessary.

However, in the absence of correction of the values of
gas consumption, which is utilized, according to changes in
the electrical load of the network, the stabilization of the
rotation of the generator does not ensure an increase in the
efficiency of the EGU.

S.M. Baliuta et al. (2019) state that it is typical for tur-
bine and generator control loops, “having common input
control signals, not only to be designed but also tuned
separately”. A natural step to overcome such a situation is
the development of a unit for coordinating the function-
ing of the automatic excitation regulator (AER) and the
automatic rotational speed regulator (ARSR). In a theoret-
ical aspect, this approach can be classified as subordinate
regulation, the parameters of which are synthesized in ac-
cordance with the established control quality criteria, in
particular, the minimization of output voltage fluctuations
during load drops. However, the analysis of the results of
the regulator settings, conducted by H. Kulinchenko et
al. (2023a) in mathematical modelling and experimental
studies, shows that in addition to the dynamic parameters
of the control circuits, the quality of regulation is affected
by disturbances in the mechanical part of the EGU. There-
fore, the simulation results are implemented with the help
of additional SCADA-system automation tools of the EGU
experimental installation.

O. Zenovych et al. (2020) concluded that the setting
of AER and ARSR during the automation of experiments
allows to significantly improve the quality of working out
perturbations of the plant, however, the existing methods
and algorithms for coordinating the settings of the regu-
lators need improvement. Therefore, increasing the effec-
tiveness of the EGU involves solving the following tasks:

1) development of additional primary parameter con-
verters equipped with microprocessor interface means;

2) visualization of the parameters of the generation
process in real time with the required rate of experimental
data processing;
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3) generalization of experimental data for their further
application in the development of utilization units of the
model and technical series of VT, and in the future, jet-vor-
tex turbines.

Focusing on the adaptive control of VT, which ensures
the stabilization of the generator voltage and the EGU ro-
tational frequency during network load disturbances, the
task arises to work out the interaction of the subsystems of
the AER of the generator and the ARSR of the VT.

The purpose of the work was to develop a methodology
for coordinating the settings of the automatic excitation
regulators and the rotational speed of the rotor of the VT
generator of the EGU installation, which is part of the pow-
er consumption network.

The scientific novelty of the work is evaluated by the
prospects of using proven methods of controlling the tur-
bines of utilization plants in alternative energy.

MATERIALS AND METHODS

With the use of MATLAB Simulink options, a mathemati-
cal model of the ECU was built, which reflected the results
of the interaction of the mechanical and electrical parts of
the unit. It contained the previously obtained VT model
(Kulinchenko et al., 2023b) and the mathematical model of
the synchronous generator (SG) based on Park’s equations.
The Lookup Table (LUT) toolkit of the MATLAB Simulink
environment was used to build the SG model. It made it
possible to effectively display the nonlinear properties of
the plant in the model by constructing LUT tables based on
relevant experimental data.

The experiments were carried out according to the
diagram in Figure 1, during which the parametric identi-
fication of the synchronous generator (SG) model was per-
formed. As a result, the dependence of the value of the in-
ductance of the excitation winding of the G-273 generator
type on the excitation current L =£{I,) was obtained.
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Figure 1. Diagram for estimating
the time constants of the excitation winding
Note: R1 - variable resistor; SA1 - switch; R, and L, - active
resistance and inductance of the SG excitation winding;
PV - voltmeter; U - voltage; I, - excitation current; PA -
ammeter; PS — oscilloscope; FU - fuse
Source: created by the authors

The method of measuring the inductance of the ex-
citation winding of the SG was based on the measurement
of the time of the transient process of reaching a constant
value of the excitation current /.. The variation of the val-
ues of the excitation current of the winding was carried out

Kulinchenko et al.

by changing the values of the resistor R1. Registration of
the transient process of the increase in current I, was vis-
ualized with the help of a digital oscilloscope PS, which is
turned on in parallel with the shunt of the ammeter PA.
Thus, transient changes in voltage were matched to chang-
es in the excitation current.

The value of the inductance L, was determined based
on the value of the time constant T, which was obtained
from the registered transient process for different values
of the excitation current /. The presence of values of the
time constant T, made it possible to construct the desired
dependence L=f(I,) using the relation:

L=R*T, 1)

where R, - previously measured active resistance of the SG
excitation winding. The experimental dependence L,=f(I,)
obtained in this way was used in the construction of the
Lookup Table 1-D, which is included in the diagram for
modelling the excitation winding of the SG.

