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EnekmpuyHi MawuHu ma anapamu
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0O.Z.1. Abu Ibaid, S. Belhamdi, M. Abid, S. Chakroune, S. Mouassa, Z.S. Al-Sagar

Wavelet packet analysis for rotor bar breakage in an inverter induction motor

Introduction. In various industrial processes, squirrel cage induction motors are widely employed. These motors can be used in harsh
situations, such as non-ventilated spaces, due to their high strength and longevity. These machines are subject to malfunctions such as
short circuits and broken bars. Indeed, for the diagnosis several techniques are offered and used. Novelty of the proposed work provides
the use of wavelet analysis technology in a continuous and discrete system to detect faults affecting the rotating part of an induction
motor fed by a three-phase inverter. Purpose. This paper aims to present a novel technique for diagnosing broken rotor bars in the low-
load, stationary induction machine proposed. The technique is used to address the problem of using the traditional Techniques like
Fourier Transforms signal processing algorithm by analyzing the stator current envelope. The suggested method is based on the use of
discrete wavelet transform and continuous wavelet transform. Methods. A waveform can be monitored at any frequency of interest using
the suggested discrete wavelet transform and continuous wavelet transform. To identify the rotor broken bar fault, stator current
frequency spectrum is analyzed and then examined. Based on a suitable index, the algorithm separates the healthy motor from the
defective one, with 1, 2 and 3 broken bars at no-load. Results. In comparison to the healthy conditions, the recommended index
significantly raises under the broken bars conditions. It can identify the problematic conditions with clarity. The possibility of detecting
potential faults has been demonstrated (broken bars), using discrete wavelet transform and continuous wavelet transform. The
diagnostic method is adaptable to temporary situations brought on by alterations in load and speed. Performance and efficacy of the
suggested diagnostic method are demonstrated through simulation in Simulink® MATLAB environment. References 31, figures 11.

Key words: squirrel cage induction motors, rotor broken bar, continuous wavelet transform, discrete wavelet transform.

Bemyn. Y pisnux npomucnosux npoyecax wupoKko 6UKOPUCINOGYIOMbCS ACUHXPOHHT 0BUSYHU §3 KOPOMKO3aMKHeHUM pomopoM. Lli osuzynu
MODICYMb BUKOPUCMOBYBAMUCS. 8 CYBOPUX YMOBAX, HANPUKIAO, 8 NPUMILEHHSX, W0 He BeHMUTIOIOMbCS, 3a60KU iX BUCOKIU MiyHocmi i
0oszosiunocmi. L{i mawunu cxunbii 00 HecnpasHocmel, MaKux siK KOPOmKe 3aMUKAHHs i 31amMani CmpudicHi. 3po3ymino, wo 01 OiazHocmuku
NPONOHYEMbCS MA BUKOPUCMOBYEMbCSL Kibka Memoouk. Hoeusna 3anpononosarnoi’ pobomu nonseac y UKOPUCMAHHI MeXHON02k eetienen-
amanizy 6 besnepepsnill i OUCKpemHill cucmemi 05 BUAGTIEHHA HECNPABHOCHEN, WO SNIUBAIOMYb HA YACMUHY ACUHXPOHHO20 OBUZYHA, WO
obepmaemucs, wo sHcueumvcs 6i0 mpughasnozo ineepmopa. Mema. Y yiii cmammi npedcmasiena Ho8a MemoouKa OiaeHOCMUKY 3NAMAHUX
CIMPUDICHIG POMOPA 6 MATOHABAHMANCEHIL CMAYIOHAPHIL ACUHXPOHHIL Mawuni. Lleil Memoo suxopucmosyemvcst Onisi GupiuierHs npoobnemu
BUKOpUCIANHS MPAOUYILIHUX Memo0i, MaKux K aneopumm obpobku cueanie nepemeopenns Dyp’c, WAXOM aHANIZY O2UHAIOUOT CIMPYMY
cmamopa. [Ipononosanuii Memoo 3acHO8aHULl HA BUKOPUCMAHHI OUCKDEMHO20 6elillem-nepemeopents ma 0esnepeperozo  eetisnen-
nepemeopenns. Memoou. Dopma cuenany modce eiocmedicyeamucs Ha 6YOb-aKill yacmomi, WO YiKasumv, 3 GUKOPUCHIAHHAM
3aNnpPONOHOBAHO20 OUCKPEMHO20 6eliglen-nepemseopenis i besnepepeHozo Getignem-nepemeopents. Jlisl 6UABNEHHA HeCcnpasHocmi oopugy
CIMPUIICH. POMOPA 4ACMOMHULL CReKmp CIMamopa auanizyemvcsi, a nomim oocriodxcyemuvcs. Ha ochogi 8ionogionoeo indexcy ancopumm
BIOOKpeMIIOE CNpagHUll OsueyH 6i0 HecnpasHoeo 3 1, 2 i 3 snamanumu cmpudicHamu Ha xonocmomy xooi. Pesynemamu. Ilopisnsno i3
HOPMANbHUMY YMOBAMU DEKOMEHOOBAHU NOKA3HUK 3HAYHO NIOGUWYEMbCS 3a YMOG 3NAMAHUX CIPUDICHIG. Bin Modice uwimko eusHavumu
npobaemni ymosu. byno npodemoncmposano modsciugicms GUAGNEHHA NOMEHYIHUX HECnPAGHOCIEl! (31AMAHI CIPUIICHT) 3 GUKOPUCIIAHHAM
OUCKpemHo20 8eligiem-nepemeopentsi ma besnepepeHozo eelignem-nepemeopents. Memoo Oiaznocmuku adanmyemscs 00 MUMHACOBUX
cumyayivl, SUKIUKAHUX 3MIHAMU HaABaHMadcenHs ma weuokocmi. Ilpayesoamuicmb ma egexmusHicms 3anponoHO6an020 Memooy
OlazHOCMUKY NPOOEMOHCIPOBAHO 3a OONOMO2010 MOOetosanHs y cepedosuwyi Simulink® MATLAB. bion. 31, puc. 11.

Kniouogi cnosa: aCHHXpPOHHI ABUTYHH 3 KOPOTKO3aMKHEHHM POTOPOM, 3JJaMaHMii CTPUKeHb POTOpa, Oe3nepepBHe BelBJeT-
nepeTBOPeHH s, JUCKPeTHe BeliBiIeT-NepeTBOPeHHs.

Introduction. Currently, induction motors are very
popular in the industry and is of great interest to scientists
in the variable speed drive. Since of their robust
construction, high power-to-weight ratio, high reliability
and easy design, squirrel cage induction motors are used
in most industries [1]. They are, however, susceptible to
failures, which may be caused by the machine itself or by
operating conditions.

They found flaws in the converter and inverter of an
induction motor that was functioning. In order to apply
variable speed applications to the induction motor, an
inverter is necessary [2].

According to failure
component failure is typical:

o Stator related (38 %);
e Rotor related (10 %);
e Bearing related (40 %); and others (12 %) [3].

The induction motor could be saved from
catastrophic harm if the defect is detected quickly.

Even early detection of an issue could cut down on
the amount of time necessary for maintenance. The most
prevalent rotor defects are located at the level of the rotor,
where bar breakage is the most common rotor problem. It

studies, induction motor

might be at the notch or at the end of the rotor ring that
connects it to the rotor ring [4].

Damage to the machine may result from the
fractured rotor bar’s fault, which increases fluctuation and
reduces the amplitude of the torque. As a result,
additional mechanical vibrations and fluctuation may be
produced. Ultimately, the increased number of damaged
bars makes their effect more obvious [5]. To avoid such
issues, the technique of fault diagnosis and identification
has become a crucial step in protecting this sort of
electrical machines. The sorts of faults often relate to
diagnostic techniques [6-9].

In recent years, many researchers have been drawn
to motor current signature analysis because of its benefits.
Current spectral analysis as it has been done in [10].

The benefit of signal processing techniques such as
Fourier Fast Transformation (FFT) Wavelet theory is that it
provides a coherent framework for a variety of approaches
developed for distinct signal processing applications [11, 12].

Over the past 15 years, there has been a significant
amount of research on the development of different
steady-state condition monitoring approaches, most of
which are based on the FFT.

© O.Z.1. Abu Ibaid, S. Belhamdi, M. Abid, S. Chakroune, S. Mouassa, Z.S. Al-Sagar
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This theory is distinguished from others in that it is
faster in signal analysis, which provides ease in dealing
and saves time. Therefore, it was briefly discussed due to
its value in scientific research and the renaissance of
industrial maintenance [13].

The wavelet transform (WT) is a signal analysis
method for time-varying or non-stationary signals that uses a
description of spectral decomposition using the scaling idea
for fault detection. This approach works well for both
stationary and non-stationary signal processing [14].

In order to improve the broken rotor bar diagnosis in
induction motors under low load, the researcher
developed [15], which combines the Hilbert transform
with the neural network operation. The stator current
envelope is extracted using the Hilbert transform. After
then, FFT is used to process this signal. The fault
frequency must be extracted. Under various stress
circumstances, this approach is used to count the number
of broken rotor bars.

The study of flaws in another approach is employed
for broken rotor bars detection in [16] utilizing a lower
sampling rate and fewer samples. To address this issue, a
novel method based on the pitch synchronous WT at a
reduced sample rate is used.

While [17] took a different approach, he did think
about diagnostic strategies utilizing electrical signal
spectral analysis. These techniques can be classified into
two categories: internal diagnosis using a model of the
motor based on its parameters, and external diagnosis
utilizing external signals, which does not require
knowledge of motor properties.

Additionally, [18] had advanced a broken rotor bar
fault detection using the power of the sidebands in his
investigation of flaws. When the motor is linked directly
to the supply voltage, this method is applied to the line
current and instantaneous power of one stator phase.

The degree of the defect (such as partial or multiple
broken rotor bars), motor loading, the impacts of the starting
rotor position, supply imbalance, and the variations in the 3
phase currents are not examined in these early research.
Furthermore, the addition of an inverter to an induction
motor represents a variety of technology that was not
examined in the investigations. We were obviously focused
on how crucial the inverter was for using the induction motor
with variable speed applications.

The goal of the paper is to use Wavelet Packet
Transform on current window frame samples from an
induction motor to diagnose and categorize broken rotor
bars using Discrete Wavelet Transforms (DWT) and
Continuous Wavelet Transform (CWT).

Basic calculation relationships and assumptions.
Figure 1 shows the diagram of the impeller failure circuit
of the induction machine, with equivalent resistance, in
the case of broken bars [19].

According to the reference frame (d-q) fixed to the
rotor [19, 20], the model for a three-phase induction
motor is:
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Signal processing methods. In order to detect
problems and overloads in electric devices, especially those
used to generate energy and drive high-capacity motors.
Advances in microelectronics and signal processing are
accelerating the development of contemporary diagnostic
technologies [21]. Because temporal patterns don’t convey
much information, we must rely on signal processing
techniques [22]. Spectral analysis has long been used to
detect faults in electrical machines, such as asynchronous

[V] = [R] [I ]+ i[[L] [1 ]], (1) machine rotor bar breakage, bearing degeneration,
dr eccentricity, and winding short circuits. We’ll go over some

where: cutting-edge techniques like FFT and WT briefly in [23].
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Wavelet Transform is a sophisticated approach for
improving stator current data analysis in the transform.

Continuous Wavelet Transform. It’s common to
want to distinguish between lower frequencies bands than
DWT permits.

Using the CWT, this is conceivable [24]. The
signal’s CWT is expressed as follows:

CWT(a,b):%T x<t)¢*(%}u, )

where ¢@(f) is the mother wavelet, which represents a
disputed function in the time and frequency domains;
@ (¢) is the mother wavelet’s complex conjugates, an is
the scale value; b is the translation value. In a more
compact form, the normalized wavelet function is:

w(a,b):%qﬁ*[%j . (©)

The integral equation is rewritten as:
+00
CWT(a,b)= [x(ehpp(e)dr (7
—00

Discrete Wavelet Transforms. The wavelet analysis
(WT) is a sophisticated approach for improving stator current
data analysis in the transitional or stable states [25].

Because of the DWT’s automatic filtering, the tool
offers a lot of flexibility for analyzing the transient evolution
of several different frequency components in the same signal
at the same time. The computational needs are low as
compared to other tools. Furthermore, the DWT is included
in most commercial software packages. As a result, no
complex or specific algorithm is necessary [3].

Without data loss or redundancy, this technique
provides an approximation coefficient containing low
frequencies information and a detail coefficient carrying
high frequencies information of the original signal at each
level [26].

In other words, a signal’s Fourier analysis is the sum
of several sinusoidal functions, but a signal’s WT is the
sum of multiple functions that are displaced and scaled
replicas of the main function [27]. The technique can be
repeated on multiple levels, resulting in the tree structure
depicted in Fig. 2 [10].

Original signal(S)

Fig. 2. Decomposition of the signal S in wavelet packet

DWT decomposes a sampled signal S = (51, S2, ..., S,)
into numerous wavelet signals an approximation signal
an, and #» detail signals dj (j € [1, n]) [16].

Each frequency band’s energy eigenvalue is defined as:

k=n
E;= 3D mP: ®)
k=1

where j = 1, 2, 2" n denotes the discrete wavelet
decomposition time; D; denotes the amplitude of the
wavelet coefficient of the signal in the associated frequency

band in each discrete point as shown in Fig. 3 [28].
f=50Hz

a, X dn f === d2 dl

0 £20 g £/8 fil4 fi2
Fig. 3. Filtering process performed by the DWT
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FFT is a prominent approach for fault identification
in asynchronous devices. It excels in applications
requiring great power or steady torque.

The FFT analysis of the bearing fault component
will reveal all of the fault’s features, including frequency
and magnitude responses.

His purpose is to show how harmonic amplitude
grows over time, which is a sign that validates a number
of crucial truths [29].

FFT is a technique for decomposing a set of detailed
signal spectrum values from one domain to another. Each
stage of the procedure consists of a signal spectrum that
may be processed with a limited quantity of data to
determine the dataset’s variation [2 — 22].

The FFT technique can detect flaws in induction
motors using this fluctuation. As a result, in signal
analysis, the procedure will be faster than DWT [30].

The FFT data can be analyzed as [31]:

+00
x(t)= [x(e)-e7/ 27 ar. ©9)
—00

The assessment of a signal is a known interval, which
necessitates the selection of a weighting window
(Blackmann window, Hanning window, Hamming window,
etc.) as well as the window size, which influences the
resolution. The frequency accuracy is, in fact, proportional to
the sampling frequency and the number of samples N:

A = fy /N . (10)

Simulation results and discussion. We can study
the evolution of time elements such as stator currents,
torque and speed when the rotor cage shows no failure;
starting takes place off-load at nominal voltage with a
power supply provided by a three-phase inverter as shown
in Fig. 4. The simulation is run over a period of 5 s, with a
broken bar occurring at the moment ¢ = 2 s and the
machine being exposed to a load torque of 3.5 N-m at the
instant # = 0.6 s. Figure 5 presents the simulation results
of the model induction motor, squirrel cage induction
machine parameters are shown in Table 1.

/3

3-phase inverter Broken rotor bar

Fig. 4. Simulink block of the induction motor with rotor fault

Squirrel cage induction motor
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Table 1
Squirrel cage induction machine parameters

Parameter Value
Stator resistance R,, {2 7.58
Rotor resistance R,, Q 6.3
Number of turns per stator phase, N, 160
Inertia J, kg-m? 0.0054
Resistance of a rotor bar R,, mQ 0.15

Leakage inductance of end ring L., ptH 0.1

The induction motor was tested under loading
conditions first with a healthy rotor, then with 2 broken
rotor bars. Every stator current displayed in the study is
given in the frequency domain.

The evolution of phase a stator current,
electromagnetic torque and phase A current spectrum are
illustrated in Fig. 5-7.

We observe from Fig. 5 that the constant current, the
electromagnetic torque and the rotational speed that their

Length of the rotor Z, mm 65 evolution is constant and also in an excellent and stable
Mutual inductance L, H 0.0265 condition, so that the speed of the curve increases to reach
Stator frequency, Hz 50 the ceiling of its peak to settle as a smooth stable plateau.
Number of rotor bars N, 16 We notice when 2 adjacent rods are broken, as we note
Poles number p 2 in Fig. 6 in our work, that the speed of rotation decreases
Resistance of end ring segment R, mQ | 0.15 gradually, while the ripples also increase more for the
Rotor bar inductance L, pH 0.1 constant current in its cover is proportional to the number of
Air-gap mean diameter £, mm 25 broken rods. In a direct relationship, the electromagnetic
Output power P, kW L1 torque increases with the ripples.
Lius A Com, N-m V,N-m
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Fig. 5. a — evolution of phase 4 stator current at no-load, on load (healthy); b — evolution of the electromagnetic torque on starting,
under load (healthy); ¢ — rotational speed at start, under load (healthy)
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Fig. 6. a — evolution of phase A stator current at no-load, on load, then during bar breakage; b — evolution of the electromagnetic
torque at start-up, under load, then during bar breakage; ¢ — rotation speed at start-up, under load, then when the 2 bar breaks

The simulation of the model allowed us to obtain the
different characteristics of stator current, speed and
electromagnetic torque.

We notice here from Fig. 7,a that the spectral stator
current in the healthy state does not register any side line
around the base line at 50 Hz. As in Fig. 7,b, when the
machine is loaded, the speed reaches the nominal value and
then decreases slightly so that the torque tends to the value
of the load torque. It also shows us additional side lines
around the base line f; = 50 Hz at frequencies (1 £ 2-k-s)-f;.

When analyzing the speed ripple effect, other
frequency components of stator current due to rotor
asymmetry were observed around the fundamental at the
following frequencies f;, = (1 + 2-k-s)-f;.

In the stator current spectrum, more than one higher
harmonic component may be induced in the vicinity of
the rotor housing harmonics:

fhk=Z[%j-((l—s)iliz-k-s). (11)

where s is the slip; f; is the supply frequency; Z is the
positive integer; N, is the number of rotor bars; p is the
number of pole pairs; k=1,2,3..and h=1,3,5...
Figure 7,b displays the harmonic amplitude’s
increase as proof that a number of essential criteria are
met. The emergence of 2 lateral components with
frequencies (1 + 2-5)-f; and (1 — 2-5)-f; to the left and right
of the fundamental f; is caused by the existence of a
broken bar fault, and the degree of gravity of the fault line

6
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amplitudes is (1 + 2-k-s)-f;, suggesting the presence of a
two-bar breaking fault.
Amplitude, dB

0
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-60

f,Hz

20 40 60 80 100
Amphtude dB

-SD

10

1]
-10
-20
-30
-40 b
-50
-60
-70

f,Hz
(1] 20 40 60 80 100

Fig. 7. Phase A4 current spectrum: a — healthy; b — with bar breaks

-80

Figures 8, 9 demonstrate the use of CWT for stator
current for the measurements presented in Fig. 8, 9 for the

Meyer family and the family in both a healthy and
problematic state of the machine.

Measured using wavelet analysis, the similarity
between the signal’s fundamental functions (wavelets)
and the signal itself is expressed as having the same
frequency content. CWT calculated coefficients show
how close the signal is to the wave at the current scale.

The current does not alter while the machine is in a
healthy state, as opposed to when it is in a damaged one.
As the wave coefficients of the kinetic error are stronger
than the wave coefficients in the machine’s healthy state,
we see that the current changes in terms of different
degrees of colors and their arrangement in shapes.

These variations show that the wavelet shift may
distinguish between the signal components of the healthy
and unhealthy motors during the start-up phase. Low
frequencies are corresponding to high scales. The higher
frequencies match the lower scales.

Another consequence of a broken rotor defect is seen
in Fig. 9. The impact is seen in the beginning current
envelope plots, where the defective motor starts with a little
less current than the healthy motor. This is due to the fact
that the defective motor actually has less rotor bars. This is
also the cause of the defective motor’s decreased torque.

Analyzed Signal (length = 500001}

Analyzed Signal (length = 500001}
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Fig. 9. a — wavelet case of (db) with fault; b — wavelet case of (Dmey) with fault

A closer look at the CWT plots reveals that a
healthy motor’s starting current displays two patterns
under wavelet analysis, the first of which corresponds to
the beginning (envelope) and the second of which
corresponds to the end (discontinuity) of the signal, while
a malfunctioning motor with broken rotor bars displays a
third pattern in between the two patterns. It is suggested
that this additional pattern can be used to tell a motor that

,IIII

1 15 2 25 3 35 4
Ca,b Coefficients - Coloration mode: init + all scales + abs

I Il|||III‘IIIII IIMIII‘IIIHIII |0
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Scale of colors from MIN to MAX

is functioning properly from one that isn’t. It is proposed
that these variations serve as the distinguishing mark for
broken rotor bar fault detection.

Figures 10, 11 show the level signals resulting from the
wave decay of the stator current to start in a good health
condition of the machine and on the other hand in a defective
machine (2 broken bars).
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Fig. 10. a — wavelet case of sym; b — Haar wavelet case
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Gives a precise explanation of the variables brought
about by the broken rotor bar fault, describing how harmonics
develop under transients and steady-state conditions.

The primary factor in the formation of transitional
processes is oscillations. When the wavelet signal strength is
high, there is no oscillation in the system. Compared to a
healthy state, the stator current magnitude in the faulty
condition exhibits high-level coefficients and changes in
coefficients.

Failure of broken rotor bars affects the effect of
frequency bands, increasing the coefficient. The sampling
frequency is set to 5 kHz so that the original signal is
decomposed at the 11th level.

The high-frequency information is better explained
by the detailed signal, while the low-frequency
information is better explained by the approximate signal.

The approximation signal for the 11th level has a
frequency range of 2.44 to 1.22 which is a very low
frequency so it perfectly diagnoses the faults of the rotor bar.

In general, it is noted that the signal in both cases is
not the same and can be identified by the disturbances that
appear at high levels.

It is noted that the tenth and 11th levels are better in
terms of clarity and useful information than the ninth
level, which does not have a significant change.

Through the motor signals and graphs that were taken
from the samples and using 11 levels of decomposition, it can
be concluded that when the reading started, the motor current
showed a greater amplitude due to the higher torque, and then
it returns to stability. This information for high and low
frequencies about the signal is very useful in providing
details. Related to error severity and growth in approximation
and detail signals, particularly in the corresponding plane of
the frequency band, are validated by evaluating the energy
stored in each.

The imbalances produced during the fault appear
clearly in the signal «a;».

Conclusions.

