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ABSTRACT

The desire for energy independence presupposes the use of various types of elements for energy generation from renewable
sources, for the stand-alone operation of which energy storage devices are required. A power generation complex created in this way
must perform a number of tasks that are formed by the energy management system. The control system performs these tasks and
ensures proper static and dynamic characteristics of this complex with many inputs and outputs. The results of recent world
researches, as well as the authors experience of this work, show that, for creating such control systems, it is advisable to use Passive-
Based Control (PBC), presenting the control object as a Port-Controlled Hamiltonian (PCH) system. Thanks to the developed method
of additional interconnections and damping injection (Interconnection & Damping Assignment - IDA) passive control provides
ample opportunities to adjust the control effects, while ensuring the asymptotic stability of the system as a whole. This is particularly
useful in the complex system considered in this paper that includes both a hybrid power plant for electricity generation from the sun
and wind and a hybrid energy storage unit consisting of the battery and supercapacitor module. This article shows the procedure of
PBC system synthesis, according to which three structures of control influence formers (CIF) were designed and investigated. These
structures have different combinations of additional interconnections and damping, which allows forming the desired energy flows
inside the closed-loop system and therefore provide desired control results. Among them, there are tasks of maintaining voltages on
the DC bus and the supercapacitor module at reference levels, and the smoothness of the battery current transients. A comparative
simulation studies were performed on a computer model of the power generation complex with synthesized control systems, which
was created in the MATLAB/Simulink environment. It showed the efficiency of their work and the advantages of different CIF
structures.
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INTRODUCTION

Modern scientific and technical base opens up
many opportunities of using devices for electricity
generation from renewable sources, as well as
energy storage units under the conditions of
autonomous power plants. This is especially true for
remote consumers, whose connection to the central
grid requires significant investment, which is
unprofitable. Another category of consumers of
autonomous power generation complexes are those
who seek for energy independence. Therefore, the
use of new means of electricity generation together
with its accumulation is an urgent modern task
[1, 2].

From technical and economical points of view,
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hybrid systems for both energy generation and
energy storage are the most efficient. At the same
time, some tools complement others. Among
combinations of several generation sources, a
combination of wind turbines and solar photovoltaic
installations is often used, because they mainly work
at different times and in different weather conditions
[3, 4], [ 5]. Among hybrid energy storage systems, a
combination of batteries with supercapacitors is
often used [6, 7].

Rechargeable batteries as accumulators of
electricity have a long service life at constant and
low load currents; however, abruptly changing and
heavy loads significantly reduce their service life
[8]. Supercapacitor modules (SCM) composed of
individual supercapacitors with high capacitances, in
a hybrid energy storage system, take large and fast
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loads on themselves, protecting the battery and
increasing its lifetime [9, 10]. The efficient operation
of hybrid integrated energy generation and energy
storage systems requires the development of
multifunctional, stable and fast control systems for
such multi-input complex objects, which need to
provide qualitative control characteristics.

The proposed solution of this challenge is to
use a passivity-based control system, which thanks
to the interconnections and damping assignment
allows forming characteristics while ensuring the
asymptotic stability of a complex nonlinear system
[11].

LITERATURE REVIEW

Integrated hybrid energy generation and storage
systems as control objects are complex and usually
nonlinear dynamic systems with many inputs and
many outputs (Multiple Input Multiple Output —
MIMO). In addition, the management of such
complexes is characterized by multi functionality.
All this significantly complicates the task of creating
gualitative control systems for such complexes.
Therefore, the latest rather complex methods of
modern control theory of nonlinear systems are used
to create control systems, in particular: Adaptive
Sliding-Mode Control (ASMC) [12], Model
Predictive Control (MPC) [13], Fraction Order
Control (FOC) [14], intelligent control methods
(FLC - Fuzzy Logic Control) [15], energy
approaches (FC — Flatness Control [16] and PBC —
Passivity-Based Control [17]). Among them, PBC
and its structural synthesis by the procedure of
Interconnection and Damping Assignment (IDA)
have a clear understanding of energy patterns during
the formation of control effects, as well as ease of
asymptotic stabilization of synthesized systems [18,
19]. Many complex nonlinear object control systems
have been successfully synthesized using the IDA-
PBC method, such as [20, 21], [22].