Also, within the parametric identification of the G-273
generator model, the experimental dependence of the elec-
tromotive force (EMF) of the generator on the excitation
current [, and the frequency o, that is, the no-load char-
acteristic (NLC) for different rotational frequencies of the
source of mechanical energy (M), was obtained. For this
purpose, experiments were carried out according to the di-
agram of Figure 2. It provided regulation of the current in
the excitation winding F1-F2 and fixation of the frequency
n of rotation of the SG using the frequency converter UZ.
Discrete stepwise changes in the current in the excitation
winding of the SG and the rotational frequency of the shaft
of the installation made it possible to obtain a family of de-
pendencies necessary for the creation of the Lookup Table
2-D, which is used in the general diagram of the SG model.

b4 5 250
\Y

Figure 2. Diagram of the installation for obtaining
experimental data on the estimation of SG parameters
Note: U, V, W and N - phases and neutral of a three-phase
alternating current source; PS — oscilloscope; PA1, PA2 —
ammeters; PV — voltmeter; UZ - frequency converter; SG —
synchronous generator; M — asynchronous motor; F1-F2 —
excitation winding of the synchronous generator

Source: created by the authors
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The same circuit provided measurements of current
and voltage values to calculate the resistances Xd and Xq
by the method of small slip. The investigated generator SG,
mechanically connected to the asynchronous motor M, was
controlled by the frequency converter UZ feeding the motor
M. In addition to measuring the voltage, the oscilloscope PS
in the diagram of Figure 2 allowed to measure the frequen-
cy of the generated voltage. This provided consideration of
the ratio of the rotor rotational frequency and the frequen-
cy of the generated voltage, which was calculated through
the number of SG pole pairs. The measurement of the phase
current of the armature winding, the values of which are
necessary for the calculation of Xd and Xq, was carried out
with the excitation winding F1-F2 open. The phases of the
SG stator were fed from a separate low-voltage three-phase
alternating current source. The frequency with which the
source of mechanical energy M rotated was slightly dif-
ferent from the speed of rotation of the SG stator field.

The reactive resistance when connecting the stator
winding according to the star connection is calculated as:

X, = Usmax

— Uamin (2)

)
Lamax

q

)
Lamin

wherel, ., I, - the minimum and maximum value of the
phase current measured by the PA1 sensor; U, . (at1, ),
U,,..@tI, y—minimum and maximum value of the phase
voltage in the rotation mode measured by the PV sensor.
The value of the calculated resistances (2) was used in
building of the SG model.

Testing of the EGU regulator adjustment capabilities
was carried out in the MATLAB Simulink environment on a
mathematical model in the mode of changing the electrical
load, which is considered a disturbance of the generation
process. Setting the parameters of the EGU regulator was
carried out using the MATLAB tool - SISOTOOL. This made
it possible to carry out step-by-step sequential coordina-
tion of EGU circuits and proceed to the practical imple-
mentation of the regulator.

The adequacy of the developed model was assessed us-
ing an experimental setup (Vaneev et al., 2019), presented
in Figure 3. It was manufactured and is located at Sumy
State University (Sumy, Ukraine) and includes a compres-
sor as a source of compressed air, a gas regulator armature,
turbine, electric generator, electric load, control and meas-
uring devices.

Figure 3. Photo of the EGU experimental installation

Source: created by S.M. Vaneev at al. (2019)

Algorithmic software of the EGU controller is imple-
mented on the means of a programmable logic controller
(PLC) Simatic S7-300 CPU 314C-2DP (Siemens, Germany).
The main software tools needed to build a SCADA-sys-
tem and implement control algorithms include Step 7 and
WinCC (Siemens, Germany).

RESULTS AND DISCUSSION
Development of the EGU model. The result of the inter-
action of the torque moment of the source of mechanical
energy — VT, the aerodynamic torque moment of resistance
of VT and the reaction torque moment of the generator to
the electrical load is the factor that determines the param-
eters of rotation of VT/generator. Since this result forms
the quality of electricity generation, in order to find out the
configuration of the coordinator of the AER and ARSR set-
tings, the structural diagram of the EGU model, shown in
Figure 4, was considered.

[Regulator|

&

GENERATOR

| (2=
Pressure{} IN Mg
w; Aw LY 1 S Synhronous
S Q My
UG . A U(;

Figure 4. Structural diagram
of the EGU model

Note: M, - turbine torque moment; M, - torque moment
of reaction of the generator; w,, Aw - turbine rotational
frequency setpoint, its control error; w,. - turbine rotational
frequency; U, AU, - generator voltage setpoint, its control
error; U, - excitation winding voltage; P — generator power;
I - generator current

Source: created by the authors
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In this diagram, as in any power plant, the main param-
eter of the regulated mode is the frequency of the generat-
ed alternating current. Since the deviation of this frequen-
cy from the nominal value is a parameter of the quality of
electrical energy, the task of the EGU control system is to
ensure the conditions for the normal functioning of the
unit. It is the difficulties of cheap maintenance of the gener-
ation frequency that have so far inhibited the introduction
of alternative energy installations to existing power grids.

The lack of opportunities to store energy and changes
in electrical load cause continuous balancing of generated
and consumed power. In the diagram (Fig. 4), this balancing
is reflected by the interaction of the VT torque moment —
M, and the reaction torque moment of the synchronous
generator M. The imbalance of moments (powers) caus-
es changes in the frequency of the generated voltage. In
the power plant, maintenance of the balance between gen-
erated and consumed power is achieved with the help of
an automatic frequency and active power control system
(AFAPCS). The AFAPCS system should perform the most
economical frequency regulation.

The primary automatic control of the voltage frequen-
cy and active power of the SG is carried out in accordance
with the tasks of controlling the rotational frequency. As a
result of changing the position of the regulating valve, the
pressure of the gas flow changes, which corrects changes
in the frequency of rotation of the turbine, affecting the
parameters of the generated gas power.