For the purpose of finding faults in squirrel cage
induction motors, wavelet packet analysis is an effective
tool. The signal is divided into various frequency
components using wavelet packets so that any irregularities
can be examined. By examining the frequency spectrum of
the motor current, the wavelet packet analysis is able to
identify broken rotor bar problems. Additionally, it may tell
you where the defect is and how serious it is. Wavelet
packet analysis can also be used to find other induction
motor issues. This makes it a useful tool for identifying and
resolving induction motor problems.

In this research, the diagnostic technique is based on
the use of discrete wavelet transform and continuous
wavelet transform, where it is based on the analysis of the
stator current, at the start-up electromagnetic torque.

This method can clearly exhibit the time-frequency
characteristic of fault signals. By increasing the peaks of
the time domain waveform analysis function, these two
techniques’ performance was demonstrated by their
capacity to produce a local representation of non-
stationary current signals for both a functioning machine
and one that has a defect.
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AHAaJi3 TeIJI0BOI0 CTAHY IHIYKTOPA €J1eKTPOMATHITHOT0 MUIMHA
3 OXOJIO[KEHHSIM 0JIMBOI0 Y CTALIOHAPHUX peKUMAaxX podoTH

Ipoonema. Jlocnioscyemvcs enekmpomahimuuti maun (EMM) 0ns mexnono2iunoi 06podku pizHux peuosut, siIKuti BUKOHAHO Ha 6a3i cmamo-
pa mpughaznozo acunxponno2o dgueyna. OOMoOmKa cmamopa mae nioGUIeHy 2yCmuny Cmpymy, momy Osi MAUHA nepedbavena cucmema
NpUMYCO8020 0X0100iceH s mpancghopmamoproto onugoro. Hapaszi pobim 3 pospaxynky meniogoeo cmary EMM 3 nadanoio koncmpykyieio
i 0x0n0021cenHAM 0UB0I0 He npedcmasieno. Tomy docriodncenns mennogozo cmany maxux EMM e axmyanonum, 60 cnpusimume niosuujenuio
Haoitinocmi ma eghekmuerocmi ix pobomu. Memoio cmammi € hOpMYSaHHSL MAMEMAMUYHOL MOOET MENI08020 CMAHY THOYKMOPA elleKni-
DOMASHIMHO20 MAUHA MA AHATI3 U020 HAZPIEY Y CMAYIOHAPHUX PEHCUMAX POOOMU 3 OXONOOHCEHHAM MPAHCHOPMAMOPHOIO 01uUB010. 3a0aua
PO3PAXYHKY MENnio8o2o CMAHy, a came — pOo3noOily MeMnepamypu 8 OCHOBHUX HACMUHAX [HOVKMOPA eNeKmpOMACHIMHO20 MIUHA,
PO36 A3yEMbCst MemoOom exgiganenmuux menaosux cxem. Koncmpyxyis EMM nadana y 0ocmammbo nognomy obcsisi i na yiit ochogi cgop-
MOBAHA BIONOBIOHA eKBIBAIEHMHA MENN08A CXEMA 3AMIUEHHS], SIKA OONOBHEHA eKBIBANICHNHOIO 2IOPABTIMHOIO CXeMOI0 ULISIXIE NPOXOONCEHHS
onueu. Haoano nosicnents wjo0o cknadanHsa ma po3e A3aHHs aneeOpaiuHoi cucmemu pieHsAHb, sKi ONUCYIOMb PO3NOO0iNl meMnepamyp no cKia-
Odosum enemenmam inoykmopa EMM. Pe3ynomamu mennosoco po3paxyuxy inoykmopa EMM noxazanu, wo maxcumansha memnepamypa
HASPIBY 3HAYHO MeHWa 3a OoNycmuMy Ol 0OPAHO20 KIACy Hagpigocmitikocmi i301ayii. 3a 2i0pagiiuHo cXemoro IHOYKIMOpa 8USHAYEHO He-
00XIOHI sumpamu 0ugl, it CepeoHto WUOKICMb T GIONOBIOHUIE MUCK HA 6X00I Y 6NYCKHULL NampyOOK, SKi 3HAX00SMbCS HA OONYCIUMOMY
pieHi. 3azHaueno, wo docunbs NOMIPHOMY MEMNEPamypHOMY CIAHY IHOYKMopa i 2i0pasiivHuM napamempam mpaxknty Olueu CRpusiionts maxi
H08086e0eHHs 8 KoHcmpykyito EMM, sax 0sowiaposa ckopoyena nemnvo8a 0OMOmKa cmamopa i aKcianbHi 8eHmMunNAYitiHI Kana 6 ocepoi
cmamopa. Hamenep 6ynu npeocmaeneni mennosi exgieanenmui cxemu EMM muue 3 nosimpsanum oxonoooicennam. Tomy pospobnena menio-
6a cxema iHOYKMOPA 3 OXON00ACEHHAM OTUBOIO € HOBOIO | OAE MOUCTUBICIb OYiHKU pedcumie pobomu EMM. bion. 34, tadn. 2, puc. 5.

Knouosi crnosa: ejlekTpOMarHiTHUii MJIMH, IPUMYCOBE OXOJIOKEHHSI iHAYKTOpa 0JHMBOI0, aHAJI3 TEIJIOBOI0 CTaHy MJIMHY,

MeTo/] eKBiBaJIEHTHHUX TEIJIOBUX CXeM, aHAJI3 rigpaBjiiyHUX nmapaMeTpiB.

Beryn. Amapatu 3 BUXpoBHM miapoMm (epomarHit-
HUX €JIEMEHTIB a00, CKOPOUYEHO, arapaTd BUXPOBOTO INa-
py (ABILI), anrmiiicekoro vortex layer device (apparatus),
JIOBOJTi BiTOMi Ta 3HAXOATh 3aCTOCYBAaHHS B Pi3HUX Taly-
351X TIPOMHUCIIOBOCTI, CITBCHKOMY Ta KOMYHAIIEHOMY TOC-
nogapcTai [1-5].

HesBaxaroun Ha mnoBomi 3Ha4HY KiimbKicTe ABIII,
BUTOTOBJICHHX JI0 KIHIII MHHYJIOTO CTOJITTS, iX BIIPOBa-
JUKEHHS y TIPOMHCIIOBE BUPOOHUIITBO CTPUMYBAJIOCS HU3-
koo npuuuH. CepeJy HUX — BIZICYTHICTb YITKOI METOAUKH
npoextyBanns ABIII [6, 7] Ta HeoOXiqHICTh BpaxyBaHHs
MIPU3HAYCHHS KOHKPETHOI'O amapary, L0 3MYLIyBaJlo
MIPOEKTYBATH KOXXHUH amapar okpemo. IcToTHOIO mepe-
IIKOZIOI0 € LUKJIIYHUI PeXHUM pOOOTH YCTATKyBaHHS, L0
motpeOye aBTOMAaTH3aIlil MpoIecy IMoJadi Ta BHBAHTA-
JKEHHS CHPOBHHH, 110 00poOIoeThes [3].

B ocranHi qBa mecaATupidds HAIPSMOK PO3POOKH Ta
BrpoBamkeHHss ABIII oTpumaB moTyXHHH CTUMYT Yepes
aKTYyaJIbHICTh CBITOBUX TEHJIEHLIH PO3BUTKY BHPOOHUIT-
Ba. Ilo-mepime, MigBUINEHHS BapTOCTI EHEPrOHOCIIB, a
BrpoBapkeHHs: ABIL 3amicTh TpajWIIMHUX MJIMHIB J10-
3BOJISIE 3MEHIIIUTH BUTPATH €JICKTPOCHEPTIi [2, 6].

[o-apyre, KOHKYPEHIIisS Cepel] CBITOBUX BUPOOHUKIB
IIpU3BeNa A0 BUMOTH IMiJABHUIIEHHS SKOCTI NPOJIYKTIB BU-
poOHUITBa Ta €()EKTUBHOCTI ICHYIOUHX TEXHOJIOTIYHHX
mporecis. TyT Takox y Haroxi ctamu ABIII [5, 8-11].

[To-Tpere, BUMOTH 10 3aXHCTY HaBKOJHIIHBOTO Ce-
penoBuma y BUpoOHUNTBI 1 moOyTi. 3acTocyBanns ABIII
JUTsl OOpOOKHM CTIYHMX BOJ 3 OpPraHiYHMM a00 MPOMHMCIIO-
BUM 3a0pyIHEHHSIM JI03BOJISIE CYTTEBO IIIIBHIIUTH SKICTh
OYMIIEHHS Ta 3MEHIIUTH HOro BapTiCTh.

VY rtenepiniHii yac HannomupeHimumu € ABII mis
NOAPIOHEHHS! PEYOBUH, SKI Yepe3 CBOE IPU3HAUCHHS
OTpUMalli Ha3By eJieKTpoMarHiTHUX MiuHiB (EMM),
OJIVH 3 BapiaHTIB SIKUX PO3IJIIAETHCS 1y AaHiid poOoTi.

IcHyIOTH neKiibKa BEMMKHUX KOMIIAHIH, II0 BUTOTOB-
nsroth ABII pi3HOTO NpH3HAYeHHS, 1 MaJIMX MiANPHEMCTB,
o crenianizyroTtbes Ha ABIII TiTbku 0HOTO TIpU3HAYCH-
H. [IpUKIIazoM BETUKUX MiAPUEMCTB € BiJIOMa KOMITaHisA

«Globecore» (HimeuunHa), oguH i3 ¢inmianiB sKoi po3mi-
meHo y M. [Tonrasa. HaiiGinbin nommpeHuM BUpOOOM 1Lii€i
kommaHii € EMM tumy AVS-100 [12]. Takox Bimommit
EMM nns monpiObnenHss MigHoi pymu [13], cTBOpeHMit
Project SYSMEL, skuii mMae aBTOMAaTH30BaHY CHCTEMY
3aBaHTAKCHHS/PO3BAHTAKEHHS Ta CHCTEMY OXOJIOZKESHHSL.

3anexHo Bix mpusHadeHHs EMM, BHHHKAIOTH 0CO-
OnuBOCTI (DYHKI[IOHYBaHHSI TaKUX anapartis, iX HOOyI0BU
1 METOMKH NpoeKTyBaHHS. ToMy nociimkenHs EMM, 3
ypaxyBaHHs crienu(iku X 3aCTOCYBaHHSI, € aKTyaJIbHUM
MUTaHHSM.

AHnani3 nmonepennix gociaigxenb. Pobdora [1], npu-
cBsiueHa Teopii GpyHKIioHyBaHHS Ta Oynosu ABIIL, i noci
BBXKA€THCS 0A30BOIO IS IX MPOEKTYBAHHSA [4, 5].

Hapasi icHyrOTb AeKinbka AecsATKIB HAayKOBHX KoJIle-
KTUBIB y PI3HUX KpaiHaxX CBITy, IO MPOBOIATH IIOCIIi-
mkeHHss EMM, ramy3i 3acTOCyBaHHS SKAX BiIpPi3HAIOTH-
cs1. PakTUYHO OIIBIIICTH MUX HAYKOBHUX IPYI IPOXOISTH
oIHaKoBi erany pocaimkeHds EMM, nounHarouu 3 ioro
NPOEKTYBaHHS, BUTOTOBJICHHS 3pa3Ka i 3aBEepIIyIOuH II0-
JINIIeHHsIM Horo mapamertpiB. JloBosi MOKa30BOIO, Yy
ILOMY CEHCI, € TPYIIa MMOJLChKUX BUCHUX, SKi 3aMaIOTh-
csi pocnimkeHHsiM EMM s nozpiGHeHHsT MinHOT pyau
[10]. V cBoix myomikarisx [3, 6, 13-15] 3a ocTanHe aecs-
TUPIYYS. BOHM TPE3EHTYBAJIM pPE3YJIbTaTH JOCIiIKEHb
EMM, mnoumnHaroun Big po3poOKH KOHCTPYKINI MIMHA,
CHCTEMH 3aBaHTA)KCHHS/BUBAHTA)XKCHHS, CUCTEMH KOHT-
pOIIO SKOCTI OOPOOKH CHUPOBHHH 1 CHCTEMH KepyBaHHS
POOOTOIO YCTAHOBKH.

OcuoBHOI0O YacTHHOIO EMM € iHAyKTOp, IO XKH-
BUTBCS BiJ TpU(a3HOT Mepexki 3MIHHOTO CTPyMYy Ta CTBO-
proe obeprose marHiTHe mosie [4, 7]. Ilin miero 1poro mMa-
THITHOTO T10JIs1 ()ePOMAarHiTHI eJIeMEHTH, 0 PO3TaIIOBaHi
y pobouiit kamepi, 31iHCHIOIOTh XaoTHUHHUH pyX [1, 2, 7].
Iaaykrop pazoM 3 poOOYOI0 Kameporo 1 >KOPHOBHUMH
(epomarHiTHIMHN) €JIEMEHTAMH € aKTHBHHUMHU YacTHHa-
MH, 10 3a0e3medyroTh mporec oOpoOku. bymoBa mux
gacTHH 0e3MocepeIHRO BIDIHBAE Ha e(DeKTUBHICTh pOOOTH
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EMM [3, 7], TOMy AOCHiI)KEHHIO 1X BIUTUBY IPHUCBSICHO
HAHOUIBITY KUTBKICTH POOIT.

Hatenep BupoOHukn EMM BHKOPHCTOBYIOTH JABa
BapiaHTH KOHCTPYKTHBHOTO BHKOHAHHS IHIyKTOpa: Iep-
LM BapiaHT, TPAAULIAHUMA, 3 SBHOO3HAYCHUMH ITOJIIOCA-
Mu [3]; npyruif — 3 HESIBHOO3HAUYEHHMMHM IOJIOCAMU Ha
0a3i craTopa aCHHXPOHHOTO MBUTYHA [16].

HesBakaroun Ha pi3Hi MOOYIOBH iHIYKTOpa, OLIb-
IIICTh 3 HUX BUTOTOBJIAETHCS BOIONIOCHUME (2p = 2) 3
4yacToTol0 oOepraHHs MarHiTHoro nons 3000 o6/xB. 3
camoro modatky [1] i Hamam BBa)kaeThCs, IO I 3a0€3-
MEYeHHSI PIBHOMIPHOCTI pyXy JKOPHOBUX E€JIEMEHTIB OII-
TUMAaIBHIM € OJHOpiTHEe MarHiTHe moie B poOodiil kame-
pi. LpoMmy crpuse cHHYCOINHUI PO3MOAIT MAarHiTOpy-
mriiiaol e (MPC) 3a po3TodeHHSIM Ocepias craropa.
HocratHpo Onm3pK0 1e 3abe3nedye HESBHOIOOCHA
CTPYKTypa 3 TpH(]Pa3HOI0 0OMOTKOIO, SIK B ACHHXPOHHHUX
JBUTYHaX, L0 TPUHHATO Yy HM3LI po3poOok. [Ipukiman
TaKol po3poOKku moka3aHo y [17], 1e BUKOHAHO TeOpETHY-
HO-CKCIICPUMEHTAJIbHE JOCIHI/DKEHHS THIYKTOpa — 3aIio-
3MYEHOI0 CTAaTOpa 3BUYaHOTO aCHHXPOHHOTO JIBUT'YHA.

V [1] HaBeneHO aHANITUYHY METOIUKY BHU3HAUCHHS
po3mipiB Ta mapametpiB iHaykTopa EMM, ane BoHa He
3abe3medye HEOOXITHOI TOYHOCTI pPO3PaxyHKIB depe3
MpUHHATI cripouienHHs [6, 7]. B [4, 7] mpoGnema mocrart-
HbO TOYHOTO BM3HAUECHHS MArHiTHOTO HOJIA 1 eJIeKTpoMa-
THITHUX mapametpiB iHgykropa EMM Bupimyerbcs ix
PO3paxyHKaMH YHCEIbHUMU METOJAMHU 3 3aCTOCYBAHHIM
CYYacHHX MPOrpaMHHUX KOMILIEKCIB.

VY [4] BUKOHYBaBCsI YMCEIIBHO-TIONILOBUI aHai3 iH-
nykropa EMM 3 BukopucranHsMm nporpamu FEMM.
OTtprMaHi po3paxyHKOBI B3a€MO3AJIEKHOCTI €IeKTpoMar-
HITHUX BEJIMYMH 1 BIINOBIAHNX XapaKTEePUCTHK 1IHAYKTOpa
EMM. Ane ne 3po0iieHO mpH JOMyIIeHHI, Mo (epomar-
HITHI eJeMEHTH po3MileHi y pobodili kamepi piBHOMIp-
HO, SIK IIe BUMYIIIEHO poOmitoch me y [1].

HacnpaBxi xopHOBiI enmemMeHTH y poOodiii kamepi
PYXarThCsl Xa0TUYHO, 00 BOHH MOCTIHHO 3iMITOBXYIOTHCS
OIIMH 3 OJTHUM Ta BHYTPILIHBOIO TIOBEPXHEI0 POOOUOi Ka-
Mepu. Po3poOKor0 MareMaTu4HOi MOZIEI TPAEKTOPIT pyXy
JKOPHOBHX €JIEMEHTIB y pobouiii kamepi EMM 3aiimanucs
y [7, 18], ne BcTaHOBJIEHO, 110 CKJIAJHUI XapakTep 3ale-
JKHOCTI €JIeKTPOMAarHiTHOI CHIIH, IO JIi€ Ha KOPHOBI elle-
MEHTH BiI Ppi3HUX (AKTOpiB, BHKIIOYAE MOKIUBICTH
OTPUMAaHHS aHAITHYHOTO PIllIEHHS.

3HayHa yacTtka poOit [4, 6-8] mpucesiueHa BH3Ha-
YEHHIO KiIbKOCTi Ta ONTUMAIBFHOTO CIiBBIIHOIICHHS PO3-
MipiB KOPHOBHUX EJIEMEHTIB, a TAaKOXK Koe(illieHTa 3aIoB-
HEHHs po0oYoi kamepu. JlOCHipKeHHS BIUIMBY PO3MipiB
poboUoi kKaMepu Ha ePEKTUBHICTh MOAPIOHEHHS CHPOBH-
HU 3po6ieHo y [6].

[le omHuM HampsMKOM pociimkerb EMM e orinka
BIUIMBY PEKHMY pOOOTH IHIYKTOpa Ta ii KoHTpouto [4, 6,
7, 19] Ta yacy 0OpoOKH CHPOBUHH Ha MMAPaMETPH SKOCTI ii
00pobku [9, 14, 20, 21]. JocmimkeHHs e()EeKTHBHOCTI
EMM nposogunuca y [7, 9, 10].

s 3a0e3meveHHs e(EeKTUBHOTO MpPOIeCcy MOpio-
HeHHs1 iHxykTop EMM moBuHEH cTBOpHTH Yy poOodii
KaMepi MarHiTHe IoJie 3 JOBOJIi BUCOKHMH ITapaMeTpaMHu.
[pumipom, y [9] BkazaHo, 10 cepenHe 3HAYSHHS MarHIT-
HOI iHAYKLii y pobodiil kamepi mocmimgHoro 3pazka EMM
cradoButh 0,153 T, a B [4] po3rismacTbes 3HAYSHHS
0,2 Tn. Ilo6 3abe3meynTH Taki MapaMeTpyd MarHiTHOTO

moJist B pobOodiil kamepi, y OOMOTII iHAyKTOpa MOBHHHO
OyTH BHCOKE 3HaYCHHS T'yCTHHH CTpyMy. BinmoBimHoO st
BIJIBEICHHS TeIla HEOOXIMHO CTBOPHUTH C(PEKTHBHE OXO-
JOJpKEHHS iHayKTOpa [6, 7].

Ha mpakTuii 3aCTOCOBYIOTH TPU BHIHM OXOJODKEH-
HSI: TIOBITPSIHE, OJIMBHE Ta BOJSHE.

Y EMM pnst noapiGHeHHst MinHOT pyau [3, 9] inay-
KTOp OXOJIOKYETHCA HOBiTpHM 3a OOIIOMOI'OKO BEHTUIIA-
TopiB. Y [16] Takox gocmipkyerbess EMM 3 Tpagumii-
HUM TIOBITPSHUM OXOJIO/KCHHSIM, HpPUTaMaHHUM JUIs
CTaTOpa aCHHXPOHHOTO JIBUTYHA.

Ate HalipO3MOBCIOPKEHIM € OXOJIOKEHHS OJIMBOFO, 11
BUKOpUCTOBYE ¥ cBoix EMM sk kommaHist «Globecorey, Tak
1 3HAYHA KUTBKICTh ManX BUPOOHUKIB [4, 7, 10].

[MuTaHHAM OXOJOMKEHHSA IHAYKTOpa NpHIIIacs
JIEI[0 MEHIIIa yBara y MOpIBHSHHI 3 1HIIUMH JIOCIIIKEH-
HSAMH, IO TOSICHIOETHCS IMKIIYHICTIO POOOTH 3HAYHOI
kizpkocTi EMM. ToOTo 3aBIsiKM KOPOTKOYaCHOMY PEKH-
My #oro po6oTi, BiH BCTUT'aB OXOJIOHYTH.

HocnimxenHs TeroBoro ctany EMM, cTBopeHoro
Ha 0a3i craropa acMHXpOHHOTO JBHUTYHA, 3 TMOBITPSHUM
OXOJIOJXKEHHSIM BUKOHAHO Yy [16, 22].

Y [22] mopiBHIOBaNHCS pE3yIbTaTH PO3PAXYHKY
PO3MOALTY TeMIepaTypH, OTPUMaHi METOJIOM CKBiBaJCH-
THHUX TEIUIOBHX CXEM, 3 EKCIECPHMEHTAIBHIMHU JaHUMH,
OTPUMAaHUMHU paHim nmpu Tepmorpadii EMM [23].

Aue B 1ijioMy, Ha alib, po0iT, MOB’sI3aHUX 3 AOCITi-
JUKEHHSAM TEIuIoBOoro crany EMM, mo 0X0JI0IKyHThCs
ONMBOIO, Hapa3l He mpencraBieHo. lle Moxe Oytn
MOB’SI3aHO SIK i3 MIiABMINEHHSM CKJIAJHOCTI TEIUIOBUX
pO3paxyHKiB, y nopiBHsHHI 3 EMM, 110 0X0JIOIKYIOTHCS
MOBITPSIM, TaK 1 3HAYHUMH BUTpaTaMy 4yacy. Takox Hema
YITKOTO KPHUTEPil0 BUOOPY CrocoOy OXOJOKEHHS JUIs
EMM, 1o 103BonMB OM NMPOEKTYBAaJIbHUKY YiTKO BHU3HA-
YaTHCS TIPU HOTO po3poOIIi.