In our work, we have successfully applied PBC
to wind and photovoltaic systems, as well as hybrid
battery-supercapacitor systems of electricity storage
[23, 24], [25, 26], [27]. The experience gained in the
use of PBC has allowed us to develop a method of
structural synthesis of possible control influences
that ensure the stability of the system. It consists in
developing for a specific dynamic object its
mathematical model in the form of a port-controlled
Hamiltonian (PCH) system and creating in the
MathCad computing environment a corresponding

program. This program symbolically solves a system
of nonlinear equations with  predetermined
interconnection between system elements and
damping effects and gives expressions for control
influences that ensure the stability of the system
[28].

The energy-shaping control is based on the
function of the total energy of the system
(Hamiltonian), which has the form:

H (x) Z%XTD_IX , (1)

where: X is the state vector of the system; D is the

diagonal matrix of inertia coefficients of the system.
Any system is considered and described as PCH

in the form of the following vector-matrix equation:

X(t) =34 () =R () JVH () + G (x)u(t), (2)
where: J(x) is the skew-symmetric matrix that
describes interconnections in the system; R(X) is the
symmetric matrix that describes damping in the
system; G(x) is the port matrix; u(t) is the vector of
control influences; y(t) is the vector of output energy
variables.

The main idea of PBC (energy-shaping
control), in particular by the IDA-PBC method, is
the purposeful formation of the energy function (1)
of the system (2) and, thus, the impact on transients
and steady processes in it [29], [11]. In a closed-loop
system, the desired energy function Hgy is formed to
be such that at its minimum the system will be at a
given equilibrium point x.

The synthesis of the PBC system consists in
finding the following additional interconnections J,
and damping R., which will form the required Hg:

H, (%) =%>~<TD-1>~< 3)

where X =x—-X is the new state vector, defined as

the difference between the state vector of the object
x and the desired vector X, which is the control task.

The structure of a closed-loop PBC system,
which is a priori asymptotically stable, is described
by the following equation [18]:

X(1) = 4 (%) =Ry (%) JVH, (%), (4)
where Jg and Ry are new matrices of
interconnections and damping of the desired closed
system, which consist of interconnections and
damping of the control object and energy-forming
passive control system: Jg=J + J,, R = R + R,.
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To obtain the equation of a closed-loop
controlled system in the form (4) for a given
structure of control influences J, and R, the
necessary expressions of control influence formers
(CIF), which are elements of the vector u(t), are
obtained from the equality of the right parts of
equations (2) and (4) by symbolic solution of the
matrix equation [11]:

(1) =[I(x)-R(x) DX +G(x)u(t) = |
[‘]d ()N()_Rd (X)] DX
THE PURPOSE OF THE ARTICLE

This work aims to synthesize control variants
for a PBC system of a hybrid wind-solar power plant
with a hybrid battery-supercapacitor energy storage
system and to conduct a comparative analysis of the
use of different CIF configurations for the
synthesized system by computer simulation using
MATLAB/Simulink.

To achieve this goal it is necessary to solve the
following tasks:

* to develop a mathematical model of the
studied system as a PCH system;

* to create Mathcad program for symbolic
solution of matrix equation (5) for studied system,
and obtain possible and available for practical
implementation CIF structures;

()

* to develop a computer model of the studied
electro generating complex in the
MATLAB/Simulink environment;

* to investigate the effectiveness of individual
elements of interconnections and damping included
in the obtained structures of CIF;

e to conduct via computer simulation
comparative studies of the system with different
obtained structures of CIF and select the most
effective of them.