Another parameter that determines the modes of op-
eration of the EGU is reliability and economy. Insufficient
reliability of generation is manifested in disturbances of
network voltage values over time. Voltage sags or surges,
distortion of the voltage form are controlled with AER.
However, control of the SG voltage is associated with a
change in the rotational frequency, since in this case there
is a redistribution of power between the mechanical and
electrical components of the EGU. These components of
the plant are related to each other through a controlled
process, since frequency is the only parameter for SG and
VT. Neglecting this connection, widespread practice focus-
es on the independent synthesis of AER and ARSR. How-
ever, considering the specifics of the operation of certain
types of turbines leads to the need to use interconnected
control of the turbine unit (Baliuta & Kuievda, 2017; Bali-
uta et al., 2019). This approach involves the simultaneous
control of the interaction of AER and ARSR, which makes it
possible to build a system stabilizer, or coordinator of AER
and ARSR settings.

The possibilities of synthesis of the excitation and ro-
tational frequency control system, in accordance with the
indicated control tasks, largely depend on the structure
and complexity of the plant models used in the synthesis
of the regulator.

Previous research by the authors showed that the non-
linear VT model can be represented by a family of transfer
functions of the third order (Kulinchenko et al., 2023b).
These functions are built on the basis of linearization of

Kulinchenko et al.

the model at the selected operating points of the selected
range of operation of the VT. The number of points in this
range is determined by the requirements for the quality
and stability of ARSR control.

Then, seeing the nonlinearity of the description of the
SG functioning, the initial condition for the development
of the AER for the EGU is the analysis of the nature of the
nonlinearities of the SG model.

Mathematical model of SG. The key point of creating
a SG model is a compromise between the necessary detail
of its description and the level of reflection errors of this
model. It is the excessive detailing of the plant model that
complicates its use, hindering the development of simple
adequate control criteria.

In addition, the analysis of electromagnetic processes
occurring in the SG is associated with serious difficulties
that depend on the order of the equations describing the
model. In the MATLAB environment, the description of
SG is provided by second-, third-, fifth-, or seventh-order
models (Spoljaric et al., 2010; Hrytsiuk et al., 2017). Each of
these models corresponds to the level of problems solved
during modelling.

The system of differential equations, which is formed
with respect to the phase currents and voltages of the SG,
includes coefficients that change periodically when sim-
ulating the rotation of the rotor. These coefficients are
formed from the values of inductances and mutual induct-
ances (inductive resistances) of the SG windings. Magnetic
asymmetry along the longitudinal (d) and transverse (q)
axes is characteristic for the salient-pole design of the SG,
since the air gap along these axes is different. This asym-
metry is taken into account by the Blondel method, that is,
by the method of two reactions of the magnetic field.

The use of two reactions, or components of the induc-
tive resistance of the armature winding of a salient-pole SG
in Park’s equations (Melkebeek, 2018) makes it possible to
simplify the modelling of the generation process. A prac-
tical step to significantly simplify the structure of the SG
model is to consider the ratio of the time of transient pro-
cesses in the armature circuits and the time of processes in
the circuit of the SG excitation winding. Then, comparing
the value of the time for the winding of the armature cir-
cuit with the time constant of the excitation winding, it can
be assumed that the transient process is absent:

d . ayp

D — ;2 =0, (3)
where y,, y, - flux coupling of the armature according to
the d q coordinates.

An additional factor for simplifying the SG model is
the absence of a damping winding in the salient-pole SG of
the G-273 type, which is used in the experimental EGU in-
stallation. Then the simplified system of Park’s equations
for the armature circuit will look like this (Zenovych et
al., 2020):

E=wxy,, U=E-Ixx, U=I +x, 4)

Machinery & Energetics. Vol. 15, No. 3

N



Research of the regulator of an expander-generator unit

where y, - flux coupling of the armature winding with the
excitation flux @, which depends on the excitation current
I;x,=o*L;x =wx*L, - inductive resistances of the SG
armature winding along the d and q axes; I, 1,U,U,-pro-
jections of currents and voltages on the d and q axis. These
projections are related to physical quantities (voltage U,
and generator current I ) as follows:

Ug = /Udz +US% I = /Idz +1,% (5)

For the excitation winding, taking into account
its resistance R, and inductance L, the equation of the

relationship between the voltage U, and the current I, of
the excitation winding has the form:

d

Working with the SG model, as with the plant model,
involves the need to reflect the impact of disturbances on
the output parameter of the SG - the output voltage U,. The
relationship between this voltage and the SG parameters is
illustrated by a vector diagram based on the EMF of genera-
tor E (Fig. 5). This EMF is induced by the excitation winding
flux, which, in turn, appears due to the excitation current .

b)

Figure 5. The vector diagram (a) and the substitution diagram of the salient-pole SG (b)
Note: a - vector diagram; b — equivalent substitution diagram; E — EMF of the generator, U, - voltage generated by the
SG, 1~ load current, Zn — complex resistance of the load, ¢ — load angle, 6 - voltage U, shift angle relative to the EMF of

the generator E, X — complex resistance of the armature
Source: created by the authors