Ha Bigminy Bix EMM, METOIHMKH TEIUIOBOTO aHATI3y
eIeKTPUYHNX MAIluH J00pe po3poliieHi, a BUOip cucTe-
MH OXOJIO/KEHHS CTpyKTypoBaHuid [24]. Takoxx HOCUTH
IHTEHCHUBHO JTOCIIKYIOTBCS Ta 3aCTOCOBYIOTBCSI CHCTEMH
BOJITHOTO OXOJIOIPKCHHS €NICKTPHUYHMX MAIIUH Ul aBTO-
MOO1JIIB, 11O THITY BOJSHOT «COpOUKm» [25].

TOMy MOXHa BBa)XaTH, 110 3aBIaHHA ZlOCHiJI)KeHHSI
TernoBoro crany EMM, 10 Mae npuMycoBe OXOJIOKEH-
HS OJIMBOIO, € aKTyaJIbHMM, OO [O3BOJIUTH MiJBUILUTH
HaJlilHICTh Ta eeKTUBHICTH podoT EMM.

Jln1st TaKoTO JTOCIHIIKEHHS BXKE € TEPCIIEKTHBHA Y0-
ckoHaneHa KoHCTpykiis EMM Ha 6a3i cratopa Tpudas-
HOTO aCHHXPOHHOTO JBWTYHA, SIKy OyJ0 c(hOpMOBaHO B
TpoIieci eBOIIOIiT po3poOoK i HagaHo B poboTax [19, 26].

Mertolo cTaTTi € popMyBaHHI MaTEeMAaTUIHOI MOIe-
Ji TEIUIOBOTO CTaHy IHAYKTOpa €IEeKTPOMArHiTHOTO MIIH-
Ha Ta aHali3 HOro HarpiBy y CTalliOHAPHUX PEKUMAX PO-
00TH 3 OXOJIO[PKEHHSIM TPaHCPOPMATOPHOIO OJIUBOIO.

O0’exT nmociaimkennsi. EnekrpomaritHa cucrema
ynockoHanenoro EMM, mo Hamana y [19, 26], TyT 30-
Opaxena Ha puc. 1. Ingykrop *uBHUTBCS Bin TpHDazHOI
Mepexi 3 pazHoro Harpyroro 100 B ta wacrororo 50 I'm.

BuxinmanM mapameTpoM Ha IPOEKTYBaHHS € MarHiTHA
mykis 0,12 T y merTpi mycrtoi pododoi kamepu. Taxwit
cran EMM BBakaeThcsl imeabHIM HepoOOdYnM XomoM. Y
THIINX peXUMaX, sKi Hamaeo B [19] i po3risimaroTees maii B
CTaTTi, KaMepa MIiCTUTh (PepOMArHiTHI eJIeMEeHTH, 1 Koedii-
€HT i 3aIIOBHEHHST HUMU BB)KABCSI TAKHM, 1110 10piBHIOE 0,1,
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Puc. 1. EnektpomarHiTHa cucteMa iHIyKTopa 00epTOBOro
MAarHiTHOTO NOJISL: / — IIMXTOBAaHE OCEPAs CTaTopa; 2 — TpUdas-
Ha 00MOTKa; 3 — BEeHTWIALIIHI KaHamw; 4 — 000JI0HKa po6ovoi

KaMepH TOBIMUHOIO 0,=5 MM; 5 — i30Ms1liiiHa TpyOa

EnextpomarHiTHHI pO3paxyHOK iHIYKTOpa BHKOHA-
HO 3a aHAJIOTI€I0 3 METOIUKAMH, HafaHuMu y [4, 19, 26].

3 MipKyBaHb TE€XHOJIOT1YHOTO TPOIIECY 3aJaHi pami-
yC BHYTpIIIHBOI MOBepXHI kamepu 7y, = 0,047 M 1 akcia-
JIbHA JIOB)KUHA ocepas cratopa [, =0,25 m. Po3paxyHkom
BCTAaHOBJICHI pajilycu po3roueHHsi ocepus ry; = 0,06 M i
30BHINIHBOT HOTO MOBEpXHi 1y, = 0,109 M.

I3omsniiina Tpyba 5 (puc. 1) BUKOHaHA 3 IIACTHKA, a
Yepe3 MOBITPSHUA NPOMDKOK y 4 MM Bi Hel po3TaioBaHa
o0osoHKa pobo4oi Kamepu 4 3 HeprkaBitodoi craii. Llst Tpy-
0a yTprMye Ta i30JF0O€ OOMOTKY 1HIYKTOpa B T1a3aX, a TAKOXK
3aBaka€ MOTPAIULTHHIO ONMBH y mpoMmikok. Ile tpyba pa-
30M 3 MOBITPSIHUM TIPOMDKKOM BiIIANISTFOTE POOOUy Kamepy
BiJI 30HH 3yOl1iB OCEpAsl CTaTopa 3 HEPIBHOMIPHHM PO3MOIi-
JIOM MAarHiTHOTO TOJIs, 110 CHPHSIE PIBHOMIPHOMY PO3IOILTY
(hepOMarHiTHUX €JIEMEHTIB B Kamepi.

Y TemnoBoMy ceHci i3onduiiiHa TpyOa Ta MOBITPS-
HUW MPOMDKOK MPAaKTUYHO BUKIIOYAIOTH TEIUIONepenayy
MDK OJIMBOIO Ta POOOUYOI0 KaMEpOr, TOMY Ied ILISIX B
TEIJIOBOMY PO3PaxyHKY IHAYKTOPa HE BPaXOBYETBCS.

JInst ymoCKOHaJIeHHS €KCILTyaTalliiHUX BJIACTHBOCTEH
IHIyKTOpa 3po0JIeHO JBa I JI0Ci He BHNPOOYBaHI KPOKH.
3amicTh 3BUYAIHOI KOHIIGHTPUYHOI AiaMeTPaIbHOI OOMOTKH
cTaTopa BBE/CHA METIIh0Ba YKOPOUYEeHa 0OMOTKA, L0 JI03BO-
JIsI€e BUKJIFOUUTH HECUMETpiro (pasHIX 0OMOTOK Ta 3abe3re-
YWTH MABUIICHHS OTHOPIAHOCTI MAarHITHOTO IOJSI B PO0O-
4iii kamepi IHAyKTOpa — 1e MoKa3aHo B [26]. OkpiM Toro, B
ocepi craropa mependadyeHi akcialbHI BEHTHIIAHI KaHa-
JIM, IO CHPSIMOBAHO HA MOKPAIEHHS OXOJIO/DKEHHS €JIeKT-
pOMarHiTHOi cucteMH iHIyKTopa. LlpOMy 3K OmHOUYAacHO
cripusie OUIBII «PO3PiIDKEHa» CTPYKTypa OLIbII TOHKUX JIO-
OOBHX YaCTHH NETIHOBOI OOMOTKH CTaTropa, M0 30UThIIye
TIOBEPXHIO IXHHOT'O OXOJIO/PKEHHSI.

OTxe, TAKAM YMHOM 1 BHHHUKIIA 3a/ja4a OL[IHKH Tell-
noBoro cra”y iHaykropa EMM i 3maTHOCTI 3a0e3meunT
HOTO0 TPUIHATHUHA piBEHb OXOJOKEHHIM TpaHchopMma-
TOPHOIO OJIMBOIO.

st moBHOTH cpuiiHATTSA podotd EMM 1 mosicHeH-
HS MOTO eJeKTPOMAarHiTHOI CKJIaJ0BOi, HA PHC. 2 HaJaHa
CTPYKTypa iHOyKTOpa 3a [19, 26], sikuii BaacHe i 3a0e3me-
4yye poOOTy MIIMHA, XO4a [Ie i HE € OCHOBHOI TEMOIO
crarTi. TyT IOKa3aHi MUTTEBUH PO3IOJII CTPYMIB B TPH-
KapTHHA IBOBHMIPHOI'O MAarHiTHOrO0 HOJIsi Y PoOGOYOMY
PEXUMI 3 IPUCYTHICTIO (hepOMarHiTHUX €JIEMEHTIB.

Puc. 2. MarniTHe mojie B monepeyHoMy nepepisi iHIyKropa
IIPY HOMIHAJIFHOMY HaBaHTA)KEHHI

Jnst po3paxyHKy MarHiTHOTO IOJISi BUKOPHCTOBYBaJia-
cs, SIK e 3a3Ha4deHo B [4, 19], 3aranpHOBimOMA IporpaMa
FEMM, noOynoBaHa Ha METO/Ii CKIHUEHHUX €JIEMEHTIB.

MarsiTHe mosie € 00epTOBHM, 1 pa3oM 3 HUM pyXa-
I0ThCSl (PEPOMATHITHI CIIEMEHTH, 3a0e3Medyoyn HeoOXi-
Hy 00pOOKYy pedOBHHH B POOOUii KaMepi.

Bimomo [4, 19, 26], 1m0 A €1eKTPOMArHiTHUX PO3-
paxyHKIB IHIyKTOpa JOCTaTHhO HOTO eJNeKTPOMAarHiTHOi
CHCTEMH, sSKa HaJlaHa Ha puc. 2.

[pote, 11 po3paxyHKy TEIUIOBOTO CTaHy iHAYKTO-
pa HOTpiOHO BpaxOBYBAaTH BCIO HOTO TPHUBHUMIPHY KOHC-
Tpykuio. bynosy EMM pa3om i3 0CHOBHHMH po3Mipamu
HaBEJEHO Ha pHUC. 3 y Oro MOB3JOBXKHBOMY IMEpepisi.
Pa3om 3 momepeunnM mepepizom Ha puc. 1 e Hajgae jgo-
CTaTHBO ITOBHE YSBJIEHHS IIPO BCIO CTPYKTYPY 1IHAYKTOPA.

Metoan Ta pe3yiabTaTH JOCJHiIxkeHHs. TerioBui
po3paxyHOK iHmykTopa EMM 3 IpHUMYyCOBHM OXOJO-
JOKEHHSM TIOTOKOM TpaHC(OPMATOPHOI OJIMBH Mae Bpa-
XOBYBaTH TMIJIrpIBaHHSI OJIMBU IO JIOBXHHI IHIYKTOpA.
OTxe, 6a)KaHO 3aCTOCOBYBATH TPUBHMIPHE MOJICITIOBAHHS
TEeMIIEPaTyPHOT'O IOJIA, IPUMIPOM, METOIOM CKiHYEHHHX
esneMeHTiB. Bigomo, 1o 171st Iboro po3paxyHKOBa MOJIEINb
PO30MBAETECS HA OKPEMi €JIeMEHTH Y BUTIISAL TeTpaeapiB.
[Tpu ckiagHiid CTPYKTYpl Ta JAOBOJNI BEIMKHX radapurax
KOHCTpyKwii iHaykTopa EMM, ocobmmBo 1000BHX Hac-
THH HWOTO OOMOTKH, KiJIbKICTh €JIEMEHTIB MOJENI Ma€e 0y-
TH IyXe BeMUKO0. J[OCBiA po3paxyHKiB HaBiTh JBOBHMi-
PHOT OCECHMETPUYHOI MOJIEli eNeKTPHUYHOT MatuHu [27]
CBIUUTBH, II0 TPUBANICTH PO3PAXyHKY OyIe HaIMipHOIO,
SK 1 He0OXiJHI pecypcu KOMI IoTepa.

VY TakoMy pa3i €QUHHM MOXIIUBUM PIMICHHSIM IS
po3B’sizaHHsl  c(OPMYJILOBAHOT 3ajqadi € 3acTOCYBaHHS
MeTOAy eKkBiBaeHTHHX TeruioBux cxeM (ETC).

TeruoBuii po3paxyHOK eNEKTPHYHUX MAlIUH METOJIOM
ETC 3abe3medye qOCTOBIpHICT pe3y bTaTiB 3 TOXHOKOO 10
5-10 % [28, 29]. Bin n03BoJIsie BpaxyBaTh 3MiHYy TeMIIepa-
TYpY B TOHKOMY IIapi i30JIAIl{i Ta OTPUMATH PO3MOALICHHS
TeMIepaTypy 3a JOBXKHUHOKO IHAYKTOpa Ta y BChbOMY 00’eMi
EMM. Takuii meron OyB 3acTOCOBaHHH I PO3PAXYHKY
TEIIOBOrO cTaHy aHanoriuHoro EMM, aie 3 BiAMIHHOCTSMH
Yy KOHCTPYKLIT Ta P HOBITPSIHOMY OXOJIOJDKEHH [22].

HeoOxinHi JOBIIHMKOBI JaHi JUIsl TEIJIOBOTO PO3paxy-
HKy OTpuMaHO 3 cydyacHuX noBimuukiB [30, 31]. Takumn
JAHUMHU € KOe(IIIEHTH TEIUTOMPOBIAHOCTI A Mii, eIeKTpo-
TexHIUHOI craii Mapku 2212, mositps, TpaHcdopMaTropHoi
OJIMBH, MarepiajiiB KOpIyCy Ta TOPLEBHX ILIHUTIB — CTaii

14

Enexkmpomexnika i Enekmpomexanika, 2023, Ne 3



C135, BHYTpILIHBOI TPYOH CTaTOPa — CKIOIDIACTHKY, TTa30BOT
13071111 KJIaCy HAarpiBOCTIMKOCTI B; MUTOMMUX TEeIIoeMHOCTI

bxid onuby

Kapnyc

ocepds cmamapa

¢ 1 Macu p; KIHEMaTHU4Hi B'SI3KOCTI V TIOBITPS Ta TpaHCQOp-
MaTOpHOT OJIMBH; IMHAMIYHOT B SI3KOCTI |1 OCTaHHBOI.

buxid onubu

272

0X0N0GH KaHam

h buxid onubu 3

bxid onubu do

| oxanodwux kavani

OXOAO0HUX KOHOAIG

mibud mopyebud wum

= — -
/1o00ba yacmuna
odwomky cmamapa

292
102
2110
2273
2260
219%

/1o00ba Yacmusa
odmomky cmamopa

npabug mopyebud wum

Brympiwns mpyoa

2120
2218

|

TemoBuii po3paxyHOK iHAYKTOpPa BUKOHYBABCS VIS
TeMIepaTyp TpaHc(pOpMaTOpPHOI ONMBH HA HOTO BXOML
0, = 20 °C, HaBKOJIUIIHKOTO cepepoBuina 0,,, =20 °C.

Pyx TemyoBoro moToky il 3alpONOHOBAHOI KOHC-
Tpykuii ingykropa (puc. 1 i 3) cupsMOBYeTbCs Bix 1mazo-
BOT YaCTHMHU OOMOTKH JI0 ii TI0OOBHUX YaCTHH Ta A0 3yOIliB
1 ciHKK ocepas iHaykropa. Lle Temso Bix ocepist 3 1o-
JaBaHHSAM MarHiTHHX BTPaT B HbOMY HEPEHAEThCA HA KO-
pryc, a 3 TOpIIB oceps — A0 OXOJIONHOI TpaHCopMaTo-
pHOi onmBH. YacTKOBO TEIUIO BiXl oceps MepeaaeThCs 10
BHYTPILIHBO] 130iswiitHoI TpyOu (puc. 1), mo BUroTosie-
Ha i3 IacTuKy. AJe depe3 Hel Ta MOBITPSIHUAIN MPOMIXOK
TEIJIO NPaKTHYHO HE NepPeNacThCs, TOMY BIUIHB TEIUIa Bil
JKOPHOBHUX €JIEMEHTIB B PO0OUiii KaMepi HE BPaXOBYETHCS.

Puc. 3. Cxema koHCTpyK1ii EMM 3 OCHOBHHMH po3MipaMu iHIYKTOpa Ta po0o4oi kamepu

Bin 1000BHX YacTHH OOMOTKH TEIUIO MEPEHAETHCS JI0
OXOJIOZHOI OJIMBH, fKa HAIXOJUTh 3 BXIJHOrO MaTpyoOKa,
TIPOXOIUTH KPi3b JIBY JIOOOBY YaCTHHY OOMOTKH, OXOJIOMIHI
KaHaJM BCepeIUHI ocepls iHayKTopa, Kpi3hb MpaBy JIOOOBY
YacTHHY OOMOTKH Ta BHUXOJWTh Yepe3 BUXITHUI maTpyOoK.
Teruto Bif TpaHC(OPMATOPHOI OJIMBU TIEPENAETHCA Ha TOP-
LEBI LIUTH, AUISTHKA KOPITYCY Ta 130JBILiiHOT TpYyOH, BiNbHI
Bix ocepnd. Uepes Te, mo TpaHCOpMATOpHA OJIMBA TPH
MPOXOI KPi3k IHAYKTOP MiAITPiBAETHCS, TEIUIOBA CUCTEMA €
HecuMeTpryHO. ToOTO OiK IHIYKTOpa HA BXOi TpaHChOp-
MaTOPHO{ OJIMBY € XOJOHIIINM 32 OiK Ha BUXO/II.

Ha miacTaBi cxeMu pyXy TEILIOBOrO MOTOKY CKJIaze-
Ho ETC ingykropa EMM (puc. 4).

o s "
Jumflumac v, gem' Joaniuite (3] s ems 7 Joeniune
mmmy)x mmj{m JJEJH’”JI!JJI
Topyesuii wpwm Kopiye Toypmyenuti ugane
(roEnitung 19 {3oauiteR . 19 e
e Favwosi Kapnye Wf-? nowepois) — Kophye nad Samot mrowepx)
nosepni AUROK? 5 Kopnye oRtiEmG nosepEni 0
ieuts mopyeat 6 f ] [ ] f ] f 1 Hpranit
— | S | | I | L .
R| ] R Kopnye na ng Rw 10| monemd ypn
dorwnni
ooepRs
Tpasiyean A
. N l'l(’.DF}J!" (‘HEHMOFJ .
Topyesuti WHPHI R‘) ma Kapiyean R) I Topyestt g
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NECTIIH SLGmKEE R3 DA CIAMOPR R3 HOCTTIEN ORI
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OOMOmKL LMo
CHIGHIGET 2 coEImROpa
o —-—— P )"
: R \\_2/} :
Jlodosi wacmein ! Hazosa vacma | Tofiosi waemuny
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Puc. 4. ExBiBanenTHa TemioBa cxema iHgykropa EMM
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B imgykTopi BHIOUIEHO OKpeMi OJHODITHI YacTHHH,
siki B ETC e By3mamu 1 — 11: mazoBa ta 1Bi JI00OBi yacTH-
HU OOMOTKH, OCEpJIs cTaTopa, TpaHCc(HopMaTOpHA OMBA B
IIpocTopi JTOOOBHX YacCTHH Ta B OXOJIOAHUX KaHauax oce-
pAg 1HAYKTOpa, KOPIYC, TOPIEBI IIUTH, BHYTPIIIHA i30-
nsniiiHa Tpy6a. xepenamu Terutoty B inaykropi EMM e
oro oOMoTKa Ta ocepas. EnekTpudHi Ta MarHiTHI BTpaTH
B HUX BH3HAYAJINCS 32 PE3yJIbTaTaMU €JIEKTPOMAarHiTHOTO
PO3paxyHKYy, SIK IIe BUKJIaneHo B [4, 19].

EnexTpuuni BTpaTy NOAUISIOTHCS MK T1a30BOIO Ta JIO-
00OBMMH YaCTHHAMH OOMOTKH TIPOTIOPITIHHO JOBKHHAM IHX
YaCTHH 1 BU3HAYAIOTh IOTY)XHOCTI JpKepeln Teriotd Pl Ta
P2. TloTyXHIcCTh pKepena TeIuIoTH By3ia 3 (3yOll Ta ClIMHKA
ocepns craropa) P3 BH3HAYAETHCS MATHITHUMHU Ta J0ATKO-
BUMH BTpaTamy. Pemira By3iiB HE MarOTh BIACHHX JHKEpEN
TEIUIOTH, TOMY IX MOTYXKHICThb JIOpiBHIOE HyIt0. [IpuHImnm
BU3HAYCHHS 3a3HAYCHUX BTPAT HaJlaHi B podoTax [4, 19, 26].

ExBiBasieHTa TemsioBa cxema Mae JiBa ONOPHUX BY3-
JM — BY3JIM 3 BU3HAYEHOIO TemriepaTyporo. Lle By3oi 30B-
HIIIHBOTO TMOBITPS 3 TeMrepaTypoio 6., Ta By30J TpaHC-
(hopMaTOpHOI OJIMBU HA BXOI 3 TEMIEPATypoIo 0.

TemioBl OmoOpuM eJNEMEHTIB KOHCTPYKINI BH3HaYa-
FOTBCS 32 3araJbHONPHHHATAMH (OpMYJIaMH, sIKi 3aire-
KaTh BiJl eJleMEHTa KOHCTPYKIIii Ta yMOB HOro oxoso-
JokeHHs [29]. Po3paxyHKOBUIT BUpa3 AJs TETLIOBOTO OTIO-
Py BU3HAYAETHCS XapaKTEPOM TEILIOOOMIHY.

KoHIyKTHBHI TEIIOBI ONOPY BH3HAYAIIMCS 32 JOIIO-
MOTOIO JIOBITHUKOBUX KOEQIIIEHTIB TEIIOMPOBIMHOCTI A
3a 3arasibHOIO0 opmytoro [29]:

)
= (1
A-S
Je 0 — TOBILIMHA TEIJIOBOI CTIHKU €JIEMEHTa KOHCTPYKLIi
EMM,; S — rutoma noBepxHi CTiHKH.

KOHBEKTHBHI TEIUIOBI OMOpW BH3HAYAIKCS dYepes
koe(illieHTH Temnosianayi o. [XHi 3HaYeHHs oGupasucs
3a JIOCBIIOM TEIUIOBHX PO3PaxyHKiB KOHCTPYKTHBHO IIO-
JNIOHMX eJNEeKTPUYHMX MallWH. 3arajbHa (opmyna s
PO3paxyHKy KOHBEKTHBHOTO TEILIOBOTO onopy [29]:

kool
o-S
ne S — mromnia MoBepXHi TEIUIOBIIavi.

Hanpukian, xoedirlieHTH TETIOBiAIa4di 3 MOBEPXOHB
TOPLIEBHX IIUTIB Ta KOPITyca iHIyKTOpa BU3Hauamcs 3 [23]
Ta craHoBw 124 Br/(M*-°C) i 87 Br/(M*-°C). Pemra koe-
(illieHTIB TETUTOBIAAY] BU3HAYAIICS 32 JIOCBIIOM TEILIOBHX
PO3paxyHKiB aCHHXPOHHUX JIBHUTYHIB [32, 33].