MAIN PART. DESCRIPTION OF A HYBRID
COMPLEX OF ELECTRICITY GENERATION
AND ENERGY STORAGE

The object of control in this study is a power
complex that combines two types of electric energy
generation elements and two types of electric energy
storage elements. The complex consists of a solar
photovoltaic system PV, a wind power plant (which
consist of a Windmill, a permanent magnet
synchronous generator PMSM and a diode rectifier),
a battery B, a supercapacitor modules SC and a Load
(which consist of L-R circuit with a back EMF)
connected to the DC bus capacitor Cuus (Fig. 1).
These devices for generating and storing energy are

| Windmill

| |IPMSM

Fig. 1. Electrical diagram of the power part of the hybrid power complex with elements of

generation and storage
Source: compiled by the authors
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also connected to the DC bus, but through their
power converters DC-DC1 — DC-DC4 of different
topology. The photovoltaic system and the wind
power plant are connected via unidirectional DC-DC
converters of the step-up type, respectively DC-DC1
and DC-DC2, which carry out automatic control to
ensure the operation of power plants at their
maximum power points. The battery and SCM are
connected via bidirectional DC-DC converters, DC-
DC3 and DC-DC4, respectively, which allow using
batteries and SCMs of lower voltage than required
for the DC bus, and provide automatic regulation of
charge and discharge currents in these energy
storage devices.

As you can see, this hybrid power complex
combines a number of devices, which even in
individual use are quite complex objects. With the
joint coordinated operation of these devices in the
existing system, there are difficulties in the correct
choice and application of the automatic control
system and the creating of control effects on the
object of control.

MATHEMATICAL MODELING OF THE
STUDIED SYSTEM AS A PORT-
CONTROLLED HAMILTONIAN SYSTEM

According to the electrical diagram (Fig. 1), the

duty cycle of DC-DC converters in the
corresponding electric circuits (by analogy with
inductors), and Vpus is the voltage on the DC bus
supplied to the load.

Since the energy accumulators in such a system
are the inductors in the load circuit, solar power
plant, wind power plant, the battery and the SCM, as
well as the capacitors, SCM and Cyys, it is advisable
to choose the energy pulses of these drives as
elements of the state vector [11]. Then the state
vectors of the studied PCH system are obtained in
the form:

X1 [ Lo 7 [ 8 ]
X2 Lscisc isc
X3 ChusVbus Vbus
X=|X4|= Cscvsc =D Vs |, (7)
Xs Ly I
X6 vaipv ipv
ood L L, | iy,

where D = d|ag[|_b Lsc Cous Csc Ly va LW] is
the diagonal matrix of inertia of the system.

The other notations are clear from Fig. 1. The
port matrix G is the single diagonal matrix, and the
input and output matrices have been obtained in the
forms:

) . ) r Vb [ 7 ]
mathematical model of the control object, which 0 i
describes its dynamics based on Kirchhoff's laws, 0 Vbus
will look like: u=| 0 |; y=| Vse |- (8)
di —E 1
L, d_: =V ~ VousTp Vpv ZPV
d. L Vy 4 L 1y
i
Lscd_;czvsc ViV The Hamiltonian of the system taking into
dv account the selected state vector x and according to
Coue ﬁ =1y Yy iV i Yo Hi Yy — i (1) will look like:
1 — 1(1 1
e | ®) H) =300 x = (o + ok +
Cdt ’ 1 1 1 1 1
di N SX§+C—X£+L—1X52,+¥3(£+L—X%). (9)
| _ - u SC v ‘W
Ly = Vo ~E R Then, the matrix of system interconnections
di will look like:
pv
va W - va _Vbusva 0 0 _yb 0 0"
LR 0o 0 -y, 1 0 0 0
e % B Y O 0 =L v
where: Ly, Ls, Li, Ly, Lw are the inductances in the J@={o -1 0 0 0 0 0].(10
. 0 0 1 0 0 0 O
battery, SCM, load, solar and wind power plant, 0 o0 - 0 0 0 0
respectively; Ry is the load resistance; E; is the back o
EMF of the load; yb, Vsc, Ypv, Yw are the coefficients of 0 0 -y, 0 0 0 0]
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The diagonal damping matrix R(x) of the
system will have only one non-zero element, namely
R55= R|.

THE SYNTHESIS OF PASSIVITY-BASED
CONTROL SYSTEM

The main tasks of the synthesized control
system, which together form the strategy of energy
management (SEM), are as follows:

e maintaining the reference voltage of the DC
bus at the level V,,, during changing power
generation of solar and wind power plants, as well as
load capacity;

)—(:{Lb{M.VL’LSJ 0 CV,s C
Ry Vb
[ O J12
12 0
_j13 _1:23
Ja®)=| V14 V2
_j15 _j25
_j16 _j26
|—/; Uy

R,(x) = diag[—"11

¢ in the case of growth of the amount of energy
generation or consumption by the Load and battery
current achieving the maximum level of
charge/discharge +I} ,.x — keeping this value at a
given level; the remaining load power should be
used by SCM, and after reducing the power on the
load, the system should leave the limit.