The analysis of the vector diagram in Figure 5 gives rea-
son to write down the following equations in relation to
the shift angle 6 - the voltage U, relative to the EMF of the
generator E:

Eq=Uxcos O+x I ,+r,1, )
_ Xq COS P—TgSINY
9 = arctg Zy +TqCOSP+xgSING” ®
In addition, we take into account that:
I =1;xcos(0+gp),1,=1;* sin(0+ ¢),
I.=U,/Z cosp=R /Z sing=x /Z, ©)

where R , x, — active and inductive load resistances; r, X -
active and inductive resistance of the armature winding.
The angle ¢ characterizes the ratio of active R and
reactive x, components of the complex load resistance Z :
Xn
@ = arctg_*. (10)
Using the formulas of trigonometric transformations,

the dependence of the EMF of the SG on the values of its
parameters and load parameters was obtained:

Ug

J1+tg?6

E,= (1 + 5 [xa(Ra*t g0+, )+7 (R, xtgO)]). (1)

Taking expression (8) into account makes it possible to
obtain a more compact equation of the output voltage of
the SG and its EMF:

Zn |XGn+7en
UG =

- 2 i
Xdn*XqntTan 4

(12)

where x, =x, +x ; X, =X tx;r1, =1, t+R, The next step of
simplifying the model involves neglecting the value of the
active resistance of the SG armature winding r, and con-
structing the equivalent electrical circuit of substitution
shown in Figure 5b (Vasko, 2020). In this way, the basic

nonlinear function of the G=U,/E model is obtained:

VRE+XE* [(Xq+xn)2+RE
G j—

- (xg+xp)*(xg+x,)+RE ’

(13)

which takes into account changes in the output voltage U,
depending on changes in the reactive resistance values of
SG and load parameters.

The specificity of modelling the generation process is
related to the need to reflect the influence of the change
in the frequency of rotation of the SG on the mentioned
changes in the resistance of the SG and perturbations of
the load parameters. Using the MATLAB environment,
according to equation (13), a diagram of the model of
the nonlinear function G, shown in Figure 6, is created.
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Figure 6. Diagram of modelling the nonlinear function G
Note: Xd, Xq and Ld, Lq — inductive resistances and inductances of the SG armature winding along the d and q axes; Rn,

Xn and Zn - active, inductive and complex load resistances
Source: created by the authors

The theoretical means of SG modelling are based on
the use of its datasheet data Ld, Lq, which are usually not
available, and sometimes do not correspond to reality. A
sufficient number of available practical methods, in par-
ticular the sliding method, allows us to experimentally
determine the necessary data for modelling. At the same
time, modern methods of estimating the resistances of the
SG reaction, which are based on the complex SG model and
its equivalent circuit (IEEE guide..., 2020), appear to be
more promising in terms of the practical implementation
of the model as a plant.

The general model of SG, in the form of plant, is sup-
plemented by the equation of the excitation winding (6),
which reflects the dynamics of the change in the current
I, under the influence of the voltage U, on the excitation
winding with resistance R and inductance L. As can be
seen from equations (4), (6), (13), the nonlinearity of the
entire SG model is formed not only by the nature of the
relationships of the parameters of the electrical load of the
generator, but also by the dependence of the complex re-
sistances of the SG and magnetic fluxes on the characteris-
tics of the magnetization curve.

The nonlinear functions representing the SG model
cannot be solved by analytical methods at this stage, which
creates problems for the next stages of modelling the EGU
and its regulator. Therefore, a successful step, which allows
using the Lookup Table (LUT) option of the MATLAB Sim-
ulink environment, based on stable modes of operation, to
obtain a plant model (Gurskiy et al., 2019).

The LUT tables are built on the basis of experimen-
tal data obtained during model adequacy evaluations on
an experimental installation. The possibility of adjusting
model parameters in accordance with the obtained re-
sults increases the advantages of this approach (Quadri et
al., 2019). In addition, the use of LUT tables reduces the
volume of calculation operations of linearization, since cal-
culation operations are replaced by operations of searching
for previously calculated values of the no-load characteris-
tic (NLC) and the short-circuit characteristic (SCC).

Values of EMF or reactive resistance that do not coin-

cide with the marker points of the LUT table are searched
for by linear interpolation during modelling. The appli-
cation of numerical methods for solving nonlinear equa-
tions with the help of LUT gives a practical opportunity to
build a nonlinear SG model for an autonomous power plant
(Michna et al., 2014).

The nature of the formation of controlling influences
on the generation of the EMF value of the SG is influenced
by the dependence of the inductance of the excitation
winding L on the current I flowing in the winding. Then,
in the presence of numerical values of the function L =f(1)),
obtained experimentally, a corresponding 1-D Lookup Ta-
ble is built in the MATLAB Simulink environment. This ta-
ble is used in the construction of the SG excitation winding
modelling unit, the diagram of which, according to (6), is
presented in Figure 7.