TerutoBi 3B’3KM MiX BYy3JIaMH EKBiBaJICHTHOI Tel-
JIOBOI CXEMHM BU3HAYAIOTHCS TEIUIOBUMH OIOpPaMH, SKI HE
3ajexarb Bil TeMrneparypy. BuzHaueHHS IMX OTIOpiB Mix
BY3JaMH IIi€i cxeMu BifOyBajocs 3a aHAIOTI€I0 3 IMpaBU-
JIaMH{ pO3B’sI3aHHS 33/1a4 PO3PAXyHKY €IeKTPUYHUX KiJ.

Jyist mpocTimoro po3s’si3Ky CHCTEMH PiBHSHB, SIKi Xa-
PaKTEepU3YIOTh TEIUIOBHI CTAaH KOXKHOTO BY3Ja, BUKOPHCTO-
BYBAJINChH TEIIOBI MPOBITHOCTI. B3aeMHI TeoBi MpOBigHO-
CTi MDK BY3JIaMH € 3BOPOTHUMH BEJIMYMHAMH JI0 TEIIOBUX
OTIOpPiB BITOK E€KBIBAJICHTHOI TEIIOBOI cXeMH. BmacHi Ter-
JIOBI TIPOBIZHOCTI BY3J1iB € CYyMOIO IPOBIJIHOCTEH BITOK, IIO
BXOJIATh y BY30J. TeIIIOBiI MPOBITHOCTI MK BY3JIaMH, JI€
HEMae IPsSIMOTO 3B’513KY, JOPIBHIOIOTh HYJTIO.

Jnsa cucremaTn3anii MO3HAYCHb IHACKCH TpPHU JIiTe-
pax BiJIIOBIAAIOTh HOMEpPaM BY3JIiB CXEMHU.

BusnaueHHs TemIepaTyp BY3JiB €KBIBaJIEHTHOL
TEIJIOBOI CXeMHU BIJIOYBAa€ThCS 32 JONOMOIOI CHCTEMHU

Ry

)

o

anreOpaiyHUX piBHSAHB, SIKA CKIAJAETHCA 3 PIBHSAHB Tel-
JIOBOTO OayIaHCy JKEpest TeIUIOTH.
Cucrema piBHSHB Y MATPUYHUX CUMBOJIAX MA€ BATIIAL;
Ax0+P =0, 3)
e A — MaTpHuIls TEIUTOBUX MPOBITHOCTEH; # — MaTPHILL
TEeMIIepaTyp By3diB; P — MaTpHUIl MOTY>KHOCTEH JKepel
TEIJIOTH.

PiBHAHHS CKJIagaroThCs IS YCiX BY3MiB €KBiBaJIeH-
THO{ TETJIOBOI CXeMH, KpiM OMOpHHUX. J{JIs By3IiB eKBiBa-
JIEHTHOI TEIUIOBOI CXEMH, SIKI MalOTh TEIIJIOBHMH 3B'S30K 3
ONOPHUMH BY3JIaMH, JI0O MOTYXXHOCTI By3Ja HOAAIOTHCS
3BElICHI BTPATH — JOOYTOK TEMIIEpaTypH OMOPHOTO By3ja
0, 200 0,,; Ta TETUIOBOT MPOBIAHOCTI MIXK BY3JIOM Ta OIIO-
PpHOKO TOYKOIO A40i]: ASensa A6ens abo AlOens:

B
b

B
P4 + eo[l ' A
})5 + eens : ASenS
Pt') + emm ' A(’)ens N (4)

4oil

B,+0,. A

ens 10ens

B

Po3B’s13k0M crcTeMH PIBHSHDb € 3HAYCHHS TeMIlepa-
TYp €JIEMEHTIB KOHCTPYKLIi iHIyKTOpa — By3JIiB €KBiBaJIEeH-
THOi TeIIoBOi cxeMu (auB. puc. 4): 10OOBOi YaCTHHU 3
00Ky BXOay TpaHc(opMaTOpHOI onvBHU (By301 1); masoBoi
yacTuHu (By30a 2); ocepas craropa (By3ou 3); TpaHchop-
MaTopHOi OJIMBM Ha BXoi (By3ox 4); kopmyca (By3on 5);
TOPIIEBOTO IMIKTA 3 OOKY BXOAY TPaHC(POPMATOPHOI OJHBU
(By3011 6); BHYTPIIHBOT TPpyOU (BY30I1 7); OJIMBU B OXOJIOI-
HUX KaHanax (By3on 8); TpaHc(hOpMaTOpPHOI OJIMBH HA BU-
xozi (By3o: 9); TopueBoro mura 3 60Ky BUXOIy TpaHcdo-
pmartopHOi onuBH (By301 10); 1000B01 9acTHHA OOMOTKH 3
00Ky BuxOy TpanchopmaTopHoi oiuBH (By30i 11).

Jis 3miiCHEHHSI TEIUIOBOTO PO3PaxyHKy po3podiie-
HO TpOrpaMHe 3a0e3MeUeHHS B CEPEIOBHII 3 BUIBHUM
moctyriom SMath Studio [34]. Po3paxyHOK BHKOHYBaBCS
JUIsl YOTUPHOX CTAalliOHAPHUX PEXKUMIB POOOTH IHIYKTOpA:
ineampHOTO Hepobodoro xomy (IHX); «pobodoro» Hepo-
6oyoro xonay (PHX), konu gepoMarHitTHi eneMeHTH 3aBa-
HTa)XEHi, a CHPOBHHH, 110 0OPOOIIOETHCS, HEMAE; PEIKU-
My HoMiHanbHOrO HaBaHtaxeHnHs (PHH), komu € i eneme-
HTH, 1 CHPOBHHA; PSKMMY MaKCHMAJIbHOT'O HAaBaHTA)XKCHHS
(PMH) [19]. 3nauenns crpymy oOMOTKH cratopa I, BXi-
JTHOi TOTYXHOCTI P;,, BUXiTHOI MOTYXHOCTi P,,,, €IeKT-
PUYHMX BTPAT Py, MarHiTHUX BTPAT P, HEOOXiZHHX
JUISl TEIUIOBOTO PO3PaxXyHKY, 3BeeHi /10 Tad. 1.

Tabmuus 1
3HaueHHs BEIUYUH, HEOOXiTHUX /IS TEIUIOBOIO PO3PAXyHKY
Pexxum I, A Py, BT | Py, BT | P, BT | Pggq, BT
IHX 66,5 4142 - 4101 41
PHX 35,0 1190 0 1139 51
PHH 36,0 3074 1827 1206 47
PMH 46,0 5727 3715 1969 43
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PesynbraT po3paxyHkiB Hajgano B Tabu. 2. Ilepe-
BUIIICHHS TEMIICPATYPH OJIMBH HA BUXOJI HaJl TEMIIEPaTy-
poro onmBH Ha Bxoxi B pexkumax IHX cranosuts 22 °C,
PHX -6 °C,PHH -7 °C,PMH - 11 °C.

Tabmus 2
TTopiBHSAHHS PE3yJIBTATIB TEILIOBOIO PO3PAXyHKY AJIS YOTHPHOX

PEXKUMIB POOOTH iHIYKTOPA 3 OJIMBHUM OXOJIOKCHHSAM
Howmepu By37iB cxemu Ta ix Temneparypa, °C
1 2 3 4 5 6

THX 62 71 44 31 30 30
PHX 32 34 27 23 23 23
PHH 32 35 27 23 23 23
PMH 40 45 31 26 25 25
Howmepu By3miB cxemu Ta ix Temnepatypa, °C

Pexxum

7 8 9 10 11
IHX 41 36 53 46 77
PHX 26 25 29 27 36
PHH 26 25 30 28 37
PMH 30 28 36 32 47

Sk 1 nmepenbauanocst B [19], pexxum igeanabHOro He-
poboyoro xoxy € HaHOLIBII HANIPY)KEHUM SK 3 TOUKH 30-
Py CTPYMOBOI'O HaBaHTa)KEHHsI, TaK 1 3a HArPiIBOM eJeMe-
HTIB KOHCTPYKUi# iHaykTOpa. ToMy € myxe HeOaxaHUM
TpUBaJIe 3HAXO/KECHHSI IHAYKTOpa Y LIbOMY PEXHMi, TOO-
TO 6e3 epOMArHiTHUX SIIEMEHTIB B POO0OYO0T Kamepi.

B iHmmx pexmnmMax, i HacamIiepen y pekumi HoMiHa-
JIBHOTO HaBaHTAXXCHHSI, TEMIICPATypPHUI CTaH IHIYKTOpA €
JOCHUTH TIoMipHUH. L{poMy cripusum Taki GpaxkTopu:

1)o6rpyHroBanuii Bubip Harpyrid 0OMOTKH CTaTopa Iio-
JI0 33JIAHOTO PIiBHSI MarHiTHOI iHIYKLIi B poOodiil kamepi;

2)3acTocyBaHHS JBOLIAPOBOI CKOPOYEHO! METIHOBOT
00OMOTKHM CTaTOpa 31 CTOHIICHUMH 1 PO3PIHKEHUMH JI000-
BUMH 4YaCTHHAMH, SIKa JI0 TOTO X 3abe3nedye CHMETpito
TpudazHol cCUCTeMH IHIYKTOpa 1 MOKpAIleHUH PO3IOJLI
MAarHiTHOTO TIOJISI B OCep/i cTaTtopa Ta pobodiit kamepi;

3)3acTocyBaHHS B OCepli CTaTopa akcCiaJbHUX BEHTH-
JISIIAHUX KaHAIIIB.

3a3Ha4uMO, IO SIKIIO MPUHHATH TEMIIepaTypu Ha-
BKOJIMIIIHBOTO CEePEJIOBHIIA Ta TPaHC(HOPMATOPHOI OJMBU
Ha piBHI 40 °C, 5K 11e pOOUTHCS Al €NCKTPHUIHNX MAIINH,
TO BCi Temreparypu B TaOJ. 2 BIANOBIHO 30LIBIIYIOTHCS.
Haiibinpiia temmneparypa j00OBOi YacTHHU TOJI csirae
maibke 100 °C, i e Bxe BUMarae cepiio3Hoi yBarm.

JI71st TOTIOBHEHHSI TEIJIOBOrO PO3PAXyHKY MapajielibHO 3
HHUM 3BUYAMHO 1 TYT TEK BUKOHYETHCS T1APABIIIYHUAN po3pa-
XYHOK. BimmoBinHa exBiBaJieHTHA TiIpaBIIiuHa cXeMa iHIyK-
topa EMM, 1110 mokasaHa Ha puc. 5, € JIHIHHOIO 1 CKIIaaeTh-
¢ 3 HOCIIIOBHO 3’ €IHAHUX JUISHOK. BOHAa MICTUTH AUITHKA
3 TaKMMH TiPaBIIYHUMH ONOpPaMH: BITYCKHHIl MaTpyOoK
(uusIX0BUI OMip Z), BUXiJ y MPOCTIp ITiJ KOPITyCOM (parito-
BE PO3LIMPEHHS KaHay Z,), IPOCTIp Mifl KOPITyCOM JI0 JI000-
BUX YacTHH (IUIIXOBHH oI1ip Z3), BXiJ] 10 POCTOPY JI000BHX
9acTUH (PanToBe 3BY)KEHHS KaHATY Z), IPOCTIp Haz J000-
BUMH YacTHHAMH (LIUIIXOBUH or1ip Zs), BXi i1 KiJIbLe ocep-
It (panToBe 3BY>KEHHs1 KaHaty Zg), Kiiblie oceps (LUBiXo-
BUIA or1ip Z7), BXiJI IO OXOJIOJHUX OTBOPIB (parToOBE 3BYKCH-
Hsl KaHalty Zg), OXOJIO/HI OTBOPH (LIUISIXOBHIA omip Zy), BUXIJ
3 OXOJIOJHMX OTBOPIB (panToBe PO3LIMPEHHS KaHalty Zjo),
KijtbIle ocepst (MUTSIXOBHI Ommip Z11), BUXIM 3~ KU OCe-
pIt (panToBe PO3IIMPEHHs KaHaTy Zj), TPOCTIp Hax JI00o-
BUMHU YaCTMHAMH (IIUBIXOBUH omip Z;3), BXig 0 MPOCTOPY
IiJ] KOpITycOM (pamnToBe PO3IIMPEHHSI KaHaly Zi4), TIPOCTIpP
i KOPIyCOM 10 BHITyCKHOTO MaTpyOKa (UIUTIXOBHIA OHIp
Zis), BXiJl IO BUITYCKHOT'O matpyOka (panToBe 3BY)KEHHs Ka-
HaJy Z)), BUITYCKHHH MaTpyOOK (IULIXOBHIA OITip Z;7).

B ocepnai 24 oxonoaHI KaHaIM PO3MIIIECHO Mapalie-
JILHO OJIMH OJHOMY. IXHi rigpasniuni onopu Zg, Zo Ta Zy
CKJIAJIAI0Th TapayebHi BITKH TipaBIiYHOI CXEMH KiTbKi-
CTIO M, = 24 WITYKH.

A H__H hH
Zy Zyo
oA H_H_H_H_H_H ot pasie HCOHH HH_H o
Zy Ly 4Ly Ly Zs Zs Iy ? Ly Zn Zy Ly Zis Zis Zn
HH
Zg Zyp

Puc. 5. ExBiBaneHTHa rigpasiiuna cxema ingykropa EMM

BusnaduenHs HeoOXinHOi BuTpaTH onuBu O, MOTPiO-

HO Y XOJi TEIJIOBOTO PO3PaxyHKY:
0, = k- AP

' Coz'l “Poil AD”
ne k — xoedilieHT, SIKUH BPaxoBye, 110 HE BCE TEIUIO Bij-
BOJIUThCS 0JMBOIO, k = 0,8; AP — cymMapHi BTpat B IHAYK-
TOpi (TIpUiiMaeMO «HaWHABaHTAXKEHILIMI» TEIUIOBUH pe-
xum), AP = 4142 Br; C,; — mUTOMa TEIUIOEMHICTh TPaHC-
¢dopmaropuoi onmusy; C,; = 1666 Ix/(xr-K); p,; — mutoma
Maca TpaHCOPMATOpHOi ONMBH; p,; = 880 Kr/m’;
AB — norycTMe TepeBUILICHHS TEMIIEPATYPH OJIMBH NPH i
pyci 1o rigpasiivHoMy Tpakty, AB =22 °C.

[MincraBnsiemo 3HaueHHS AQ y dhopmyry (5) i maemo
surpary omuBu Q, = 1,03 10™ m’/c.

[IIBUAKICTD PyXy OJNMBH 3aJICKUTD BiJl BUTPATH OJIH-
Bu (), Ta TOIEPEYHOro Mepepidy BiJIMOBIMHOI AUISIHKA
ripaBiIiyHOr0 Tpakty S;. Bu3HAuuMO cepeiHio MIBH[-
KICTh OJIUBH Ha BXOJII Y BITyCKHUII MaTpyOoK

_ 9o
Vin =5 (6)

©)

inp

ae S, , — IIoIIa NONEPEYHOro nepepisy BXiJHOro narTpy-
6Ky, Sinp =491 MM,
IlizcraBnsemo 3Ha4eHHsA S, , Y opmyiy (6) i oTpu-
MYEMO IIBHJKICTb pyxy onuBu V;, = 0,21m/c.
lNppasniynuii onip -1 JUISHKY TiAPaBIIYHOTO TpaK-
Ty BH3Ha4aeThes 3a Gopmyiioro 3 [29]:

z =g —F 5 O
2-§;
ne & — xoeilieHT TiIpaBIiqYHOTO OMOpY i-1 NUISTHKH TiJI-
PaBJIiYHOTO TPAKTy; p — MHUTOMA Maca OXOJIOJJHOTO cepe-
JIOBHINA; S; — IUIOIIA TIOTIEPEYHOTO Tepepisy i-1 AUITHKU
TiAPaBIiIYHOTO TPAKTY.

[Micnst po3paxyHKY TigpaBIiYHHAX OIOPIB OKPEMHUX
JIUITHOK BCTAQHOBJIEHO CyMapHHUH TiAPaBIIYHUIA OMIp eK-
BIB&JICHTHOI CXEMH Zy 3a PHC. 5, a came:

zs = 5,46-10° (H c*)/v®.

CyMapHi BUTpaTH THCKY [P TAKOMY TiIpaBIiuHOMY

OIOPi BU3HAYAIOTHCS 3a (POPMYIIOr0

APgs =23 -0y, ®)
i craHoBiATh 57,9 I1a, a6o 0,0006 aTm.

Enexkmpomexnika i Enekmpomexanika, 2023, No 3

17



3BakaloYM Ha BUSIBIICHI pEe3epBH TEMIIEPATypHOTO
CTaHy MIJIMHA, & TaKOX TiAPaBIIYHOrO CTaHy LUIAXY HpO-
XOJUKEHHS OJIUBM, MOYKHA 3pOOHMTH IIPOTHO3 LIOAO Iiepe-
XOLy Bi HOTO OXOJOMKEHHS OJHMBOIO IO IMOBITPSHOTO
oxosiomKkenHs. st 1bOro BHKOHAHI OIIiHHI TEIJIOBI Ta
ripaBiIiyHi PO3paxyHKH MPH MOBITPSHOMY OXOJIOKEHHI
3a THMH CXeMaMH, 110 1 Ha puc. 4 1 5. BoHu mokasanu, mo
3aCTOCYBAHHS IOBITPS SIK OXOJIOZHOTO CEpEeNIOBHINA IPU
30epexenHi OynoBu iHxykTopa EMM i Gnusbkoro piBHs
TEeMIIEpaTyp, TEXHIYHO € Ay)Ke CKIaJHHM, i TOMy ILied
BapiaHT HeJIOLUIFHO peajli3oByBaTH.

VY miIcyMKy, pO3BHBAIOYH Y ITOAAJIBIIOMY TEMY Iiepe-
XOJIy Ha HOBITPSIHE OXOJIOIKSHHS MIIMHA, MOYKHA JI03BOJIUTH
MIBUIIICHHS] TEMIIEpaTypH €JIEMEHTIB HOro iHmyKTopa y
MEXax JIOIyCTUMOTO HasBHOTO PE3EPBY, & TAKOXK BHKOPHC-
TaHHsI TIOBHICTIO 200 YaCcTKOBO BIJIKPUTOI KOHCTPYKIIT 1H/Y-
KTOpa, TOOTO 3HAYHOT 3MiHM KOHCTPYKLIT Horo Kopityca.

Bucnosknu.

1. EnexrpomarnitHi muman (EMM) 3HaxonsTe HOBI
3aCTOCYBaHHS SIK y MPOMHCIOBOCTI, TaK 1 CUIBCHBKOMY
rOCIO/IapCTBIi. 3aBIsSKH BIPOBAKEHHIO JOCIIDKEHb Hay-
koBIiB, EMM Bce OUTBII IEpeXOATh Bijl 1a00paTOPHOTO
JI0 TIPOMHCIIOBOTO 3aCTOCYBaHHs. AJle LIe 3aUIIA0ThCs
HEJOCTATHRO JOCIIIKEHI MUTaHHS CTBOPEHHS Ta po3pa-
XYHKY CHCTEM OXOJIOJDKEHHS OJIMBOIO iHIyKTOpa EMM.

2. ChopmoBaHa MaTeMaTH4Ha MOJIETb TEIJIOBOTO CTaHY
iHgykropa EMM y crainioHapHuX pexxuMax poOoTH 3 HOro
OXOJIOMKEHHSM TPaHC(OPMATOPHOIO OJIMBOIO. Mozemb Mic-
THTh y CO01 H10r0 €KBIBAJICHTHY TEILIOBY CXEMY 1 BIATIOBIIHY
CHCTEMY PIBHSHb TCIUIOBOTO OajaHCy, Ta JOMOBHEHA CKBi-
BQJICHTHOIO TIPABIIIYHOI0 CXEMOI0 IUIIXIB PyXy OJIMBH
pasoM 3 popMysIaMH BiILIOBIHHX TTapaMeTpiB.

3. 3a cpopMOBaHOIO MOZIEIUTIO BUKOHAHO TETUIOBUH PO3-
paxyHOK iHmyktopa EMM st 4OTHMpBOX PEXUMIB HOTO
pobotu. OTprMaHi aHi TEMIEPaTyp CKIAJOBHX €JIEMEHTIB
IHIYKTOpa MOKAa3yIOTh, 0 BOHU 3HAXOMATHCS HA PiBHI, J0-
CTaTHBO JAJIEKOMY Bill KDHTUYHOT'O JUIS 3aCTOCOBAHOTO Kila-
cy i3omsuii B, 1 B npuiinsTiii KoHCTpYKUiT iHAyKTOpa EMM
3a0e3nedyeThes Ha liifHe HOro 0XOJI0MKEHHS.

4. BiAmoBiJHO OL[IHHOMY PO3PaxyHKY 3pOOJICHO Ipo-
THO3, IO BUKOPUCTAHHA HOBiTpH JUIA OXOJIOKEHHA iH[ly-
ktopa EMM notpebye BUKOpUCTaHHS BiIKPUTOI OyI0BU
Horo KopIrycy, ToOTO 3Ha4HOT 3MiHH KOHCTPYKLIII.

5. [lopanbima pobGora Oyne NpUCBIYEHA SIK YIOCKOHA-
JICHHIO CHCTEMH OXO0JIOJDKEHHs iHxykropa EMM onmBoro,
TaKk 1 KOHCTPYKTOPCBKO-PO3PaxyHKOBHM JIOCIIJDKEHHAM
CHCTEMH HOr0 IMOBITPSHOTO 0XOJIOKESHHSI.
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Analysis of the thermal state of the electromagnetic mill
inductor with oil cooling in stationary operation modes.
Introduction. An electromagnetic mill (EMM) for the technologi-
cal processing of various substances, which is based on the stator
of a three-phase induction motor, is being studied. The stator
winding has an increased current density, so the mill is provided
with a system of forced cooling with transformer oil. Problem.
Currently, there are no works on the thermal state calculation of
the EMM with the given design and oil cooling. Therefore, the
study of such EMMs thermal state is relevant, as it will contribute
to increasing the reliability and efficiency of their work. Goal.
Formation of a mathematical model of the thermal state of the
electromagnetic mill inductor and the analysis of its heating in
stationary modes of operation with cooling by transformer oil.
Methodology. The problem of calculating the thermal state,
namely the temperature distribution in the main parts of the elec-
tromagnetic mill, is solved by the equivalent thermal resistance
circuit method. The design of the EMM is provided in a suffi-
ciently complete volume, and on this basis, a corresponding
equivalent thermal replacement circuit is formed, which is sup-
plemented by an equivalent hydraulic circuit of oil passageways.
An explanation is provided for the composition and solution of the
equations algebraic system that describes the distribution of tem-
peratures by the constituent elements of the EMM. Results. The
thermal calculation results of the electromagnetic mill showed
that the maximum heating temperature is much lower than the
allowable one for the selected insulation class. According to the
hydraulic scheme, the necessary oil consumption, its average
speed and the corresponding pressure at the inlet of the intake
pipe are determined, which are at an acceptable level. It is noted
that the rather moderate temperature state of the inductor and the
hydraulic parameters of the oil path are facilitated by such inno-
vations in the design of the EMM as the loop double layer short
chorded winding and axial ventilation channels in the stator core.
Originality. Now EMM thermal equivalent circuits with air cool-
ing only have been presented. Therefore, the developed thermal
circuit of the oil-cooled inductor is new and makes it possible to
evaluate the operating modes of the EMM. Practical value. The
proposed technical solutions can be recommended for practical
implementation in other EMMSs. Taking into account the identified
reserves of the EMM temperature state, a forecast was made re-
garding the transition from its oil cooling to air cooling. But the
use of air cooling requires a change in the design of the EMM.
References 34, tables 2, figures 5.