Thus, according to the generated SEM, you can
set the values of state variables at the desired
equilibrium point as is shown in the vector (11),
where Ipy and I are the currents of the solar
plant and the output of the rectifier of the wind
turbine, respectively, which act as perturbations
in the system.

According to the principles of passive control
by forming the desired interconnections and
damping, we can form the complete matrices of the
control system Ja(x) and Ra(x), respectively (12) and
(13).

Based on the obtained mathematical model of
the studied dynamic system (2), (7) - (10), it was
created a program in the Mathcad environment that
allows, using symbolic mathematics of this
application, to solve the vector-matrix equation (5)

SC

—rn

e formation of SCM charging/discharging
processes in order to lead its voltage to a given value
Vz to provide random opportunities for energy
absorption and return during significant changes in
power generation or consumption;

e ensuring energy exchange between the battery
and the DC voltage bus within the capacity
corresponding to the specified value of the battery
current 1 .., but the change in current should be
slow (which will increase the lifetime of the battery),
leaving the operation in rapid transients of the load
change on the SCM;

« Vs —E
Vsc I-I USR—I valpv I-W IW (11)
j13 j14 J:lS J:16 j17
Joz Ja Jas Jae Iy
O Jau s S Uy
a0 s Jas o Jagf (12)
36 Jae Is6 0 Jer
J37 Ja1 TIs7 g1 O
—r33 Tra Trss Tlee  TI77]. (13)

for any combinations of given elements of matrices
(12) and (13). If there is an analytical solution, we
get the expressions CIF, which provide asymptotic
stability of the whole system. These expressions are
practically reduced to the control laws of DC-DC
converters, namely, the duty cycle coefficients

vaana Yb: and Ysc-

According to the results of computer studies of
possible options for additional interconnection and
damping, three fundamentally different CIF
structures were synthesized: 1) without additional
interconnections and damping; 2) with additional
interconnection j»; and damping ri; 3) with
additional interconnection j13 and damping ry. The
duty cycle coefficients of all DC-DC converters in
these structures are given in Table 1.

As a result of research, the following effects of
additional interconnections and damping introduced
in the CIF were revealed and the following
recommendations for their application were formed:

ri; — improves voltage stabilization on the DC-
bus v, at the desired level, as well as stabilizes and
maintains the voltage on the SCM v, at the desired
level, using more battery energy;
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Table 1. CIF structures for three variants of passive control systems

System 1
. y . System 2 System 3
(without additional (j25: r11) (j15: 122)
JandR) 23; N1 13; 22
v Vb vp — IpT1q HlpTiq Vb = Vbus/;3 +Vl;<usj13
b * * *
Vbus Vbus Vbus
¥ Vst: Vst: - Vbusj23 +Vt;kusj23 Vs’:: + iscr22
¥ Vbus Vous Vbus
. Vov Vv Vpv
pY Vt;kus Vl:us Vgus
VW VW VW
’Y * * *
W Vbus Vbus Vbus

Source: compiled by the authors

Jo3 — accelerates the transients, reduces energy
consumption from the battery and increases its use
from SCM to ensure the desired characteristics of
the system;

jiz — affects the speed of the system, somewhat
slowing down the transient voltage on the DC bus
Vpus, increases the use of energy stored in the
battery, and reduces the use of SCM energy;

r,» — improves the v, voltage stabilization at a
given level, reducing the impact of the load on the
system and using more SCM accumulated energy.

Disturbing factors that affect the system are
changes in the intensity of solar radiation and
fluctuations in wind speed (Fig. 3), as well as
changes in load — the back EMF of the load branch

(Fig. 6).