+

1 "
: If
X Lf
L 1-D
oy
Rf

Figure 7. Modelling block
of the SG excitation winding
Note: Rf and Lf - active resistance and inductance of the
excitation winding; Uf and If — voltage and current of the
excitation winding
Source: created by the authors based on O. Zenovych et
al. (2020)

The data needed to construct the table are obtained
using an experimental setup (Kulinchenko et al., 2023a).
The experimental values obtained during the generation
of voltage by the G-273 generator in the EGU installation
form the desired no-load characteristic:

E=f(I, ). (14)
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Function (14) reflects the dependence of the EMF of the
generator on the excitation current /, and the frequency o,,
which differs from the speed of rotation of the turbine w,
by the factor p — the number of pole pairs. The presence

of function (14) allows us to build a tabular form of 2-D
Lookup Table, which, in interaction with other blocks of
the modelling diagram, forms a nonlinear model of the SG.
The general diagram of the SG model is shown in Figure 8.
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Figure 8. General diagram of the SG model
Note: v — frequency of the generator magnetic field rotation; Rn and Ln — active resistance and load inductance; Uf -
excitation winding voltage; Ugen and Me - voltage and torque moment of the generator

Source: created by the authors

In this scheme, in addition to the equations of the
model (6), (13), (14), the function of imposing an electric
load after reaching the minimum speed of rotation of the
turbine is implemented. To prevent the collision of divi-
sion by “0”, the minimum value of the rotational speed of
the turbine shaft is introduced in the diagram, the torque
moment of which is not able to overcome the initial torque
moment of friction of the SG.

Structural synthesis of the regulator. Returning to
the structure of the EGU model, we can state that the out-
put voltage of the SG installation is regulated through two
control channels. At the same time, the two output param-
eters of the EGU model, determined by the modes of its
operation, are feedback signals (Fig. 4) for the regulator.
In this way, a two-dimensional control system is formed,
for the description of which the state space apparatus is
used (Baliuta & Kuievda, 2017). In order to practically use
the apparatus of the state space during modelling, the
plant is linearized at a separately selected operating point
of the installation with parametric constraints. However,
such an approach is justified only in cases where it is a
matter of stable modes of EGU operation. In the current
case, with changes in the electrical load, there are abrupt
changes in the controlled parameters of the SG, the use
of parameters of stable modes for modelling transient
modes is not justified.

When considering options for building the structure
of multidimensional regulators, attention is drawn to the
existence of cross-connections between control channels.
Considering the specifics of the studied plant, it can be
stated that changes in the excitation field of the SG only
indirectly affect the rotational speed of the EGU, while the
effect of changes in the rotational speed on the excita-
tion field of the SG can only be estimated theoretically.

The study of the interaction of mechanical and electro-
magnetic processes of power plants involves taking into
account the possibility of simultaneous influence of both
controllers on changes in output parameters. At the same
time, it can be considered that the work of one control
channel is a disturbance for another. Then the quality
of the control will depend on the ratio between the time
constants of the channels, which are determined by the
features of the operation of different types of turbines, in
particular VT.

Analysis of the results of previous studies by H.
Kulinchenko et al. (2023b) with VT and parameters of the
G-273 generator, which is used in the experimental EGU
installation, shows a significant difference in the time con-
stants of the control loops. At the same time, the speed of
the control circuit of the excitation of the SG is significant-
ly greater than that of the control circuit of the rotational
speed of the installation shaft. This makes it possible to
build the structure of the regulator as a set of AER and
ARSR subsystems with setting parameters that correspond
to the formed criteria of EGU control (Fig. 9).

The diagram includes the Sim Zbur disturbance simu-
lator, which simulates the transient processes of changes
in the load of SG. Observing the nature of changes in the
controlled parameters of the EGU allows us to adjust the
parameters of the involved regulators. The task of ARSR is
performed by RReg (relay regulator), and the tasks of con-
trol the voltage of the SG are solved with the help of the
PID regulator (AER), which controls the value of the excita-
tion current. This representation of the plant control struc-
ture greatly simplifies the process of parametric synthesis
of the regulator, since it is assumed that these control
loops, due to the difference in their time constants, are au-
tonomous. The software-algorithmic connection of these
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circuits is built in accordance with the tasks of increas-
ing the system’s stability margin and obtaining additional

Kulinchenko et al.

effects regarding the quality indicators of the transient
processes of the EGU installation.
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Figure 9. The general control diagram of the EGU
Note: f — generator voltage frequency setpoint; Rnav and Ln — active resistance and load inductance; Ugn - generator
voltage setpoint; RReg — rotational frequency relay regulator; SG - synchronous generator; Turbin — turbine

Source: created by the authors

Traditionally, during the construction of regulators of
power plants, the main attention is paid to the AER, since
it is believed that this circuit directly affects the voltage
of the generator. At the same time, considering the limit-
ed energy resource of the influence on the excitation field,
forcing chains are introduced into the composition of AER
or vice versa, when overcoming oscillations and swinging
effects — compounding (Rajamand, 2020). To overcome the
electromagnetic inertia of the excitation circuit, a control
effect is formed, which responds not only to the absolute
deviation of the output voltage, but also to the rate of its
change. In “strong action” regulators, derivatives of other
quantities are used, which determine the modes of opera-
tion of the SG, but this is impractical for power plants of
small power generation. On the other hand, increasing the
complexity of the AER complicates the process of adjusting
the regulator parameters from the point of view of ensur-
ing stability. This follows from the dynamics of the interac-
tion of electromagnetic and mechanical processes of EGU.