Key words: electromagnetic mill, forced cooling of the inductor
with oil, analysis of the thermal state of the mill, method of
equivalent thermal circuits, analysis of hydraulic parameters.
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Application of a wavelet neural network approach to detect stator winding short circuits
in asynchronous machines

Introduction. Nowadays, fault diagnosis of induction machines plays an important role in industrial fields. In this paper, Artificial Neural
Network (ANN) model has been proposed for automatic fault diagnosis of an induction machine. The aim of this research study is to design
a neural network model that allows generating a large database. This database can cover maximum possible of the stator faults. The fault
considered in this study take into account a short circuit with large variations in the machine load. Moreover, the objective is to automate the
diagnosis algorithm by using ANN classifier. Method. The database used for the ANN is based on indicators which are obtained from
wavelet analysis of the machine stator current of one phase. The developed neural model allows to taking in consideration imbalances which
are generated by short circuits in the machine stator. The implemented mathematical model in the expert system is based on a three-phase
model. The mathematical parameters considered in this model are calculated online. The characteristic vector of the ANN model is formed
by decomposition of stator current signal using wavelet discrete technique. Obtained results show that this technique allows to ensure more
detection with clear evaluation of turn number in short circuit. Also, the developed expert system for the taken configurations is
characterized by high precision. References 18, tables 5, figures 4.

Key words: discrete wavelet transform, induction machine, three-phase model, multilayer perceptron neural network.

Bcemyn. Huni diaenocmuka HecnpagHocmeti aCUHXPOHHUX MAWIUH 8i0iepae 3HAUHY Polb Y NPOMUCIO8oCcmi. Y yill cmammi 3anponoHoeano
MoOenb  WMYYHOT HeUpOHHOT Mepexci 0N asmOoMAmuyHoi OiazHOCMUKU HeCcnpasHocmell AacuHXpouHoi mawunu. Memorw ybo2o
00CTiOJHCeHHA € PO3POOKA MOOeNi HelPOHHOI Mepedci, wo 003680A€ 2eHepysamu 6enuxky 6asy oanux. Ll 6aza mooice oxonmosamu
MAKCUMATLHO MOJCIUGI Hecnpagnocmi cmamopa. Hecnpagnocmi, posensinymi 'y yboMy O0OCTIOdNCEHHI, 8pax08yIomy KOponiKe 3aMUKaHHs:
npu BeNUKUX KOTUBAHHAX HasaHmadicenHs mawunu. Kpiv moeo, mema nonseae 8 momy, wob asmomamu3zyeamu aneopumm OlaeHOCIMUKY 3
donomozoio Kiacugixamopa wimyynoi netiponnoi mepesici. Memoo. baza oanux, wo 8uKopucmogyemocsi Ois WNnYy4HOL HeUPOHHOT Mepedici,
3ACHOBANA HA NOKAZHUKAX, OMPUMAHUX 6 Pe3yTbmami 6eleiiem-ananizy Cmpymy cmamopa Mawunu oouici gasu. Pospobnena neviponna
MOOeb 00360TIAE 6PAXOBY6AMU OUCOANAHCH, WO BUHUKAIOMb NPU KOPOMKUX 3AMUKAHHAX Yy cmamopi mawuny. Peanizoeana mamemamuyna
MOOelb 8 eKCNepmHil cucmemi IPYHMyemvcs Ha mpughasuiti mooeni. Mamemamuuni napamempu, wo 6paxoeyiomocsi 8 yiil Mooeli,
DO3PAX0BYIOMbCA OHNAIH. XapaKmepucmuyHull 6eKmop Mooeni WmyyHoi HelpoHHOT Mepedrci hopMyEmMbCs WIAXOM POSKIAOAHHS CUSHATY
cmpymy cmamopa 3 UKOPUCIAHHAM 8eligem-0UCKpemHo2o memooy. Ompumani pe3yibmamu noKasyoms, Wo 0aua Memoouxa 003601596
3a6e3neuumu Oinbuie GUAGTEHHS 3 YIMKOIO OYIHKOIO YUCIA GUMKIG NpU KOPOMKOMY 3amukanui. Takodc po3pobiena exchepmua cucmema
ons1 Koughieypayitl, wo npuiiMalomsbcs, 8i0pi3HAEMbCs 8ucokolo mounicmio. bion. 18, tadm. 5, puc. 4.

Kniouosi cnosa: nuckpeTrHe BeHBJIeT-IePeTBOPEHHs, ACHHXPOHHA MallIMHAa, Tpuda3Ha Moje/b, 0araTolapoBa IepcenTPoOHHA

HelpOHHA Mepexa.

Introduction. The application of the discrete wavelet
transform (DWT) technique demonstrates significant results
in terms of fault diagnosis [1, 2]. The discrete decomposition
of the stator current to multilevel gives a real image about
stator fault of the induction machine. Detection of non-
stationary produced by the stator current during a short
circuit is obtained by using multilevel decomposition.
Diagnosis by using wavelet techniques for discrete and
continuous signals has been presented in [1-3]. Fault
diagnosis methods that based on the fast Fourier transform
approach are more efficient for stationary signals or
permanent regime. Furthermore, these methods are largely
used for fault detection and isolation scheme of induction
machines [2]. However, the fast Fourier transform approach
is not efficient and has drawbacks for no-stationary signals
[1, 4]. To resolve these drawbacks the DWT technique has
been proposed. This last is not only used for fault detection
and localization in the machine stator (such as short circuit),
but also it allows extracting their frequency. The frequency
extraction is performed based on decomposition of the stator
current to multilevels.

The proposed technique offers a powerful analysis of
signals. In signal processing field this technique is
considered as an important tool of diagnosis for the induction
machines [5, 6]. So, to ameliorate the diagnosis procedure
for induction machine a novel approach has been proposed.
This approach is hybridization between neural networks
(NNs) and the DWT technique. The principal of the
proposed approach is given as follow: first by using the
DWT technique three parameters (energy, Kurtosis and

singular values), which are associated to a stator fault are
calculated. These three parameters must be extracted for
each level of the current stator. The obtained results
demonstrate the effectiveness of the proposed approach for
fault detection and isolation in induction machines.

Automatic fault detection and localization using NNs
for the three-phase model of the induction machine, is
considered more realistic «Xianrong Chang model» [7].
Intern faults which are studied in this work are short circuits
between turns of the same stator phase. This model allows
taking into account disequilibrium in the stator. This
disequilibrium can generate a short circuit between turns.

Several methods have been developed in literature.
These methods are based on NNs [7-9], shape recognition
[1, 10], fuzzy logic [11], genetic algorithms [12], time-
frequency representations. All these methods are used to
automate the diagnosis process basing on data acquisition
from the machine for without intervention of an expert.

NNs represent a preferred solution for diagnosis
problems using automatic classification of signals and
shapes. In this context, many applications of NNs are
distinguished for fault diagnosis and especially for
electrical machines [13].

In fact, NNs are largely exploited in the field of
classification and shape recognition. Their outputs allow
approximating the inputs to different classes; which
means that a NN can work as an optimal classifier [14].
NNs are characterized by a mathematical structure, and
able to generate behavioral model from input-output data
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of dynamic systems. Recently, NNs have known large use
in modeling, controlling and supervision of industrial
systems. Using NN models for measuring, observing and
diagnosis can solve many problems of classical modeling.
These models allow global monitoring for complex
systems, and offer the possibility of fault isolation with
necessary decisions [15].

Following the obtained results given in [1] and
taking into consideration the results of [2, 3, 16], it is
possible to select as an input vector for the NN model the
stored energy [17], the Kurtosis and the singular values
decomposition (SVD) of each level (D3, Dy, Ds, D¢, D7)
and the resistant torque value. The designed NN model
has three layers. Many tests of classification have been
realized to determine the optimal structures of the NN
model. The NN model used for discrimination of the
stator fault is described as follow:

e 16 neural for the input layer;

e 10 neural for the hidden layer;

o 4 neural for the output layer.

The main objective of this research work is to
present developments by applying NNs in fault diagnosis.
Methods of diagnosis based on a black box model type
(NNs with supervised learning) have been adopted. This
research work is subdivided in two steps:

e The first step concerns a formulation of an input
vector based on the Kurtosis values, SVD and the stored
energy values in each level D;, Dy, Ds, Dg, D; with
variations in short circuit percentage between 0 to 15 %.
This formulation is applied for the phase A, B and C
respectively in different operating regime from 0 to 7 N-m
with a variation step of 0.25.

e The second step concerns the classifier conception to
classify the operating modes of the induction machine.
So, different classes are distinguished, three classes are
used for fault cases and one class is used for normal case.

Three-phase equivalent model of unbalanced
asynchronous machine (X. Chang model). The present
paper shows an induction machine model taking into
account a short circuit in the three-phases of the machine.
To extract electrical faults signature, the stator currents of
the phases are used. First, to detect effectively the
presence of the signatures related to the stator currents of
three-phase model, sophisticated techniques have been
proposed. Furthermore, the obtained results using
numerical simulation demonstrate that excellent
performances have been obtained using the proposed
method. Finally, in last section, many comments and
explanations are highlighted. The model used in this work
is the X. Chang model which equivalent three-phase
model having the following properties:

o all parameters of the model are computable online;

o this model is derived directly from the equivalent
three-phase model, no additional assumptions required;

e the mutual inductances no longer depend on the
relative position between the stator and the rotor, the
value of this position is unknown in practice;

e the model is verified by comparing the simulation
data to the experimental data obtained on a test rig
(Poitiers LAII Laboratory, France) in the time domain.

The motor model [6] in the presence of short circuit
fault is obtained from electric and magnetic equations of

asynchronous machine. X. Chang et al, have proposed a
transformation matrix 7 to transform the rotor variables into
new variables having the same angular stator frequency.
Equations (1) — (4) represent the new three-phase model in
which all parameters can be computed on-line [8, 9]:

[Us]z[Rs]X[Is]'f'[PTs]; (1)
8 (e e T 2 e
b, 1= [, 1+ [ors, e[ G)

b = v, el o o s ) @

where P is the differential operator d/dt.
e stator variables are:

U,l=lug ug us]: (5)
)=l Ig I (6)
7= %o el (7)
w.]=o o of; ®)
e rotor variables are:

L=l 1o L] )
1=, ¥ el (10)
[ [ I ) (an
HSANAE (12)

e, =) o, ) (13)
vig [ ) o, Dl (14)

It is important to note that the matrixes [R,], [R.],
[Lsol, [Liol, [My], and [M,,] are constant matrixes. The
parameters values depend on the number of considered
coils turns. The matrixes [M,,] and [M,] are with
coefficients varying over time. Thus, the coefficients are
in function of the relative position € between the stator
and the rotor. This position is defined as follows: @1is the
angle between the stator phase A and the rotor phase A,
thus the following expressions are obtained:

ezjg'dt;
0Q'=(1-g)0;
g=(2-0Q)/Q,

where g is the slip coefficient; (2 is the rotating field
speed; £2’is the rotor mechanical speed.

If the rotor is balanced, the following equations are
deduced:

R. 0 0
[R.]=]| 0 R. 0; (15)
0 0 R,
Lo, 0 0
[Lio]=] 0 Lo 0 | (16)
0 0 L,
M, M2 —M,]2
M, ]=|-M. )2 M, -Mm. 2| A7)

-M,]2 -M.]2 M
The following coefficients are defined as:
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where f;,, f;» and f;. are the percentages of turns number
reduction in stator 3 phases 4, B and C.

The matrixes [Ry], [Lsol, [Myl, [My] and [M,]
depend on 3 coefficients £, f, and f..:

*

feaa O 0
[R)=RJ| 0 15 0 (18)
0 0 fsc
*2
fsa Lso‘ *LO LO
[Lsa]: Ry Ly bezLSJ Ly ; (19
*2
LO LO .f:vc LS‘O‘
B * * % ]
ff"Z - fsa fsb — fsa f sc
— fsalf *) —fsb
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where:
T
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The transformation matrix 7"
1 2z, 1 2, 1
cos(d) + 5 cos(@ + ?) + 5 cos(@ — T) + 5
T= 2 cos(6 — 2—7[) + 1 cos(d) + 1 cos(& + 2—”) + 11423)
3 3 2 2 3 2
2z, 1 2z, 1 1
cos(@ + T) + 5 cos(@ — ?) + 5 cos(d) + 5
where:
1
] =[r]. (24)

From (1)—(4), the new model is rewritten in the
following form:

Pl oI Do ] s el )-
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The obtained equations are nonlinear; thus, a numerical
method must be implemented to reach a solution and the
classical 4th order Runge Kutta method is chosen:

0 B3 -3/
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NEY BN CY T

(25)

27

(28)

Mechanical equations. According to [10] if we
consider the current and flux in three-phase frame, the
following expression is obtained:

Yorlsa = Ysclsa — Ysalsp +
Cem :i( sbtsa sa’sb ] . 29)
\/E + 5ysc[ SUsalsc "Usb[sc
In the case of three-phase source without neutral:
{[sa ==l —1I; ) (30)
Yoo =—Fp = Fic-

From this, the equation presented below is obtained:
Com = \/gp(?yc[sb - stlsc) : (3D

Automatic detection steps of stator faults. DWT
application for diagnosis. The three-phase model of the
synchronous machine is called X. Chang, which take into
account a disequilibrium mode in the stator turns [1]. This
model has ability to study many phenomena more than a
short circuit fault in synchronous machines, which allows
to select an efficient diagnosis method. For this reason,
the DWT technique has been used [1]. This technique has
proved significant results in terms of short circuit faults.
In addition, it facilitates the X. Chang model use in real
time to diagnosis and control of machines.

Analysis of wavelets is performed in order to study
the spectral behavior, elaborate reliable spectral
signatures, characterize short circuit fault between turns,
and estimate in real time the phase currents (/4, /g and I¢).

In order to study the effect of turn number in short
circuit (fy,, f;» and f;.) on one of the three stators phase the
nominal load C is fixed to 7 N-m, with variation in turn
number between 0 % and 15 %. The experiment tests
have been realized under variation of load between 0 and
7 N-m with a sampling step equals to 0.25. The obtained
results in [1] show that the application of the wavelet
technique is largely used for fault diagnosis. In fact, this
technique allows decomposing the stator signal for a non-
stationary current during a short circuit. The direct
decomposition of the stator signal to multilevels generates
a real image about the induction machine stator faults.

In the research work [1], it is also remarked that the
coefficient amplitudes of signals which are obtained after
decomposition are augmented comparing to healthy mode
of the machine.

This augmentation is interpreted by the variation of
the relative stored energy associated to each level of
decomposition. It is observed that, the wavelet technique
is used to extract and locate the no-stationary point in
signals, which allows to select the stored energy as an
important fault indicator. The fault indicator is considered
as a parameter to formulate input vector of the artificial
neural network (ANN). So, to detect automatically the
differential state between the faulty and the healthy
machine an ANN is designed.

In order to analyze the no-stationary generated in the
stator current during a short-cut of a phase, or in
transitional mode, the decomposition of the stator current
signal of a specific phase has been performed (Table 1).
The decomposition test is realized by using the DWT on
the phase A «Daubechies (by 40 dB)». The
decomposition level n depends on the sampling frequency
f. and the supply frequency f; and can be calculated using
the equation presented below [18]:
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where sampling frequency f, = 2000 samples/s; supply
frequency f; = 50 Hz.

Table 1

Frequency bands for wavelet signal
Levels Approximations Details
Level 1 | Al 0-1000 Hz 1000-2000 Hz
Level2 | A2 0-500 Hz 500-1000 Hz
Level3 | A3 0.250 Hz 250-500 Hz
Level4 | A4 0-125 Hz 125-250 Hz
Level 5 | AS 0-62.5 Hz 62.5-125 Hz
Level 6 | A6 0-31.25Hz 31.25-62.5 Hz
Level 7 | A7 0-15.625 Hz 15.625-31.25 Hz

Architecture of the automatic diagnosis system.
By using the NN technique, it is possible to detect a short-
cut in a stator phase during the operating of the induction
machine. However, the localization of the fault represents
a big problem. So, in this work the problem of
localization is solved by considering specific indicators
for the NN input. These indicators are used for
classification and learning of the NN. The short circuit
fault on the three stator phases is evident from the wavelet
decomposition of stator current signal /,, the results of the
expertise carried out in our work showed that the best
performance of the localization of the short circuit fault
phase is the stored energy (£)), the Kurtosis value (KT7),
the singular value decomposition (SVD) of each level D;,
Dy, Ds, Dg and D7:
e the proper value of the stored energy (£)) in each band
of frequency is defined by the following formulation:

k=n )
E;= ZDj,k(n).
k=1

e Several facts on Kurtosis are transformed into the
one for discrete time system as:

(33)

+o0 1 N
4 ,
Ix pladr 7_12(%' - )4
KT =——= = lim =l ,(34)
+o0 2 Now 1 N 5 2
J.xzp(x)dx 72(961' ')
N-14
— i=1
where x;: i =1, 2, ..., N represents the discrete signal data;
x' is an average of {x;} and given as follow:
N
1
X=—>"x, (35)
N3

o the decomposition to singular values (SVD) allows
to extract principal components of a matrix. In the case of
signals, these principal components are linked to data
which maximize the energy of signal. For example, the
SVD of a matrix that composes of vibratory measures in
different points allows under certain conditions to extract
specific dominant proper modes [4].

In Tables 2—4 among 1334 experiments examples of
experiences are presented. For each experiment, the value of
load is fixed and the short-cut percentage varies between 0 %
and 15 % in the phase A. So, an experiment is repeated for
each value of load. The load values considered in the
simulation are 0, 3.5 and 7 N-m.

Table 2
Stored energy evolution (£)) in levels Ds, Dy, Ds, Dg and D,
in function to short circuit in phase A

cirillll(i)tl,t % Es Es Es £ &
0 0.00032867(0.13039{12.185]0.10273|0.090117
1 0.00033862(0.13235(12.846(0.10392(0.089307
5 0.00039182(0.14131{16.095|0.10922|0.086439| O
10 0.00049887(0.15584(21.936(0.11727|0.084027
15 0.00067368(0.17576|30.673|0.12749|0.083692
0 0.00052029{0.14211|18.863|0.11242|0.098359
1 0.00054522(0.14478(19.988|0.11424|0.098125
5 0.00066619(0.15701|25.356(0.12237|0.097866| 3.5
10 0.00087918(0.17681{34.567|0.13490(0.099550
15 0.00119040(0.20373(47.724|0.15096|0.104510
0 0.00210290(0.30525[121.46{0.19438]0.196270
1 0.00218110(0.31311{126.18[0.19935]0.199820
5 0.00253800(0.34828(147.43|0.22160(0.216480| 7
10 0.00310670(0.40248|180.55(0.25584|0.244090
15 0.00385850(0.47173(223.27(0.29941]0.281750

Torque
C,, N'm

Table 3
SVD evolution in levels D3, Dy, Ds, Dg and D5 in function to
short circuit in phase A

Cirillll(i)tl,—t% SvDsy | SvD, | SvDs | svDs | SVD, gorg“;
0 |0.81076]16.149 | 156.11 | 14.334 | 13.425
1 |0.82224 | 16270 | 160.29 | 14.417 | 13.365
5 088524 | 16.812]179.42 | 14780 | 13.148| 0
10 |0.99887 | 17.655 | 209.46 | 15315 | 12.964
15 | 1.16080 | 18.749 | 247.68 | 15.968 | 12.938
0 | 1.02010 | 16.859 | 194.23 | 14.995 | 14.026
1 1.04420 | 17.016 | 199.94 | 15.116 | 14.009
5 1.15430 | 17.720 | 225.19 | 15.644 | 13.990| 3.5
10 | 1.32600 | 18.805 | 262.93 | 16.426 | 14.110
15 | 1.54300 | 20.186 | 308.95 | 17.376 | 14.457
0 |2.05080 | 24.708 | 492.88 | 19.717 | 19.813
1 | 2.08860 | 25.024 | 502.35 | 19.968 | 19.991
5 [2.25300 | 26.392 | 543.01 | 21.052 | 20.808| 7
10 |2.49270 | 28.372 | 600.92 | 22.620 | 22.095
15 |2.77790 | 30.716 | 668.24 | 24.471 | 23.738
Table 4

KT evolution in levels D5, Dy, Ds, Dg and D5 in function to
short circuit in phase A

cirscllll(i)':;t% KTy | kT, | k1 | KT | KT g";%“;
0 | 193.16|28.635 | 12.3050 | 63.194 | 71.722
1 188.78 | 27.614 | 11.9410 | 63.637 | 71.495
5 169.47 | 23.783 | 10.391 | 64.75569.782| 0
10 | 149.21|19.579 | 8.4478 | 64377 | 65.305
15 | 142.86|16.032| 6.7193 | 61.632 | 57.558
0 195.95 | 24.129 | 5.4852 | 53.033 | 60.318
1 199.08 | 23.101 | 5.2977 | 52.963 | 59.372
5 |214.10]19.302 | 4.6081 |52.059 | 54.801| 3.5
10 |236.47 | 15.270 | 3.8850 | 49.466 | 47.383
15 |259.73 | 12.022| 3.3069 | 45319 | 38.634
0 |449.87|6.6108 | 1.7489 | 25.888 | 22.014
1 |455.70 | 63101 | 1.7480 | 25.802 | 21.521
5 |477.96|5.2501| 1.7434 |25385 | 19.834] 7
10 |503.00 | 42131 | 1.7362 | 24.768 | 18.421
15 | 5243134466 1.7271 | 24.176 | 17.789

Following Tables 2—4, the stored energy (£)), the
Kurtosis value (K7) and the singular value decomposition
(SVD) of different levels (D3, D4, Ds, Ds and D;) are
considered efficient indicators for diagnosis of the
induction machine in terms of short-cut fault.