RESEARCH OF THE OBTAINED
STRUCTURES OF CIF BY COMPUTER
SIMULATION

In order to conduct comparative studies of the
synthesized systems, in accordance with the
electrical diagram shown in Fig. 1, a computer
model (Fig. 2) is compiled in MATLAB/Simulink,
which consists mainly of ready-made blocks of the
SimScape library: PV Array simulates a solar
electrical installation, Battery simulates battery
operation, Supercapacitor simulates SCM operation.
DC-DC converters operate in Average mode to

reduce simulation time. The Wind Power Plant
subsystem simulates the operation of a wind turbine
with a vertical axis of rotation, a synchronous
generator with permanent magnets, and a diode
bridge connected at its output. In the interval of
relatively short simulation time, the average wind
speed was chosen at the level of 10 m/s with slight
fluctuations.

To study the operation of the passive system
settings, a low-power system configuration was
selected: solar photovoltaic panel 1Solitech 1STH-
235-WH with a capacity of 235 W, wind turbine
with a nominal power of 500 W at a wind speed of
11 ml/s, lead-acid battery with a voltage of 24 V,
rated with a capacity of 18 Ah and a state of charge
(SOC) of 40 %, SCM is composed of 10 series-
connected  supercapacitors BCAP0650  from
Maxwell with a capacity of 650 F and an internal
series resistance of 0.8 mOhm.

The research was carried out according to the
following parameters of the investigated installation,
CIF control system, as well as reference signals: Ly
Loy = Lw =5 mH, Lj =1 mH, Li = 2 uH, Cps
3,3 mF, V*bus =48 V, V*sc =22 V, ra = 0,005, j23
0,05, I = 0,03, j13 = 0,3.

The simulation results in the form of time
diagrams of the main coordinates of the system are
shown in Fig. 3, Fig. 4, Fig. 5, Fig. 6, Fig.7, Fig. 8
and Fig.9.
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Fig. 2. Computer model of the investigated hybrid power plant with elements

of energy generation and energy storage
Source: compiled by the authors
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Fig. 4. Voltage and current of the solar power plant
Source: compiled by the authors
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Source: compiled by the authors
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Source: compiled by the authors
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Source: compiled by the authors

The results show that all three control systems
generally perform according to SCM tasks: under
the action of disturbances in the form of changes in
the generated capacity of the solar panel (Fig. 4) and
wind turbine (Fig. 5), as well as load (Fig. 6) support
with a certain accuracy, the voltage on the DC bus at
the level of 48 V (Fig. 6), and the voltage on the
SCM at the level of 22 V (Fig. 8). In this case, the
change in battery current under the action of
perturbations occurs smoothly (Fig. 7), and rapid
changes are covered by rapid changes in the SCM
current at the beginning of the perturbations (Fig. 8).
Introduction of additional interconnections in the
system of passive control (“System 2” and “System
3” in comparison with “System 1) positively
influences quality of system work: errors of

regulation of voltages of DC bus and SCM in the
established modes decrease, battery currents
decrease and, accordingly, its SOC reducing is
smaller (Fig. 9). “System 2” shows slightly better
results compared to “System 1”. However, “System
17, which has no additional interconnections and
damping, which eliminates the need to adjust it,
because the flow of energies occurs naturally,
however, it ensures the operation according to
reference signals at a sufficiently satisfactory level.

CONCLUSIONS

The use of a passivity-based control system
with the formation of the desired interconnections
and damping allows you to solve a range of
problems of forming the desired static and dynamic
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characteristics by controlling the energy flows in the
system. The conducted researches allowed analyzing
the possibilities of the passivity-based control
system on the example of a rather complicate
electric generation complex with a hybrid system of
electric energy accumulation. The obtained results
illustrate that synthesized CIFs work out the

reference signals with high enough accuracy,
providing high-quality transients in the system. At
the same time, with the help of the developed
synthesis technique, it is possible to quickly obtain a
number of CIF structures with different properties,
to compare the efficiency of these structures by
computer simulation and adjust their parameters.
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AHOTAIIA