It can be seen from the equation of the SG model (13)
that the change in the frequency of rotation of the EGU,
which occurs when the load changes, determines the cur-
rent reactive resistances of the SG, which also depend on
the voltage of the generation U,. Therefore, the task of
stabilizing the rotational frequency of the EGU, which is
solved by ARSR, becomes decisive when building the EGU
control algorithm, since the stability of the generation fre-
quency also determines the overall quality of object control.

Solving the problems of the parametric synthesis of
the regulator is usually based on the results of the esti-
mation of plant parameters. Then the parametric iden-
tification of the model involves the determination of its
parameters [[= (7, 71,, ... m,) in the process of operation of
the plant or special experiments with it (Levinskyi & Lev-
inskyi, 2023). It was previously substantiated that due to
the non-linearity of the investigated plant, the processing
of experimental data obtained directly at the operating

object is considered to be the perfect means of parametric
identification of the model.

As it follows from the analysis of the tasks of the reg-
ulator and its structure, stabilization of the frequency of
rotation of the SG shaft is a mandatory condition for the
stable operation of the EGU. Previous studies of the auton-
omous vortex turbine rotational frequency control circuit
(VTC) have shown the effectiveness of using a 3-position
relay generator (Fig. 9). Having sufficient speed to con-
trol the stepper motor of the gas flow valve, this regula-
tor provides the necessary quality of regulation of VTC
(Kulinchenko et al., 2023b). However, the prospect of using
such a regulator in the EGU is determined by the results of
the VT/SG unit. The developed model (Fig. 9), which con-
siders the experimentally obtained parameters of the SG
and the known parameters of the VT, allows to simulate
the transient characteristics of the EGU parameters in the
MATLAB/Simulink environment. Visualization of these
characteristics is shown in Figure 10.
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From Figure 10, it is possible to estimate the time of
transient processes of EGU circuits. The obtained oscil-
lograms confirm the difference in the control time of the
EGU control circuits, which is the basis for building the
structure of the regulator according to the autonomous
structure. The tasks of the parametric synthesis of the
EGU regulator stem from the criteria of minimizing the
control time and the overregulation value. At the same
time, considering the difference in the dynamics of the
control channels, there is a need for interaction settings
between the circuits, since the control actions of one

parameter are disturbances for another. Then, the task of
developing control system settings algorithms is added to
the tasks of parametric synthesis.

The results of stabilization when turning on the ad-
justed regulators, obtained on the model of Figure 9, are
shown in Figure 11. The demonstrated possibility of set-
ting the parameters of the EGU regulator, which is car-
ried out using the MATLAB tool - SISOTOOL, allows us to
perform step-by-step sequential coordination of the EGU
circuits and proceed to the practical implementation of
the regulator.
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Figure T11. Oscillograms of the EGU output parameterU
Note: a) - oscillograms of generation parameters, regulators are turned off; b) - oscillograms of generation parameters,
regulators are turned on; w(t) - rotational frequency; U(t) — generation voltage; R(t) — load resistance

Source: created by the authors

The effectiveness of the developed regulator can be il-
lustrated by the oscillograms shown in Figure 12. It allows

us to stabilize the rotational frequency and voltage of the
generator within 5%.
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Figure 12. Oscillograms of the EGU experimental installation output parameters
Note: a) - oscillograms of generation parameters, regulators are turned off; b) — oscillograms of generation parameters,
regulators are turned on; n - rotational frequency; U - generation voltage; load - load status

Source: created by the authors

Considering the place of EGU in alternative energy, it
is advisable to consider the specifics of power plant man-
agement, which differ in the source of mechanical ener-
gy. Regarding steam turbines, it can be noted that with
the development of software and technical control tools,
the corresponding classical methods of building control

devices are improved to the introduction of digital control
platforms. This is due to an effort to make more efficient
use of resources spent on operation and maintenance of
existing equipment by improving system performance. Fac-
tors stimulating the introduction of modern control tech-
nologies are the insufficient speed of steam turbine (ST)
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valve servomotors and the drift of parameters over time.
Exploring control systems and ways to improve steam pow-
er plant controllers, M. Dulaua & D. Bica (2014), V.N. Sev-
erin et al. (2016) paid the main attention to the stabiliza-
tion of the rotation speed of the ST, taking into account
a certain inertia and insufficient speed of the controlled
equipment due to the large power of the ST. In the sec-
tor of hydro-turbine equipment, there is also a prevailing
trend towards the introduction of systems for controlling
the frequency of rotation of the hydro-turbine rotor. At the
same time, the development of control systems is reduced
to a plant linearized description. As O. Hasiuk (2023) noted,
“improving the dynamic characteristics of speed regulators
of hydroturbines requires the development of nonlinear
mathematical models followed by the analysis of transient
processes in the hydraulic drive of the speed regulator”.
With a similar purpose, in this study, linearized VT models
were used, and SG nonlinearities were taken into account
in the development of EGU regulators.