ANN for diagnosis. The present research work focuses
on the use of an artificial NN model. This model allows to
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estimate automatically the state of the induction machine in
healthy and fault modes basing on the input indicators.
Diagnosis using learning and recognition algorithms is
considered as a powerful tool comparing to conventional
techniques. However, training of an ANN requires a large
database to attain high precision. In this sense, the three
phases model of the induction machine is used (X. Chang).
This model takes into account all possible situations of short
circuit percentage for each stator phase.

Stator fault diagnosis by NN. The purpose of the
proposed fault diagnosis system is to detect and locate
short circuits on the stator windings of a three phase
induction motor using ANN. The motor fault diagnosis
process is shown in [1]. It is composed of four parts: data
acquisition, feature extraction, fault detection and post-
processing as shown in Fig. 1. The design of the ANN
based fault diagnosis system can be decomposed in the
following four steps [2]:

e preparation of a training data set for the ANN;
selection of the ANN architecture;
training of the ANN model;
evaluation of the trained model on test dataset.

Motor:
X. Chang model

v

Transforming signals by DWT on stator current /,:
- Energy level computation (£))

- Several facts on Kurtosis (K7)

- The singular value decomposition (SVD)

v

Detection Algorithm:
- Neural network training
- Detection motor faults

|Diagnosis decision |

Fig. 1. Flowchart of proposed motor fault diagnosis

Preparation of the training dataset for NN. The
dataset consists of examples where each example is couple
of the input vector and the output default to train the
classifier. Input data was collected through simulations
using X. Chang’s three-phase mathematical model. To
locate the faulty phase of an induction motor very
efficiently, since the model is practically validated in the
NANTE Laboratory, the training data must cover the entire
range of operating conditions, including all possible fault
phenomena, even healthy cases.

The input matrix X,,,;, and the output matrix Y,,;, have
been used as database to train the ANN model. Equations
(25), (26) and (29) are used to formulate the Xj;, matrix.
The experiment tests have been realized under variation of
load between 0 and 7 N-m with a sampling step equals to
0.25, which corresponds to the following different
operating cases of the induction motor: healthy
(29 samples) and fault of an odd number of shorted turns
(with variation in turn number between 0 % and 15 %) on
each stator phase [(435 = 29-15) samples]. Thus, a total of
1334 (1334 = 435-3 + 29) samples have been collected and
applied as the inputs to the NNs for stator inter-turn fault
diagnosis.

The desired outputs (S;) of the NN are chosen as
follows:

1) S; = 1 for a short circuit at phase As; otherwise, S; =0;
2) S, =1 for a short circuit at phase Bs; otherwise, S,= 0;
3) S; =1 for a short circuit at phase Cs; otherwise, S; = 0.

Therefore, the output states of the NNs are set as the
following (Table 5):

[1; 0; 0; 0] — healthy mode;

[0; 1; 0; 0] — a defect has occurred on phase A;

[0; 0; 1; 0] — a defect has occurred on phase B;

[0; 0; 0; 1] — a defect has occurred on phase C.

Table 5
The output states of the NNs

Type of fault Symbol |S1|S2[S3[S4
Healthy mode Cl 11]0]0(0
Fault occurred on phase A C2 0]1[0]0
Fault occurred on phase B C3 0j|0]|1]0
Fault occurred on phase C C4 0]0]0]1

The ANN paradigm used in the proposed fault
diagnosis system is a feed forward multilayer perceptron
NN trained by a back propagation and gradient descent
algorithm. The number of input units of ANN is
determined by the size of the input vector. However, the
number of neurons in the output layer is determined by
the number of faults to be diagnosed.

The input vector values are: the stored energy
eigenvalues (£)), the Kurtosis value (K7) and the singular
value decomposition (SVD) of each level D;, D,, Ds, D¢
and D;. The outputs of the ANN represent the fault
classes, which are the 3 phases of the induction motor,
respectively, and one hidden layer with 10 neurons. The
activation functions of the hidden and output layers are
«tansig» and «logsig», respectively.

Training of the NN. Multilayered perceptron NNs
are trained using a supervised learning algorithm known
as backpropagation. Backpropagation combined with
descent gradient raining is the used training algorithm. It
attempts to reduce global error by updating the weights in
the direction of the gradient, thereby improving the
performance of the ANN.

In this paper, the error is expressed as mean square error
(MSE). The training performance is shown in Fig. 2, where a
low training MSE is achieved after 334 epochs (2.6377-107).
The training output and error from the NN are shown in
Fig. 3. From Fig. 4 it is clear that the NN is well trained and

reproduces the desired output correctly with few errors.

) Performance is 2.6377e-07 at epoch 334
10°F

Train
Best

Cross-Entropy (crossentropy)

. . . . . .
0 50 100 150 200 250 300
334 Epochs

Fig. 2. Training performances of the NN

Simulation results. The performance of a NN on
the test dataset is its capacity for generalization. This data
set is divided into 2 parts. One set is used for training and
the other set is used for testing. In fact, the trained ANN
classifier performs well on both training and test data. The
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test procedure is carried out on an independent test dataset
from the training dataset to assess the generalizability of
the trained model.

The test data set is presented to the NNs under 14 load
torques (0.25, 0.75, 1.25, 1.75, 2.25, 2.75, 3.25, 3.75, 4.25,
4.75,5.25,5.75, 6.25, and 6.75 N-m) and corresponds to the

following different operating cases of the induction motor:
healthy (14 samples) and fault of an even number of shorted
tumns (1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, and 15)
on each stator phase [210 samples]. Thus, a total of 224 test
samples were collected to test each phase stator inter-turn
fault.

1,0 1,0 1,0 1,0
- o o <~
[&] <o (@] ()
= =] = =
= = = =
£ 0.5 = 0.5 &o 5 =0,5
IS She S S
| = = =
= =) = =
0,0 0.0 0,0 0,0
o 200 100 600 o 200 100 600 (o] 200 100 600 o 200 100 600
0.25 0,25 0,25 0,25
= . o
[£5] 23] 25} 2
= g = g
mF,oo m\D oo Lr_]‘a_no 0,00
I
= = = =
= =t = =
025 0,25 -0,25 0,25
o 200 400 600 o 200 400 600 (o] 200 400 600 o 200 400 800
Samples
Fig. 3. Training outputs and errors of NN
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Fig. 4. Test outputs and errors for fault on phase As, Bs and Cs

Figure 4 shows the NN test outputs and their errors for
faults on the As, Bs and Cs phases. The test output of the NN
(C1,C2,C3,C4)is equal to (1, 0, 0, 0), (0, 1, 0, 0), (0, 0, 1, 0)
and (0, 0, 0, 1) with good accuracy. This means that the NN
is able to correctly locate the fault occurring on the faulty
phase, As phase, Bs phase and Cs phase respectively. The
test error for this case is very small. We conclude that the
NN is able to correctly locate the stator inter turn short circuit
fault occurring on one of the phases.

Conclusions. This article presents a technique of
detection and localization of short circuit defects of turn-
by-turn in induction motors, chosen as a condition model,
the three-phase model of X. Chang because it takes into
account the case of imbalance in the stator winding. This
choice is based on the nature of the fault to be studied
(short circuit) and in addition the ease of use of this model
for diagnosis and monitoring. In this work, the use of two
analytical methods for diagnosing and detecting defects in
the machine is based on two techniques, one being
discrete wavelet transform and the other on neural
network fault classification techniques. The discrete
wavelet transform application of the stator current in
phase A is used to determine the three parameters that are

sensitive to the short circuit fault: energy, kurtosis and
decomposition into singular values of each level D;, D,,
Ds, D¢ and D,. These values are then used as inputs for
classifier neural network. The information provided by
this input on the detection and localization of defects
makes it a reliable indicator of the short circuit defects
between coils in the stator windings of induction motors.
The results obtained are outstanding, and the proposed
technique is capable of automatically detecting and
locating short circuit failures. As another area of this
paper, we can expand our research to determine the
number of short circuits on a faulty phase, allowing for a
complete diagnostic procedure.

Contflict of interest. The authors declare no conflict
of interest.

REFERENCES

1. Wu Libo, Zhao Zhengming, Liu Jianzheng. A Single-Stage
Three-Phase  Grid-Connected Photovoltaic  System With
Modified MPPT Method and Reactive Power Compensation.
IEEE Transactions on Energy Conversion, 2007, vol. 22, no. 4,
pp. 881-886. doi: https://doi.org/10.1109/TEC.2007.895461.

2. Sakhara S., Saad S., Nacib L. Diagnosis and detection of
short circuit in asynchronous motor using three-phase model.

26

Enexmpomexnixa i Enexmpomexanika, 2023, Ne 3



International Journal of System Assurance Engineering and
Management, 2017, vol. 8, no. 2, pp. 308-317. doi:
https://doi.org/10.1007/s13198-016-0435-1.

3. Bessam B., Menacer A., Boumehraz M., Cherif H. Wavelet
transform and neural network techniques for inter-turn short circuit
diagnosis and location in induction motor. International Journal of’
System Assurance Engineering and Management, 2017, vol. 8, no.
S1, pp. 478-488. doi: https://doi.org/10.1007/s13198-015-0400-4.

distribution network using chaotic grey wolf optimization.
Electrical Engineering & Electromechanics, 2021, no. 3, pp. 52-61.
doi: https://doi.org/10.20998/2074-272X.2021.3.09.

14. Bengharbi A.A., Laribi S., Allaoui T., Mimouni A.
Photovoltaic system faults diagnosis using discrete wavelet
transform based artificial neural networks. Electrical
Engineering & Electromechanics, 2022, no. 6, pp. 42-47. doi:
https://doi.org/10.20998/2074-272X.2022.6.07.

4. Nacib L., Saad S., Sakhara S. A Comparative Study of
Various Methods of Gear Faults Diagnosis. Journal of Failure
Analysis and Prevention, 2014, vol. 14, no. 5, pp. 645-656. doi:
https://doi.org/10.1007/s11668-014-9860-0.

5. Talhaoui H., Menacer A., Kessal A., Kechida R. Fast
Fourier and discrete wavelet transforms applied to sensorless
vector control induction motor for rotor bar faults diagnosis. /54
Transactions, 2014, vol. 53, no. 5, pp. 1639-1649. doi:
https://doi.org/10.1016/j.isatra.2014.06.003.

6. Cherif H., Benakcha A., Khechekhouche A., Menacer A.,
Chehaidia S.E., Panchal H. Experimental diagnosis of inter-
turns stator fault and unbalanced voltage supply in induction
motor using MCSA and DWER. Periodicals of Engineering and
Natural Sciences, 2020, vol. 8, no. 3, pp. 1202-1216. doi:
https://doi.org/10.21533/pen.v8i3.1058.2607.

7. Xianrong Chang, Cocquempot V., Christophe C. A model of
asynchronous machines for stator fault detection and isolation.
IEEE Transactions on Industrial Electronics, 2003, vol. 50, no.
3, pp- 578-584. doi: https://doi.org/10.1109/TTE.2003.812471.

8. Filippetti F., Franceschini G., Tassoni C. Neural networks
aided on-line diagnostics of induction motor rotor faults.
Conference Record of the 1993 IEEE Industry Applications
Conference Twenty-Eighth IAS Annual Meeting, 1993, pp. 316-
323. doi: https://doi.org/10.1109/IAS.1993.298942.

9. Schoen R.R., Lin B.K., Habetler T.G., Schlag J.H., Farag S.
An unsupervised, on-line system for induction motor fault
detection using stator current monitoring. /EEE Transactions on
Industry Applications, 1995, vol. 31, no. 6, pp. 1280-1286. doi:
https://doi.org/10.1109/28.475698.

10. Said M.S.N., Benbouzid M.E.H., Benchaib A. Detection of
broken bars in induction motors using an extended Kalman filter
for rotor resistance sensorless estimation. [EEE Transactions on
Energy Conversion, 2000, vol. 15, no. 1, pp. 66-70. doi:
https://doi.org/10.1109/60.849118.

11. Shutenko O., Ponomarenko S. Analysis of distribution laws
of transformer oil indicators in 110-330 kV transformers.
Electrical Engineering & Electromechanics, 2021, no. 5, pp. 46-
56. doi: https://doi.org/10.20998/2074-272X.2021.5.07.

12. Paranchuk Y.S., Shabatura Y.V., Kuznyetsov O.O.
Electromechanical guidance system based on a fuzzy
proportional-plus-differential position controller. Electrical
Engineering & Electromechanics, 2021, no. 3, pp. 25-31. doi:
https://doi.org/10.20998/2074-272X.2021.3.04.

13. Belbachir N., Zellagui M., Settoul S., El-Bayeh C.Z.,
Bekkouche B. Simultaneous optimal integration of photovoltaic
distributed generation and battery energy storage system in active

How to cite this article:

15. Abid M., Laribi S., Larbi M., Allaoui T. Diagnosis and
localization of fault for a neutral point clamped inverter in wind
energy conversion system using artificial neural network technique.
Electrical Engineering & Electromechanics, 2022, no. 5, pp. 55-59.
doi: https://doi.org/10.20998/2074-272X.2022.5.09.

16. Bouchaoui L., Hemsas K.E., Mellah H., Benlahneche S.
Power transformer faults diagnosis using undestructive methods
(Roger and IEC) and artificial neural network for dissolved gas
analysis applied on the functional transformer in the Algerian
north-eastern: a comparative study. Electrical Engineering &
Electromechanics, 2021, no. 4, pp. 3-11. doi:
https://doi.org/10.20998/2074-272X.2021.4.01.

17. Bessous N., Zouzou S.E., Bentrah W., Sbaa S., Sahraoui M.
Diagnosis of bearing defects in induction motors using discrete
wavelet transform. International Journal of System Assurance
Engineering and Management, 2018, vol. 9, no. 2, pp. 335-343.
doi: https://doi.org/10.1007/s13198-016-0459-6.

18. Kechida R., Menacer A., Talhaoui H. Approach Signal for
Rotor Fault Detection in Induction Motors. Journal of Failure
Analysis and Prevention, 2013, vol. 13, no. 3, pp. 346-352. doi:
https://doi.org/10.1007/s11668-013-9681-6.

Received 14.10.2022
Accepted 25.12.2022
Published 06.05.2023

Saadi Sakharal’z, PhD, Associate Professor,

Mohamed Brahimi 3, PhD, Associate Professor,

Leila Nacib'?, PhD, Associate Professor,

Toufik Madani Layadi4, PhD, Associate Professor,

! Laboratory of Physics of Materials, Radiation and Nanostructures,
University Mohamed El Bachir El Ibrahimi of Bordj Bou
Arreridj, Algeria.

? Department of Electromechanical Engineering,

University Mohamed El Bachir El Ibrahimi of Bordj Bou
Arreridj, Algeria,

e-mail: saadi.sekhara@univ-bba.dz (Corresponding Author);
leila.nacib@univ-bba.dz

3 Physical Chemistry and Biology of Materials Laboratory,
National Higher School of Artificial Intelligence, Algeria,
e-mail: mohamed.brahimi@ensia.edu.dz

* Laboratory of Materials and Electronic Systems,
Department of Electromechanical Engineering,

University Mohamed El Bachir El Ibrahimi of Bordj Bou
Arreridj, Algeria,

e-mail: toufikmadani.layadi@univ-bba.dz

Sakhara S., Brahimi M., Nacib L., Layadi T.M. Application of a wavelet neural network approach to detect stator winding short

circuits in asynchronous machines. FElectrical Engineering & FElectromechanics, 2023, no. 3, pp. 21-27. doi:
https://doi.org/10.20998/2074-272X.2023.3.03
Enexkmpomexnika i Enexmpomexanixa, 2023, Ne 3 27



EnekmpomexHi4yHi KoMr/ieKkcu ma cucmemu
UDC 621.3

https://doi.org/10.20998/2074-272X.2023.3.04

A. Aib, D.E. Khodja, S. Chakroune

Field programmable gate array hardware in the loop validation of fuzzy direct torque control
for induction machine drive

Introduction. Currently, the direct torque control is very popular in industry and is of great interest to scientists in the variable
speed drive of asynchronous machines. This technique provides decoupling between torque control and flux without the need to use
pulse width modulation or coordinate transformation. Nevertheless, this command presents two major importunities: the switching
frequency is highly variable on the one hand, and on the other hand, the amplitude of the torque and stator flux ripples remain
poorly controlled throughout the considered operating speed range. The novelty of this article proposes improvements in
performance of direct torque control of asynchronous machines by development of a fuzzy direct torque control algorithm. This latter
makes it possible to provide solutions to the major problems of this control technique, namely: torque ripples, flux ripples, and
failure to control switching frequency. Purpose. The emergence of this method has given rise to various works whose objective is to
show its performance, or to provide solutions to its limitations. Indeed, this work consists in validation of a fuzzy direct torque
control architecture implemented on the ML402 development kit (based on the Xilinx Virtex-4 type field programmable gate array
circuit), through hardware description language (VHDL) and Xilinx generator system. The obtained results showed the robustness of
the control and sensorless in front of load and parameters variation of induction motor control. The research directions of the model
were determined for the subsequent implementation of results with simulation samples. References 19, tables 5, figures 26.

Key words: fuzzy control, field programmable gate array, Xilinx system generator, direct torque control, power system.

Bemyn. B danuii uac npsame ynpasninns MOMEHMOM Oyce NONYiapHe 8 NPOMUCIOBOCMI | BUKIUKAE 6eNUKULL IHMepec Y UEeHUX Y
2any3i 4acmomno-pe2ynbo8ano20 npuooy ACUHXpOHHUX MawuH. Lleii memooO 3abesneuye po36'a3Ky Midic Kepy8anHAM MOMEHNOM,
Wo Kpymumo, i MAzHimMHUM NOMOKOM 0e3 HeoOXiOHOCMI GUKOPUCIAHMA WUPOMHO-IMNYIbCHOI MOOYAAYii abo nepemeopeHHs
Kkoopounam. Tum He MeHw, ys KOMAnOa npeocmagnsic 06i OCHOGHI He3PYYHOCMI: 3 00HO020 OOKY, wacmoma KOoMymayii CUmbHo
eapitocmvca, a 3 Hu020 OOKY, amnaimyoa nyibcayiii MOMeHmy i HOMOKY CMamopa 3aiuldemscs No2ano KOHMPOAbOBAHOW Y
6cbomy Oianaszoni pobouux weuokocmeu. Hoeuszna yiei cmammi nponouye noninuenns Xapakxmepucmux RPAMO20 Kepy8amHs
MOMEHMOM, WO KPYMUMb, ACUHXPOHHUX MAUIUH WIIAXOM PO3POOKU HEeUimKO20 AneOpUmMmy NpsAMO20 YAPAGLIHHA MOMEHIMOM, WO
Kkpymumy. Ocmanne 003605€ GUPIULUMU OCHOGHI NPoOIeMU Yb020 MeMOoOY YRPAGLIHHA, a came. NyAbCayii MOMEHMY, Wo Kpymumb,
nyrscayii nomoky i He30amHicms KOHMpoaosamu yacmomy nepemukanns. Mema. Iosisa yboeo memody nopoouno pizHi pobomu,
Memoio AKUX € NOKA3amu 1020 eeKmusHICb YU 3anponoHy8amu pileHHs CIOCOSHO 1020 obmedxceny. Jilicho, ysa poboma nonseac
Y nepesipyi HeuimKoi apXimexkmypu npamo2o YNpaeiiHHa MOMEHMOM, Wo KPYMums, peanizoeanoi 6 Habopi ona pospooku ML402 (na
ocnogi cxemu Xilinx Virtex-4 3 npoepamosanoio kopucmyeaiem 6eHMUNIbHOI Mampuyero), 3a 00NoMOo2010 MOBU ONUCY 0OIAOHAHMHS
(VHDL) ma zenepamoproi cucmemu Xilinx. Ompumani pesynomamu noxazanu pooacmuicms KepysawHs ma 0e3CeHCOPHO20
Kepy8amHs npu 3MiHI HABAHMAICEHHS MA NApaAMempie Kepy8amHs ACUHXPOHHUM O8U2YHOM. Busnaueno nanpsmu Oocniodcenus
Mmooeni 0151 nodanvuioi peanizayii pesyibmamis na imimayitinux eudipkax. bioin. 19, Tadn. 5, puc. 26.

Kniouoei cnosa: HediTke ynpapiiHHs, IPOrpaMOBaHA KOPHUCTYBa4eM BEHTHJbHA MATpHIsA, reHepaTropHa cucrema Xilinx,
npsiMe yNpaBJIiHHSI MOMEHTOM, 10 KPYTUTh, CHCTeMa KMBJICHHS.

Introduction. Direct Torque Control (DTC) was
realized by Takahashi and Depenbrock [1, 2] is more and
more popular and it interests many scientists and
industrialists in the field of variable speed applications [3, 4].

However, this strategy has two major drawbacks: on
the one hand, the switching frequency is highly variable
and on the other hand, the amplitude of the ripples of
torque and of stator flux is poorly controlled over the
entire speed range of the operation envisaged [5]. It
should be noted that torque ripples generate additional
noise and vibration and therefore cause fatigue in the
rotating shaft [6].

To further reduce the impact of these phenomena on
the service life of electric actuators, it is believed that
intelligent techniques can provide an improvement. In
terms of real-time management of managed applications
based on intelligent techniques, there are new hardware
design solutions such as Field Programmable Gate Array
(FPGA) or application specific integrated circuit [7, 8].
These reconfigurable circuits are available and can be
used as digital targets for implementation of control
algorithms in a single component [9].

The advantages of such an implementation are
multiple: reduction of execution time by adopting parallel
processing, rapid prototyping of the numerical control on
FPGA. The confidentiality of architecture and possibility

of application of intelligent controls make use of
techniques which are more cumbersome in terms of
computation time and the improvement of the quality of
the control of electric machines [10, 11].

Evolution of micro computing, semiconductor
technology and availability of rapid control means such as
digital signal processor, reconfigurable circuits (FPGA).
Today allows the scientific community to carry out very
complex controls while taking into account the non-linearity
of mathematical model of asynchronous machine [12, 13].

The goal of the paper is to evaluate the performance
of the use of a fuzzy DTC inference system versus the classic
DTC based on hysterized comparators, for the control of
induction machines (IMs) based on a FPGA using available
academic tools (MATLAB/Simulink, Xilinx system
generator, Xilinx ISE, and ModelSim).

Basic calculation relationships and assumptions.
The subject of DTC is controlling the torque and stator
flux of asynchronous machine by applying several voltage
vectors through a voltage inverter.