[IparHeHHS eHEpreTHYHOI HE3alIeKHOCTI 3YMOBIIOE BUKOPHCTAaHHS pPI3HOTO THITy €JIEMEHTIB TEHEpYyBaHHS EHeprii 3
BiJTHOBIIIOBAHMX JIKEPE, I pOOOTH SIKMX B aBTOHOMHOMY PeXHMi HeoOXiHi npucTpoi HakonmyeHHs eHeprii. CTBOpeHUH Taku
YMHOM €JIEKTPOT€HEePYIOUHH KOMIUJIEKC IOBMHEH BHUKOHYBATH HH3KY 3aBAaHb, SKi (POPMYIOTHCS CHCTEMOIO EHEpPreTHYHOro
MEHE/DKMEHTY. BUKOHaHHS IMX 3aBIaHb Ta 3a0e3MeYCHHs HAJCKHUX CTaTMYHUX I JMHAMIYHHX XapaKTEPUCTHK POOOTH IbOTO
KOMIUIeKCy 3 GaraTbMa BXOJaMH i BUXOJaMH 3IIHCHIOE CHCTeMa KepyBaHHs. SIk MOKa3yloTh Pe3yJbTaTH OCTAHHIX AOCIHIIKEHb y
CBiTi, @ TaKOX JOCBiZ aBTOpiB Wi€l poOOTH, IS MOOYAOBH TMONIOHHX CHCTEM KEpyBaHHSA IOUITBFHO 3aCTOCYBAaTH IACHBHE
kepyBanus (Passivity-Based Control — PBC), npejacraBuBiiyM 00’€KT KepYBaHHS K TI'aMiJIbTOHOBY CHCTEMY 3 KEPOBaHUMHU
moptamu (Port-Controlled Hamiltonian System - PHS). 3aBasiku po3po6ieHOMY METOY BBEICHHS HOJaTKOBUX B3a€EMO3B’SI3KIiB Ta
nemn¢ysanus (Interconnection & Damping Assignment — IDA) nacuBHe KepyBaHHs Ja€ MHPOKI MOXKIMBOCTI JUIsl HAJIAIITYBaHb
KEepYyIOUUX BIUIMBIB, 3a0€3MEUyIOYN PU HOMY aCHMITOTUYHY CTIHKICTH CHCTEMH B IioMy. Lle 0coOmmBO KOpPHUCHO y CKIagHii
CHCTEMI, 10 PO3MIIAAETHCS B JaHii poOoTi i BKiIroyae B cebe sk riOpHuIHy eHeproycTaHOBKY IeHEepyBaHHS €JeKTPOEHeprii Bif
COHII 1 BITpY, TaK i riOpuIHy yCTaHOBKY HAKONMMYEHHS €HEeprii B aKyMyJIATOpHii Garapei Ta CynepKOHAEHCATOPHOMY MOAyIi. Y
JIaHii CTaTTi HOKa3aHO MPOLEAYPY CHHTE3y CHCTEMHU NMAaCHBHOTO KEPYBaHHS, 32 SIKOI0 C(OPMOBAHO Ta AOCITIPKEHO TPH CTPYKTYpH
¢dopmysauiB kepyrounx BunBiB (PKB) 3 pisHUMM KOMOiHALiISIMU JOAAaTKOBO BBEICHUX B3a€MO3B’SI3KiB Ta JeMII(pyBaHb, L0 JIA€
MOJKJIMBICTB c(hopMyBaTu Oa)kaHi IepeTiKaHHS €Heprii B cepelnHi 3aMKHEHOI CUCTEMH, a OTKE 1 3a0e3MeUnTH OaxkaHi pe3yabTaTh
kepyBaHHs. Cepex HHX, 30KpeMa, € 3aBJaHHA MIATPUMAaHHS HaNpyr Ha I[IMHI MepeXi IOCTIHHOrO CTpyMy Ta
CYTIepKOH/ICHCATOPHOMY MOJIYJi Ha 3aJaHUX PIBHAX, IUIABHICTH IMEPEXiJHUX IPOLECIB CTPyMy B aKyMYJSITOpHIii OaTapei.
[IpoBeneHo MOPIBHSUIBHI CHUMYJILIMHI JOCHTI[KEHHS Ha CTBOpeHiil B cepemoBumii Matlab/Simulink xomm’rotepHiit moxeni
€JIEKTPOTeHEePYI0UOT0 KOMILIEKCY 3 BUKOPHCTAHHSIM CHHTE30BaHUX CHCTEM KepyBaHHs, Ki Mokas3anu eeKTHBHICTh 1X podoTn Ta
nepeBaru pizHux cTpykryp OKB.
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