Investigating the construction of control systems of
alternative or distributed energy, S. Boiko et al. (2021), fo-
cused on finding their additional functionality. According-
ly, when developing the structure of power plants, they set
the goal of providing consumers with a stable voltage of a
constant frequency regardless of changes in system param-
eters. In this case, the system moves from direct control
of the object to a higher level of control - solving optimi-
zation problems. In this paper, a similar problem of elec-
tricity generation according to the given parameters is also
solved in relation to the EGU.

Research by S.M. Vaneev et al. (2019) are devoted to
increasing the energy efficiency of utilizing turbine gen-
erators by optimizing their parameters and characteristics.
The perspective of the development of small power utili-
zation turbogenerators is determined by the availability of
hardware and software tools that ensure the implementa-
tion of turbogenerators in the gas transportation system
of Ukraine. The results of this study allow us to move on
to the construction of the EGU with the corresponding au-
tomated control systems. The successful implementation
of alternative energy sources solves the problem of decen-
tralization of energy supply by regulating energy system
consumption peaks.

According to S. Denysiuk & I. Boiko (2021), optimi-
zation of operating modes of Microgrid with diesel gen-
erators can be considered as a decentralization option.
Considering the criterion of optimization - the reduction
of fuel consumption of diesel generators, the task of di-
rect influence on the amount of generated electricity by
technical means of automation has not been solved at the
present time. Analysing the development trends of power
plant control systems, it can be stated that load frequen-
cy control (LFC) has moved from traditional optimization
methods to hybrid metaheuristic optimization. This is due
to the fact that the introduction of hybrid power systems
with solar, wind and diesel power plants leads to a decrease
in the overall inertia of the power system. Thermal power
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plants operating on coal, and which are basic in the energy
system, compared to renewable energy sources, have great-
er inertia. When energy flows during times of load in the
power system, frequency fluctuations are observed, which
are associated with different inertia of the system blocks.
Research by I.A. Khan et al. (2023) show that compensa-
tion of fluctuations at the current stage of development of
power system control systems is carried out with the help
of virtual inertial devices, which are implemented on the
basis of hybrid and cascade controllers. At the same time,
such a phenomenon is not observed during the operation
of autonomous power plants. Therefore, an alternative to
complex virtual inertial devices is the approach, according
to which the control of the installation is based on the co-
ordination of the plant coordinate settings, which is con-
sidered in the work of A.A. Gursky et al. (2020). In the EGU
aspect, these coordinates are the output voltage and the
generation frequency. The approach proposed in this paper
to solving the tasks of the coordinated functioning of the
AER and the ARSR allows to improve the damping charac-
teristics of the system.

Therefore, the development of the EGU model made
it possible to determine the rotation parameters of the VT
and the generator, which affect the quality of electricity
generation. To ensure reliable and effective regulation of
the frequency and voltage of the generator, a structural di-
agram of the EGU model has been developed, which takes
into account the interaction of the turbine torque moment,
the generator reaction torque moment, and the electrical
load. The nonlinear SG model is developed using a family
of transfer functions and numerical modelling methods in
the MATLAB Simulink environment, which allows consid-
ering the specifics of the turbine unit operation and im-
proves the accuracy and stability of regulation.

CONCLUSIONS

A model of the synchronous generator used in the exper-
imental installation of the physical model of the expand-
er-generator unit was developed. The use of the Lookup
Table option of the MATLAB environment in the model
made it possible to consider the nonlinear characteristics
of the control object obtained from datasheet data and
experimentally. Using the synchronous generator model
and the previously developed turbine model, a EGU model
was developed, which is part of the autonomous electric-
ity consumption network. Its use allows us to study con-
trol processes and assess possible errors associated with
simplifying the description of the control object in the
process of building regulators. The evaluation of the dy-
namic characteristics of the control channels of the stud-
ied two-dimensional control object made it possible to
virtually untie the channel regulators and consider them
autonomous. This made it possible to coordinate the set-
tings of the automatic regulators of excitation and rotor
speed of the EGU generator, to investigate the operation
of the regulators on the EGU model and to proceed to
their practical implementation.
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The test of the previously developed microprocessor
rotational speed regulator of the vortex turbine and the
excitation regulator of the synchronous generator, which
are implemented on the basis of the Siemens Simatic PLC
§7-300 CPU 314C-2DP, confirmed the feasibility of the ap-
proach to the settings of the EGU regulators proposed in
the work. Developed EGU regulators provide stabilization
of the output parameters of the unit under conditions of
electrical load disturbances. The design features of the ex-
perimental setup, due to the slight inertia of the processes
accompanying the generation process, did not provoke the
occurrence of frequency fluctuations of the generated volt-
age. At the same time, changes in the frequency of rotation
of the EGU shaft, which accompany changes in the electri-
cal load, have a fading character.