The control is generally carried out by a hysteresis
controller. The purpose of control is to keep controlled
variables within a specified hysteresis band [6]. The
controller provides the necessary switching pulses to the
inverter to generate the optimum voltage vector to supplies
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the IM for a defined operating condition. The IM model is
used with measured variables to estimate stator flux and
electromagnetic torque required by control diagram (Fig. 1),
where S,, Sy, S, are the Boolean switching commands;  is
the speed for reference speed @ E,, Er, are the flux and

torque error respectively; 7, is the electromagnetic torque;
T is the reference electromagnetic torque; Iy, Iy are the
stator currents in the abc reference frame; ¢, is the reference
stator flux; | (/)S| is the stator flux magnitude; 6’¢S is the stator

flux angle.
r : Ep( 10 : —] >
”"If eg > |:|’ Takahashi [}, -
y ¢ switching [ Two
i E,(0,1) :l S, levels
*@*ﬂ_ > table d inverter
D :
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T g pp 1,
yvY
Speed Regulator
Toref

PI
Fig. 1. DTC based IM control structure

The most significant element that can guarantee
satisfactory DTC performance is stator flux estimator and
torque estimator [12]. In this work we used optimized
estimator developed in [14].

Fuzzy DTC based IM control structure. The
research theme developed in this work mainly concerns the
exploitation of new technological solutions to implement an
intelligent control based on the DTC of an asynchronous
machine around a hardware environment based on a FPGA.

This implementation is mainly aimed at reducing
ripples at the level of electromagnetic torque and stator
flux. In this part, two hysteresis regulators and Takahashi
switching table (Table 1) will be replaced by a fuzzy
controller. Figure 2 shows the control structure of fuzzy
DTC based IM.

Table 1

Takahashi switching table
Vi =~ Sa: Sb: Sc

N=2 | N=3
(0,1,0) [ (0,1,1)
(0,0,0) [ (1,1,1)
(1,0,0) [ (1,1,0)
(0,1,1)[(0,0,1)
(1,1,1) | (0,0,0)
(1,0,1) | (1,0,0)

N=6
(1,0,0)
(0,0,0)
(0,0,1)
(1,1,0)
(1,1,1)
(0,1,1)

N=1
(1,1,0)
(1,1,1)
(1,0,1)
(0,1,0)
(0,0,0)
(0,0,1)

N=4
(0,0,1)
(0,0,0)
(0,1,0)
(1,0,1)
(11,1
(1,1,0)

N=5
(1,0,1)
1,1,1)
(0,1,1)
(1,0,0)
(0,0,0)
(0,1,0)
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Fig. 2. Fuzzy DTC based IM control structure

Fuzzy DTC control implementation. The hardware
implementation of a fuzzy inference system consists in
implementing 3 phases of a fuzzy logic regulation:
fuzzification, fuzzy inferences and defuzzification. This
principle is represented by Fig. 3.

Crisp Input

Data 1 W Rule Base
—> [—) IF..AND... ,
Crisp Input THEN... Crisp Output Data
Data 2 IF...AND...
E |::> THEN...
M IF.AND... [ .
i THEN. .. —
Crisp Input :
Data n .
|:> IF...AND...
THEN... Defuzzification
Fuzzification -
Implementation

of a Linguistic
control strategy
Fig. 3. Components of a fuzzy inference system

Description of fuzzification module. Fuzzification
is the process of converting input data into fuzzy
linguistic values. In literature, there are two material
solutions to determine the degree of membership of a
fuzzy set from a membership function.

The first solution is the memory-oriented approach,
as the name suggests, for each finite number of inputs, the
output values are calculated offline then they will be
saved in memory. The advantage of this solution is that it
is easy to change a membership function. The second
solution is the calculation-oriented approach, only the
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characteristics of the membership functions are saved in a
memory in order to simplify the on-line calculation of
output values of each membership function. For the case
of triangular membership functions, their characteristics
are: the center of the triangle «c» and the slope «a».

The hardware implementation of this solution is a
combinatorial circuit which can include adders, subtractors,
multiplexers, multipliers and most of the time a control unit.

In this study, we adopt the memory-oriented approach.
Indeed, each linguistic input/output variable is represented by
tables, a table for the degree of membership of each linguistic
value. These tables are implemented in hardware by memory
blocks ROMs addressable by a single input, such as the
memory boxes which contain the degree of membership of
linguistic value. However, the memory address space gives an
image on the universe of discretized speech for example for a
universe of normalized speech [0, 1] discretized in 64 points,
we therefore use an address space [0: 63].

The membership functions of flux error, torque
error, sectors and output vectors are illustrated by the
following Fig. 4-7.

Error Flux Fuzzification
1 T

U‘.1 0‘2 U‘.S 04 0.5 0.6 0.7 0.8 0‘9 1
Fig. 4. The fuzzification membership functions of the flux error
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egative error| _|
sitive error
roeror | |

L L L L L
0 0.1 0.2 03 0.4 0.5 06 07 0.8 09 1

Fig. 5. Fuzzification membership functions of the torque error

Sectors Selection Fuzzification
1 T T T T T T T T T

N1 N2 N3 N4 N5 N6
0.8 ~

0.61- ~

—N1
—N2

—N3

— N4
—N5
N6

OU 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

1

In addr 51 Out

Inl  Error Torque Degree Of Belonging Negative Error ~ Outl
ROM Negative Error
addr ;1 Out 2
Degree Of Belonging Zero Error Out2

ROM Zero Error

&

System
Generator

addr ;! Out 3

Degree Of Belonging Positive Error ~ Out3

ROM Positive Error
Fig. 8. Hardware architecture of the «Torque Error» linguistic
variable

Sl .
Ini Error Flux

}

ST

> Ou i

Saa 1
addr z

Degree Of Belonging Negative Error ~ Outl

ROM Negative Error

iv
oS 1 &

System Degree Of Belonging Positive Error ~ Out2

Generator

ROM Positive Error
Fig. 9. Hardware architecture of the «Flux Error» linguistic

variable
Inl Sectors Degree Of Belonging N1~ Outl
ROM N1
Degree Of Belonging N2~ Out
ROMN2
a~
Generator — N
Degree Of Belonging N3~ Out3
ROMN3
Degree Of Belonging N4 Outd
ROM N4
Degree Of Belonging N5~ Out$
ROM N5
Degree Of Belonging N6~ Out6
ROM N6

Fig. 10. Hardware architecture of the «Sectors» linguistic variable

- Degree Of Belonging V0 Outl

ROM VO

i ﬂ Degree Of Belonging V1 Out?
ROM VL
a~
Syste
et [ =
Degree Of Belonging V2 Out?

ROM V2

Inl Sectors

{—+ladar ;1

!

Degree OTBelonging V3 Outd

ROM V3

t—wladdr 71

E

Degree OfBelonging V4 OutS

Fig. 6. Fuzzification membership functions of the angle

Output Active Vectors Fuzzification
T T T T T

0.8 1

0.6 —A V5

0.41 V2 | 4

0.2F B
Vo |VI V2 V3 |V4 |V5 V6 [V7

L L L !
0 0.2 0.4 0.6 08 1 1.2

Fig. 7. Membership functions of the output

The hardware implementation of these functions is
presented by hardware architectures in Fig. 8-11.
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Fig. 11. Hardware architecture of the «Output vector» linguistic
variable

The Xilinx resource estimator tool is used to estimate
the hardware resources needed to implement each linguistic
variable. Figure 12 shows the estimated resources for the
linguistic variable «Torque Error».
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Rule inference and rule evaluation. Hardware
description of fuzzy inference module is shown in Fig. 13.
This module accepts as input three blocks of fuzzification
module, the rule selector block allows building the rule
base formed of 36 rules. This basis is obtained by making
all the possible combinations between two fuzzy values of
flux error, three fuzzy values of torque error and six fuzzy
values of stator flux angle.
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Fig. 13. Architecture of «fuzzy inference» module

The hardware implementation on «Xilinx System
Generator» of operators (min/max) with 2 inputs is done
by a comparator and a 2-1 multiplexer. Figure 14 shows
the wiring of min/max functions.
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Fig. 14. Implementation of min/max functions on XSG

Using the resource estimator tool allows us to
estimate the hardware resources consumed by a two-entry
min operator (Fig. 15).

For operators (min/max) that have more than 2 inputs,
2 inputs (min/max) operators are used to implement these
operators. For example, to implement an operator (min) with
3 inputs, we use 2 operators (min) with 2 inputs (Fig. 16).
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Fig. 15. Hardware resources consumed by a two-entry min
operator
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Fig. 16. Implementation of a 3-entry min function

Composition of the rules. If several rules can be
activated simultaneously and recommend actions with
different degrees of validity on same output, we consider
that the rules which are linked by an operator OR (Fig. 17)
1y =max[up(y)] i € {indices of activated rules}.
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Conclusion n
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Fig. 17. Implementation of a composition of rules for an output

Description of defuzzification module. The
hardware description of defuzzification module is carried
out by a MAX operator as shown in Fig. 18. The inputs of
this module are the outputs of the inference motor
module. As it was specified in the preceding paragraph,
the V; (i = 0.7) correspond to the degree of activation of
voltages V. The output of this block, representing the
output of the whole fuzzy block, corresponds to the
voltage that it must be applied to the terminals of the
machine through the inverter. The VHDL architecture of
MAX defuzzification module is implemented by an
assignment in the competitive mode:
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Si35<= 001 when V1=max

else 010 when V2=max

else 011 when V3=max

else 100 whenV4=max

else 101 when V5=max

else 110 when V6=max

else 111 when V7=max

else 000

Figure 18 shows a description of VHDL block used
to implement the maximum defuzzification method.
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v7 Black Box MAX defuzzification module

Fig. 18. VHDL MAX defuzzification module

Simulation of fuzzy DTC control of asynchronous
machine. This phase involves the integration of a fuzzy
inference system into DTC control algorithm. In this part,
similarly to simulation with MATLAB, we will simulate
using Xilinx generator system the architecture of the
conventional DTC control and fuzzy DTC control. The fuzzy
DTC control is applied to an IM whose specifications are
given in Table 2.

Table 2

IM parameters
Nominal voltage U,, V 220
Nominal current /,, A 2.35
Mechanical power P,, kW 1.08
Nominal speed N, min”' 1430
Supply frequency f, Hz 50
Stator resistance R, Q 10
Rotor resistance R,, Q 6.3
Stator self inductance L,, H 0.4642
Rotor self inductance L,, H 0.4612
Mutual inductance L,,, H 0.4212
Moment of inertia J, kg-m’ 0.02
Pole pairs number p 2

The structure of conventional DTC control is
illustrated in Fig. 1. Regarding fuzzy DTC control shown
in Fig. 2, we will replace the blocks of hysteresis
comparator modules and DTC control selection table by a
fuzzy inference system that we have built and tested. To
compare the both control approaches, we simulated these
modules on MATLAB / Simulink with Xilinx generator
system. The results are illustrated in Fig. 19.

Note that there is an improvement in the
electromagnetic flux and torque obtained by the fuzzy DTC
control compared to that obtained with the conventional
DTC control with a significant reduction in ripples. Table 3
shows the performance in terms of resource consumption,
obtained during the implementation of architecture of fuzzy
DTC control on VIRTEX 4 FPGA given by architecture
presented in Fig. 2.

Fuzzy DTC Stator Flux Magnitude [Wb] DTC Stator Flux Magnitude [Wb]
T T T T T T L T T T

0z 04 06 08 1 12 14 15 18 a 0z 0¢ 06 03 12 14 16 18 2

Fuzzy DTC Torque [Nm]

Fuzzy DTC Torque [Nm]

——

| e L b i
Fig. 19. Electromagnetic torque and stator flux obtained by XSG
simulator for DTC (a) and fuzzy DTC (b)

2,

T2 14 16 18

Table 3
Resources used on FPGA circuit by fuzzy DTC control algorithm
Target device: ML402 Virtex-4 xc4vsx35-10ff668

Logic utilization Used | Available | Utilization
Number of Slice Flip Flops 1,365| 30,72 4%
Number of occupied Slices 1,620 15,36 10 %
Total Number of 4 input LUTs 2,453 30,72 7 %
Number of bonded I0Bs 58 448 12 %
Number of FIFO16/RAMB16s 12 192 6 %
Number of BUFG/BUFGCTRLs | 4 32 12 %

We note that the proposed architecture optimizes the
use of the hardware resources of FPGA card (10 % of Slices
and 7 % of LUTs), moreover this architecture considerably
reduces the logical components used compared to
architectures presented in [15, 16].

The maximum clock frequency is set by the synthesis
tool equal to 231.64 MHz, which corresponds to a
minimum period of 4.317 ns. In contrast, in [16] the
maximum clock frequency is 54 MHz using DSPACE
(Digital Signal Processing and Control Engineering). In
[17] the minimum period is equal to 50 ns. We see that
execution time is too long compared to FPGA due to
sequential processing of DSPACE.

Table 4 presents the hardware resources consumed in
this architecture compared to previous work in the same
research axis.

Table 4
Comparison of the resources consumption
Logic References
utilization [7] [18] [19] [14] |Proposed
. Xilinx |Altera Altera Xilinx .
gﬁf’; device | Virtex-| DE- | CYCLONE |Virtex- Vﬁ;‘;{’_“l
4 115 11 4
Embedded
multiplier 9-bit - 80 57 - -
elements
Total logic 10.346 [ 6.931 | 3256 | 2.909 | 2.836
elements
Total
combinational |18.594 | 6.491 2.549 7411 | 7.686
functions

3
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Validation of hardware architecture of proposed
fuzzy controller. After simulation step, the proposed
hardware architecture of fuzzy controller was validated by
co-simulation hardware on the ML402 target peripheral
equipped with a VIRTEX4 FPGA circuit.

This step is dedicated to implement the control
algorithms on a development board integrating an FPGA
component. It is mainly intended for the verification and
validation of digital implementation of control algorithms
on FPGA targets in «Hardware in the loop» simulation
environment as shown in Fig. 20.
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Fig. 20. Hardware in the loop validation of fuzzy DTC controller

Once simulation and timing analysis are done, the
procedure of hardware co-simulation in XSG makes a
bitstream file from the hardware prototype and a point to
point Ethernet block for Hardware-In-the-Loop (HIL)
procedure (Fig. 21).

Puxsealpba  anglelis)|

b i ot

‘Flow Estimator

Fig. 21. Fuzzy DTC HIL point to point Ethernet block

The created block (Fig. 20) substitutes the architecture
hardware that was constructed before (fuzzy DTC).

The point-to-point Ethernet blocks are linked to
inverter and IM to run a HIL (Fig. 22). In this situation
the models of motor and inverter are simulate in
MATLAB/Simulink environment, and XSG architectures
of Fuzzy DTC are achieved in the ML402 FPGA device.
The HIL validation is executed by connecting the target
device to PC via an Ethernet cable.

Fig. 22. Fuzzy DTC point to point Ethernet hardware in the loop
process

Figure 23 show the waveforms of speed, torque and
flux of IM controlled by fuzzy DTC control with
co-simulation.
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Fig. 23. Behavior of IM flux, torque and speed

The spectral analysis by MATLAB with Powergui
FFT analysis tool of electromagnetic torque obtained by
conventional DTC (Fig. 24) proposed in [14], the
neuronal DTC (Fig. 25) proposed in [7] and by fuzzy
DTC (Fig. 26) in steady state shows the existence of
harmonics along the spectrum of electromagnetic torque
obtained by conventional DTC unlike electromagnetic
torque obtained by Fuzzy DTC. Table 5 shows the root
mean square (RMS) error and the maximum ripple band
of electromagnetic torque and stator flux for conventional
DTC, the neuronal DTC and fuzzy DTC approaches.

The results of Table 5 show that DTC based on
intelligent techniques considerably reduces the ripples of
electromagnetic torque and stator flux compared to
conventional DTC. Fuzzy DTC architecture gives the best
results in terms of hardware resource consumption and in
terms of electromagnetic torque ripple elimination.
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Fig. 24. Spectral analysis of electromagnetic torque obtained by
conventional DTC
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Fig. 25. Spectral analysis of electromagnetic torque obtained by
neuronal DTC
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Fig. 26. Spectral analysis of electromagnetic torque obtained by

fuzzy DTC
Table 5
Torque and flux ripples
RMS error | max/min
Electromagnetic Conventional DTC 0.0367 2.164
torque, N-m Neuronal DTC 0.0314 0.955
’ Fuzzy DTC 0.0096 0.827
Stator flux Conventional DTC 0.0024 0.250
magnitude, Wb Neuronal DTC 0.0011 0.090
Fuzzy DTC 0.0017 0.171
Conclusions.

1. The aim of this work was, first of all, to improve the
dynamic performance of the direct torque control applied
to induction motor supplied by a voltage inverter by
introducing of a fuzzy inference system. Secondly, to

materialize the feasibility and to judge the quality of
proposed control.

2. In this article, we mainly describe the development,
implementation and validation of hardware architecture
on field programmable gate array for fuzzy direct torque
control of induction motor.

3. The originality of this work has been to combine the
performance of artificial intelligence techniques and
execution power of programmable logic circuits, for the
definition of a control structure achieving the best
simplicity / performance and speed / performance ratios.

4. We used unconventional control tools to implement
a switching strategy without needing the switching table
and hysteresis comparators used in conventional direct
torque control.

5. Finally, we believe that the proposed solution
improved the dynamic performance of induction motor
and greatly reduced the disadvantages of conventional
direct torque control such as torque ripples, flux ripples
and switching frequency.
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Sensorless control of switched reluctance motor based on a simple flux linkage model

Introduction. The operation of switched reluctance motor requires prior knowledge of the rotor position, obtaining from either low
resolution photocoupler based position sensor or high resolution shaft encoder, to control the on/off states of the power switches.
Problem. However, using physical position sensor in harsh environment will inevitably reduce the reliability of the motor drive, in
which sensorless control comes into play. Novelty. In this paper, a sensorless control scheme of switched reluctance motor is
proposed. Methodology. The method is based on a simple analytical model of the flux-linkage curves rather than the conventional
approach that normally uses a look-up table to store all the data points of the flux-linkage curves. By measuring the phase current,
rotor position can be deduced from the analytical model. Practical value. Simulation results are given and the proposed sensorless
scheme is verified to provide a moderate position estimation accuracy in a wide speed range in both unsaturated and saturated
conditions. References 9, figures 6.

Key words: analytical model, switched reluctance motor, sensorless control.

Bcemyn. [[ns pobomu 6enmunbHo20 peakmugro2o 08U2yHa NOmpioHe nonepeone 3HAHHA NONONCEHHS pomopa, ompumane abo 6io
0amyuKa NOJONHCEHHA HA OCHOBI ONMONAPYU 3 HU3LKOIO PO30LIbHOIO0 30amuicmio, abo 6i0 eHKooepa 3 6UCOKOI pPO30ilbHOI0
30amuicmio, wjob Kepyeamu CMAHAMU BMUKAHHA/BUMUKAHHA cunogux nepemuxadie. IIpoonema. Oonax euxopucmauHa 0amuyuxa
@i3uun020 nonodCEHHA @ CYBOPUX YMOBAX HEMUHYUe 3HUIICYE HAOIUHICMb MOMOPHO20 NPUBOOY, 6 AKOMY HAOYEAE YUHHOCMI
bezoamuuxose ynpaeninus. Hoeusna. Y yiii pobomi npononyemocs 06e30amuuxosa cxema YnpasiiHHsg GeHMUNbHUM PeaKmugHum
ogueynom. Memooonocia Lleii memoo 3acnosamuil Ha RPOCMill aHATIMUYKITL MOOenl KpUBUx NOMOKO34eNnieHHs, a He Ha
mpaouyitiHomy nioxooi, AKull 3a36U4ail BUKOPUCMOBYE O008I0KOBY Mabnuyto 011 30epieaHHs 6CIX MOYOK OQHUX KpPUBUX
nomoxosyennenns. Bumipsewiu gaznuii cmpym, nonosicenns pomopa ModcHa eueecmu 3 ananimuunoi mooeni. Ilpakmuuna
yinnicmo. Hasedeno pesynomamu mooenosants ma nepesipero 3anponoHoeany 6e30amuukosy cxemy o sabesneuents noMipHoi

MOYHOCMI OYIHKU NONONCEHHSL 8 UUPOKOMY OIana3oHi WeUOKoCmel K y HeHacuyeHux, max i 6 Hacuuenux ymosax. biomn. 9, puc. 6.
Knouosi crosa: aHaliTHIHA MOJIeJIb, BEHTHJIbHUI PeaKTHBHUI IBUTYH, 0€31aTYHKOBE KePYBaHHS.

Introduction. Switched reluctance motor (SRM) is
an electric motor that has gained a lot of attention in
recent decades due to its unique features such as rugged
structure and cost effective [1, 2]. It has been widely
adopted in industrial and home applications and shows
superior performance. Unlike the induction motor and the
synchronous motor that are able to run by just plugging in
the phase terminal to the power grid, the operation of
SRM cannot be separated from the dedicated controller
and rotor position sensor, which is one of the main
disadvantages of SRM [3].

The control of SRM always involves acquiring the
rotor position as crucial information to determining the
firing of switches. Due to the principle of the torque
production in SRM, the magnetization of phases should
synchronize with the rotor poles in order to maximize the
efficiency of the torque production. Miss firing of the
switches may heavily impact the performance of the SRM
drives or even threaten its stable operation. A high-
resolution optical encoder or a low-cost Hall effect sensor
is therefore normally embedded in the SR motor.

SRM is quite suitable in the applications under harsh
environment, the rotor position sensor may be impacted and
malfunctioned however. In the applications with limited
budget, the expensive encoder is usually not an option.
Therefore, sensorless control is favorable in many cases.

The sensorless operation of SRM generally requires
two kinds of rotor position information, continuous or
discrete. The former one needs to resolve the rotor
position uninterrupted while the latter one is simpler and
only requires few points during an entire electrical cycle
and the intermediate points can be interpolated [4].

Different types of position sensorless scheme have
been reported in literatures, they can be broadly classified
as active phase methods or inactive phase methods [5].

In [6], a sensorless method based on an analytical self-
inductance model of SRM is introduced, the inductance
curves at three crucial rotor positions are picked out to
construct a complete inductance profile at all positions. The
rotor position is then resolved from the transformed voltage
equation. The method only measures the phase current and
does not require additional hardware. Instead of using
analytical model, look-up table is used in [7] to look up the
rotor position if knowing the value of the current and the
flux in real-time. Despite the advantage of high accuracy,
the main drawback of the method is that large storage space
is required to store the offline look-up table, which will add
to the cost of the motor controller. By analyzing the
inductance profile of SRM, a simple sensorless method that
observes the current gradient is proposed in [8]. The current
slope will suddenly change the sign at a specific location
where the rotor position can be detected.