The perspective of further studies of EGU regulators
is presented as the implementation of proven methods

of their development in the design of the gas distribution
network system. Another direction of using this research is
the approbation of various control laws when simulating
disturbances at power plants of alternative (renewable) en-
ergy. The closest prospect of research is seen in the devel-
opment of EGU regulators using jet turbines and turbines
with a higher generation capacity.
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Docnip)XeHHA perynatopa aeTaHAep-reHepaTopHoOro arperaTty

AHoOTaLif. AKTYaJIbHICTb JOCTiIKeHHSI BUSHAYAETHCS 3aBAAHHSIMMU ITiABUIIEHHS e(DeKTUBHOCTI €HeProycTaHOBOK
aJbTepHAaTUBHOI Ta BiJHOBIIOBaHOI eHepreTuku. MeTa pob6oTu mosisirae B po3pob6ii MeTOAMKM KOOpAMHAIii
HaJalITyBaHb aBTOMAaTUUHUX PETyISITOPIB 30yIsKeHHS i MBUIKOCTI 06epTaHHS pOTOpa reHepaTopa 3 BUXPOBOi
YCTaHOBKM JleTaH/ep-reHepaTOPHOro arperary, 1110 BXOAUTD 40 CKJIaly aBTOHOMHOI MepeXi eJ1eKTPOCIIoXMBaHHS. 115
JIOCSATHEHHS [T0CTaBIeHOI MeTV BUKOPUCTOBYBAINCS METOLM MaTeMaTUUYHOTO MOAentoBaHHs y cepenoBuini MATLAB,
GbisnyHOTO MOZENIOBaHHS, 06POOKM eKCITepMMEeHTANbHIUX JaHMX, TeOpii aBTOMaTUUYHOTO KepyBaHHs, TeOPii MarHiTHOTO
T0JIs1, Teopii eleKTpUUHMX MaLIMH, TPOrPaMyBaHHS MiKpPOIIPOLIeCOPHUX MPUCTPOIB. 3BaXKal0UM HA HEOOXiIHICTh
po3imupeHHs 6a3y aabTepHATUBHUX eHepro/kepest, PO3IIsfanacs 3afaua KepyBaHHS eHepreTMYHOI0 YCTaHOBKOIO
yTuiisauii HaIMIKOBOTO TUCKY ra30TPaHCIIOPTHUX MepexX. JIoCIiI)KeHHs peryasaTopa leTaHiep-reHepaTopHOoTo
arperaTy I'pyHTYBaJIOCsI Ha MOJ€JIi, 0 Bigo6paskae B3a€MO/IiI0 MPOIIeCiB MeXaHiuyHOi Ta eleKTpuuHoi pupoau. Onucy
LIMX MPOIeciB BiATIOBigasa CyKymHicTh HeNiHiiTHUX qudepeHIiiiHNX piBHsAHb. TouHe BpaxyBaHHS HesliHiftHOCTeI
06’eKTa KepyBaHHS, 1[0 PO3IVISIIABCS, YCKIALHIOE peasisallilo BiloBiLIHOT MiKpOIIPOILIeCOPHOI CCTeM KepyBaHHSI.
MogenoBaHHS CIIPSIMOBaHe Ha JOCSITHEHHSI KOMIIPOMiCy MisK HeO0O6XiJHOI0 TOUHICTIO peryaoBaHHsS 06’ €KTOM Ta
MOXK/IMBOCTSIMU CIIPOLIEHHS CTPYKTYPHU KePYBaHHS 06’€KTOM. BUKOPUCTAHHS eKCIIepMMeHTaJIbHUX i MacMOPTHUX
IaHMUX MPUCTPOIB LO3BOIMIO OLiHUTK JMHAMIKY 06epTaHHSs Typ6iHM Ta reHepanii Hanpyru, GopMylounu YMHHUKU
PO3B’SI3KM KOHTYPiB KepyBaHHs. 3acTocyBaHHsSI MATLAB 3 onuieto Lookup Table go3Bonuio 3ailicHUTI 6araTOTOYKOBY
JliHeapu3allilo HeJIiHiIfIHOro ONuCy NMpoLecy, IPUCKOPUBIIM MO e/I0BaHHS 1 HajlallTyBaHHS perynstopa. lle BaxkiuBo
IJIS1 KOOpAMHAIlil HaJIAIITYBaHb KOHTYPiB KepyBaHHS 4aCTOTOI0 06epTaHHS Ta BUXiJHOIO HAMIPYTOI0, 3BAYKAI0OUM Ha
MPOTUPIYUS MiXK MIBUAKOAI€I0 PETYISITOPA Ta MiHIMi3alli€l0 KONMBaHb 4YaCTOTY reHepallii. 3a OTpUMaHUMMU pe3yabTaTaMu
PO3pO6IEHO PErYIATOp AeTaHAep-TeHEPATOPHOTO arperary, sikuii 3abesneuye crabinisallilo BUXiTIHUX MTapaMeTpiB
arperaTty B yMOBax Jii 30ypeHb eJIeKTPMIHOr0 HaBaHTAKeHHSI. Ha mpakTuili oTpMmaHi JaHi MOXKHA BUKOPUCTATHU B
iHTerpaiii BiZHOBIIOBAHMX JIsKepes eHeprii 0 3araJibHOi eHeprocucTeMy yepe3 ONTHUMi3allilo poboTH reHepaTopiB

Knio4oBi cnosa: BuxpoBa Typ6iHa; yacToTa 06epTaHHs; KOOPAMHAILS HaallTyBaHb; HeTiHi/iHa MOIEe/b; CUHXPOHHUI
reHepaTop; PeryisiTop 36y KeHHS
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