In this paper, a sensorless control scheme of SRM is
proposed. It is based on a simple analytical model of the
magnetization curves developed in [9] rather than using the
look-up table in the conventional approach. The model only
requires few parameters that are normally available or
easily obtained to form the SRM magnetization curves. The
rotor position is inherently a part of the model due to the
nonlinear relationship among the flux-linkage, current and
rotor position, thus it can be estimated from the flux-
linkage model. The proposed sensorless control only
requires the measurement of the current of the active phase
in real-time, thus the hardware will be simple. Besides,
there is no need to store the look-up table, so the memory
size of the controller needed is reduced. Simulations under
multiple operating conditions are carried out in
MATLAB/Simulink to verify the correctness and
effectiveness of the proposed sensorless control method.
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Proposed sensorless control method of SRM. A
sensorless method normally relies on the magnetization
characteristics of the motor. Due to the nonlinear
characteristics of SRM, the flux-linkage is a nonlinear
function of the current and the rotor position, which
implies that if the current and the flux-linkage are known,
it is possible to deduce the rotor position. Therefore,
having an accurate model of the magnetization
characteristics of SRM makes it convenient to develop the
sensorless control scheme, and the accuracy of the
estimated position relies on the accuracy of the model.

The phase voltage equation of SRM can be written as

u=R-i+ M , (1
dr
where u is the phase voltage; R is the phase resistance; i is the
phase current; i/is the flux-linkage; @is the rotor position.
The flux-linkage can be rewritten in an integration

manner as
w(i,0)= j(u—R~i)dt. )
If it is not in low voltage application, the phase
voltage can be assumed to be equal to the Upc, —Upc, or
0 V, where Upc is the DC link voltage, while only
introducing minor error due to the comparatively small
voltage drops across switches and diodes in the converter
circuit. The phase resistance is measured one time when the
motor stalls. The phase current is measured in real-time and
by doing integration, the flux-linkage can be estimated.
Due to the doubly-salient structure of SRM, the flux-
linkage characteristics vary with rotor position. Two typical
positions are the unaligned position and aligned position.
When the rotor pole is at unaligned position, the air gap
dominates in the magnetic circuit, therefore the flux vs.
current curve is a straight line, and the unaligned
inductance is denoted as L,, which is the slope of the flux-
linkage curve. In aligned position, the flux-linkage curve is
a straight line before knee point, and the inductance in this
condition is L, which is notably larger than L,. However,
when the motor iron is saturated, the flux-linkage curves
bends over and the slope is much smaller than unsaturated
condition. The magnetization characteristics of the sample
SRM is shown in Fig. 1. The results are obtained from
FEM analysis. As can be seen from Fig. 1 that the flux-
linkage is a nonlinear function of current and rotor position,
which is a fundamental characteristic of any SR motor.
0.6

[ Flux linkage, Wb
04r
03r
0.2

014

Current, A
300 350 400 450

0 50 100 150 200 250

Fig. 1. Flux-linkage characteristics of the sample SRM
obtained from FEM analysis

In order to model the nonlinear curves in Fig. 1, a
simple analytical model is proposed in [1]. The curves at
unaligned position can be simply represented by a straight
line, and the slope is L, in

Wg=1Lg i, 3)
where y, is the unaligned flux-linkage.

The nonlinear curve at aligned position can be
approximated by a function composed of exponential
term, and written as

va =l i+ A=), o)
where ; is the aligned flux-linkage; /4, is the
incremental inductance when the magnetic circuit is
saturated at aligned position; 4 and B are the constant
coefficients that can be determined in order the equation
has a good approximation of the curve.

When the motor operates with maximum allowable
current 7,, the motor is in deep saturation and the

exponential term can be neglected, thus 4 can be deduced
from (4) as

A=Y —lisar I s (5)
and B is calculated by
B= Ld B la’sat , (6)
YVm— ldsat : Im

where y, is the flux-linkage corresponds to 7,

The magnetization curves of the intermediate
positions between unaligned and aligned position can be
deduced by using a nonlinear function as shown in (7),
where N, is the rotor pole number:

2-N; 2-N}
)= r r_.
16)== :

Then the complete magnetization characteristics can
be generalized as

w(i,0)=L, i+ [ldsm it A (1 —e B )— L, z] 7(6). 8

The model in (8) makes it possible for the proposed
sensorless scheme to preclude the use of the offline look-
up table of the magnetization curves that takes up large
amount of storage space in the controller.

Figure 2 shows the magnetization curves calculated
from the aforementioned analytical model. As compared
with the FEM result in Fig. 1, it can be said that the
analytical model has good approximation. This is crucial
in the sensorless control, otherwise the rotor position
estimation will be erroneous due to a poor model.

06
Flux linkage, Wb

0 - 6% +1. (7

‘ ‘ | | | Current, A

0 50 100 150 200 250 300 350 400 450

Fig. 2. Flux-linkage characteristics of the sample SRM
calculated by the analytical model
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From (8), the rotor position estimation can be deduced.
The current i is measured in real-time, the flux-linkage v is
then calculated by doing integration, L,, /4, 4 and B are also
known constants. Therefore, the rotor position & can be
easily solved from (8), and sensorless operation is then
possible by using this analytical model. In other words, if the
current and the flux are known at the instant, the rotor
position is solely determined in Fig. 1. This is the theoretical
background of the rotor position estimation.

Simulation results and discussion. In order to
verify the proposed sensorless control scheme, simulation
is carried out in MATLAB/Simulink.

The simulation is at first evaluated at the speed of
1000 rpm. The speed is maintained constant by setting a
high inertia value. The motor is operating under current

Current, A
21 I
M
20
|
19 I}
L 1 1 L t’ls
0.0235 0.024 0.0245 0.025 0.0255
Flux, Wb
015 F I I I
0.1
0.05 | 1
ol ‘ | , | t,s |
0.0235 0.024 0.0245 0.025 0.0255
Voltage, V
200 1M
-200 suuuu gy
0.0235 0.025 t, S 0.0255
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Real angle, (°)
60 -

55
50 | —
I | t’. S

0.024 0.025 0.0255
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50 1

45 | | L L
0.0235 0.024 0.0245 0.025

Fig. 3. Unsaturated operation at 1000 rpm

7Estimated‘angle, ©)

ts]|
0.0255

Then the simulation is carried out under different
operation speeds in Fig. 5, 6. When operating in low
speed, which is 50 rpm in Fig. 5, the current is kept in
hysteresis manner at 200 A. It can be seen that the
estimation error is below 2°. As in high speed operation in
Fig. 6, the current can no longer maintained due to the
significant back-EMF. Similar to the previous case, the
maximum position estimation error is around 2°.
Therefore, the proposed sensorless scheme is suitable in
both low-speed and high-speed operation.

Conclusions.

In this paper, a new sensorless control method for
the switched reluctance motor is proposed. The method
uses an analytical flux-linkage model such that the large
look-up table used in conventional approaches is not
needed. The proposed idea only needs to measure the

chopping control. In Fig. 3, the reference current is kept at
20 A, and the hysteresis bandwidth of the phase current is
2 A. As can be seen from the magnetization curves in
Fig. 1, the motor is running under unsaturated condition
with low current. By comparing estimated rotor position
and the real rotor position measured in mechanical angle, it
can be found that the maximum error is around 2°, which is
an acceptable accordance.

In Fig. 4, the motor is running under saturated
condition, where the reference current is raised to 300 A
and the hysteresis band is 60 A. In this case, the maximum
deviation of the estimated angle from the real angle is also
around 2°. It can be concluded that the proposed position
estimation works well in both unsaturated and saturated
conditions.

Current, A
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0.4 ;

0.3 F
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L 1 1 1 t’ S\
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0.0255

O,[;24 O,DI245 0.025
Fig. 4. Saturated operation at 1000 rpm

0.0235

phase current in real-time, and the rotor position can be
estimated continuously from solving a flux-linkage
equation. The sensorless method has the merit of
minimum data storage requirement since the large look-
up table of the switched reluctance motor magnetization
characteristics is replaced by the analytical model.
Therefore, it is suitable to be used in low cost digital
controllers. Simulation results have shown that the
proposed sensorless control can acquire the rotor position
continuously and the accuracy of the position estimation
is small in low and high speed, unsaturated and saturated
conditions.
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Direct power control using space vector modulation strategy control
for wind energy conversion system using three-phase matrix converter

Introduction. Wind energy conversion system is getting a lot of attention since, they are provide several advantages, such as cost
competitive, environmentally clean, and safe renewable power source as compared with the fossil fuel and nuclear power generation. A
special type of induction generator, called a doubly fed induction generator is used extensively for high-power wind energy conversion
system. They are used more and more in wind turbine applications due to the advantages of variable speed operation range and its four
quadrants active and reactive power capabilities, high energy efficiency, and the improved power quality. Wind energy conversion systems
require a good choice of power electronic converters for the improvement of the quality of the electrical energy produced at the generator
terminals. There are several power electronics converters that are the most popular such as the two stage back-back converter. Because of
the disadvantage of these converters to produce large harmonics distortions, we will choose using of three-phase matrix converter. Purpose.
Work presents a direct power control using space vector modulation for a doubly fed induction generator based wind turbine. The main
strategy control is to control the active and reactive powers and reduce the harmonic distortion of stator currents for variable wind speed.
The novelty of the work is to use a doubly fed induction machine and a three pulses matrix converter to reduce the low cost, volume and the
elimination of the grid side converter controller are very attractive aspects of the proposed topology compared to the conventional methods
such as back-to-back converters. Simulation results are carried out on a 1.5 MW of wind energy conversion system connected to the grid.
The efficiency of the proposed system has been simulated and high results performances are evaluated to show the validity of the proposed
control strategy to decouple and control the active and reactive power for different values of wind speed. References 32, tables 2, figures 15.
Key words: doubly fed induction generator, matrix converter, wind turbine, direct power control using space vector
modulation strategy control, power quality.

Bcemyn. Cucmemam nepemgopenus enepzii 6impy npuoiisiemucs 6euKa yéaza, OCKiNbKU 60HU 3a0e3neqyioms HU3Ky nepesaz, makux sk
KOHKYPEHMOCHPOMOJICHICIb 30 8APMICMIO, €KONO02IMHO uYucme ma Oe3neuHe GIOHOGNI08AHE OJNCepeno eHepell NOPIGHAHO 3 GUKONHUM
naaugom ma supobruymeom adeproi enepeii. CneyianbHull Mun ACUHXPOHHOO 2eHePaAMopd, o HA3UBACMbCS ACUHXPOHHUM 2eHEPAMOPOM
3 NOOGILIHUM HCUGTICHHAM, WUPOKO BUKOPUCTIOBYEMbCS 8 CUCIEMAX NEPemEOPEHHsL eHepeii 6impy eenuKol nonyschocmi. Bonu éce Oinbuie i
Oinvute BUKOPUCIOBYIOMbCA Yy GIMPAHUX MYPOIHAX uepe3 nepesazu 0ianazony pobomu 3i 3MIHHOIO WEUOKICmIO ma 1020
YOMUPUKBAOPAHMHUX MONCTUBOCEN AKMUBHOI MA PeaKmMUHOI NOMYIHCHOCI, BUCOKOI eHepeoeheKmUeHOCHI ma NOKpaueHoi aKocmi
enexmpoenepeii. Cucmemu nepemeopenns eHepeii 6impy 6UMAaionb XOpOuto2o 8uOOPY CUNOBUX eNeKMPOHHUX Nepemeopiosayis ons
NOKPAWeHHsl IKOCI eleKmpPOoeHepeii, wo eupobIsIEMbCsL HA KIeMax 2eHepamopa. IcHye Kintbka nepemsoprosayie cunosol eneKmpoHiku, sKi €
HaUOIbW NONYNAPHUMU, HANPUKIAO O0B80KACKAOHULL 380pPOMHO-360pOMHULL  nepemeopiosay. Yepez me, wo yi nepemeoprosayi He
CMBOPIOIONb 6EUKUX 2APMOHIYHUX CHOMBOPEHb, MU GUbepeMo BUKOPUCTAHHA mpughasnozo mampuunozo nepemeopiosava. Mema. V
pobomi npedcmasneno npsime KepysamHs NOMYICHICIIO 3 BUKOPUCAHHAM MOOYIAYIT NPOCMOPO6020 8eKmopa 0 8impogoi mypoinu Ha
OCHOBI  ACUHXPOHHO2O 2eHepamopa 3 NoOGilHuM dcusieHHam. OCHOBHOI Cmpameziclo YHPAGIIHHA € YNPAeNiHHA aKMUeHOIO Mma
PEAKMUBHOIO NOTYHCHICIIIO MA 3HUNCEHHSL 2APMOHIHUX CHOMBOPEHb CIMPYMI6 cmamopa npu 3minHiu weuokocmi eimpy. Hoeusna pobomu
nos2aA€e y GUKOPUCMANHT ACUHXPOHHOT MAWUNY 3 NOOBIUIHUM JHCUBTEHHAM | MPUIMIYILCHO20 MAMPUYHO20 NEPEMBOPIOBaYa ONs 3HUICCHHS
eapmocmi, 00'eMy ma YCyHeHHs KOHMpoepa nepemsopiosaya 3 60Ky Mepedici, wo € oydce npueadIusUMU acneKmamit NPONnOHOBAHOT
MONONORII Y NOPIGHAHHI 3i 36UMATIHUMU MeMOooamu, MAaKuMu sK 3YCMpIuHO-360pomHi nepemsopiosadi. Pesynbmamu mooeniosanms
OMPUMAHI HA cUCmeMi nepemeopeHHst enepeii eimpy nomyoicricmio 1,5 MBm, nioxmouenoi 0o mepeci. Egexmuenicmo 3anpononoeanoi
cucmemu 0yna 3mMo0enb08ana, a 6UCOKI pe3yiibmami OYiHeHi, Wob nokasamu odIPYHMOoBaHicme 3anpononoeanoi cmpameeii ynpagninis
07151 NOOLTY Ma YNPagIiHHs AKMUSHOK MA PEaKMUGHOI0 NONYHCHICIIO OJIA PI3HUX 3HAYeHb weuokocmi gimpy. bioim. 32, Tadm. 2, puc. 15.
Kniouogi crosa: acCHHXpOHHMIT reHepaTop 3 MOABIHHUM KHBJIEHHSIM, MATPHYHMII MepeTBOPIOBaY, BiTpAHa TypOiHa, nmpsive
KePYBaHHSA MOTY:KHICTIO 3 BUKOPUCTAHHAM CTpaTerii NpoCTOPOBO-BEeKTOPHOI MOAY ISl IKICTH eJIeKTpoeHeprii.

1. Introduction. Nowadays, the use of renewable
energy system in modern production of electrical energy
has exponentially increased due to the increase in
greenhouse gas concentrations in the atmosphere, which
are extremely destructive to our planet [1]. Wind energy
has grown faster than any other source of renewable energy
[2]. Wind energy can help reduce total air pollution and
carbon dioxide emissions, this generator is one of the
rapidly expanding renewable energy sources with a 93 GW
capacity addition in 2020 [3], it has become a suitable
solution for producing clean energy and is currently the
quickest developing source when correlated with other
sustainable power sources [4]. Nonetheless, the use of
available energy depends on weather conditions such as
wind speed and its integration produces volatility in the
power system. Integrating renewable energies with network
connection, intelligent control, and storage systems could
result in a change in generating electricity and reducing.
Given current trends and the best available scientific
evidence, mankind probably needs to reduce total
emissions by at least 80 % since 2050 [5]. Yet each day

emissions continue to grow [6]. Wind energy conversion
system (WECS) is getting a lot of attention since, they are
provide several advantages, such as cost competitive,
environmentally clean, and safe renewable power source as
compared with the fossil fuel and nuclear power
generation. A special type of induction generator, called a
doubly fed induction generator (DFIG), is used extensively
for high-power wind applications. They are used more and
more in wind turbine applications due to the advantages of
variable speed operation range and its four quadrants active
and reactive power capabilities, high energy efficiency, and
the improved power quality [7, 8]. WECSs require a good
choice of power electronic converters for the improvement
of the quality of the electrical energy produced at the
generator terminals. There are several power electronics
converters that are the most popular such as the two stage
back-back converter and cycloconverter [9, 10]. Because of
the disadvantage of these converters to produce large
harmonics, we will choose using of direct matrix converter.
The system under study is depicted in Fig. 1.
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Fig. 1. WECS connected to the grid

It is composed of DFIG-wind turbine connected to the
grid via a direct matrix converter (DMC). Wind turbines
using a DFIG consist of a wound rotor induction generator
and a three phase direct matrix converter. The stator
winding is connected directly to the 50 Hz grid while the
rotor is fed at variable frequency through the direct matrix
converter [11, 12]. The DFIG technology allows extracting
maximum energy from the wind for low wind speeds by
optimizing the turbine speed, while minimizing mechanical
stresses on the turbine during gusts of wind. In this study
the variable wind speed is maintained at 9 m/s, 15 m/s and
11 m/s. Simulation results are carried out on a 1.5 MW
DFIG WECS connected to the 575 V of voltage grid. The
reactive power produced by the wind turbine is regulated at
zero MVar. The paper is organized as follows: In section 2,
the model of the wind turbine is presented. Next, the
modeling of DFIG system is detailed in section 3. In
section 4, mathematical modeling of a DMC is discussed.
In section 5, the procedure of direct power control using
space vector modulation (DPC-SVM) based direct matrix
converter is explained. The simulation results are presented
in section 6. Finally, section 7 concludes this study.

2. Wind turbine model. Wind energy can only
extract a small part of the power from the wind, which is
limited by the Betz limit to a maximum of 59 %. This
quantity is described by the turbine power coefficient C,,
which is dependent on the blade pitch angle f and the
peak speed ratio 1. The mechanical power of the wind
turbine extracted from the wind is given by:

1
PW=E-p-7r-R2~Cp(/1,/)’)-V3, (1)

where C, is the power coefficient of the wind turbine;
p is the blade pitch angle; A is the tip speed ratio; p is the
density of air; R is the rotor radius of wind, m; V is the
wind speed, m/s.

The tip speed ratio A is calculated from the actual
values of rotor speed and wind speed ¥ according to:

where Qyy is the angular velocity of rotor, rad/s.

From summaries achieved on a wind of 1.5 MW, the
expression of the power coefficient for this type of turbine
can be approximated by the following expression:

CS

—c3.ﬁ—c4J.e[’1fj+c6~/1. 3)

A=

Cp(}“»ﬂ): Cl {%

1

The parameter 1/4; in (3) is defined as

1 1 0.035
2 2100088 1442 @
i . 1+
The proposed coefficients are equal to:
C,=0.5176, C, =116, C;=0.4, C, =5, Cs =2, Cs = 0.0068.
The gearbox is installed between the turbine and the
generator to transform slow speed wind turbine rotation to
higher speed required by the generator [13]. Neglecting
the gearbox losses, the mechanical torque and shaft speed
of the wind turbine referred to the generator side of the
gearbox are given by:

Ty

T, :?, Qg:QW'G, (5)

g

where Ty, T, are the wind turbine aerodynamic and
generator electromagnetic torques, N-m.

The resulting block diagram of the wind turbine
model is presented in Fig. 2.
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Fig. 2. Block diagram of the wind turbine model

Figure 3 illustrated the curves of power coefficient versus
the tip-speed ratio for different values of the pitch angle. We
can see in this figure that the optimal power coefficient of C, is

0.48 for a speed ration at 8 and /5 equal to 0°.
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Fig. 3. Power coefficients for different values of

3. DFIG model. By choosing a d-q reference frame
synchronized with the stator flux, the electrical equations
of the DFIG are written as follows:

d .
—@sq =Vsa — Rglgqg + WDsPsq»

dt
d . .
d_wsq = Vsq - Rslsq + OsPsq s
t
(6)
d . .
aqard =Va = Ryipg + (05 — @) Prq>

Equ = qu - Rrirq —(05 — @) Py,

where Vi, Vig, isa, isq are the stator voltages and currents
in the synchronous reference frame, respectively; V.4, Vg,
ia» Iy are the rotor voltages and currents in the
synchronous reference frame, respectively; w; is the stator
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angular frequency; w is the slip angular speed; R; is the
stator resistance; ¢, ¢, are the stator and rotor fluxes.
The stator and rotor flux can be expressed as

Psd = Lsisq + Miyq;

Psq = Lylgq + Miyy; ™
Prd = Lrlrd +Mi isd )
Prq = Lrirq + Misq'

The expressions of real and reactive power are given by:
P V. dls'd +V, i

sqlsq>
Os =Vglsa —Vsaisgs ®
P =V .+ ququ,
0, = Vr brd lelq

The control strategy, using the model of DFIG in (d-g)
reference axis is the vector stator flux aligned with d-axis.
So, by setting the quadratic component of the stator flux to
the null value and by neglecting the stator resistance, the
voltage equations of the stator windings can be simplified in
steady state as:

d
Vsd — §0sd — O;
dt 9
Vsq =0y Qg =V
Hence, the relationship between the stator and rotor
currents can be written as follows:

iy =2 _tm
sd — Ls Ls rd >
(10)
i, = _Lw .
sq Ls rq
From (8), (9), we can write:
M? . MY,
¢rd:(Lr__)'lrd+ . 5
S a)SLS 1 1
] ()

M
=(L,——) iy-
Drd ( r LS ) rd
The expression of the stator and rotor voltage is given by:

R R
Vy=-"2 -3 Mi.g;
sd L, Psd L, rd
R
Vsq = _L_S¢7rq T OsPrq;s
y 12)

di
Via = Ryipg + O-'er_rd+ €rd>s
t

dl
Vig =Ryipg + 0L,

+erd +€
t

where:

R

Crd =L_S(psd -

s

Ry . .
L_Serd;

S

Ry
€rqg = _L_(prq + OsPrg
s

M .
T Psd >

(13)

Stator real and reactive powers are described by:

VeM M .
g O =g z b (14)
s s

The electromagnetic torque is as follows:

P=g——

Temz_P'M'wsd'irq 15)
LS

4. Matrix converter (MC) is a DMC used to
convert AC supply voltages into variable magnitude and
frequency output voltages [14, 15] (Fig. 4). Three phases
MC consists of array of nine IGBTs switches that are
switched on and off in order to provide variable
sinusoidal voltage and frequency to the load [8], in this
type of converter there is no need to the intermediate DC
link power circuit and this means no large energy storing
capacitors [8-10]. This will increase the system reliability
and reduce the weight and volume for such converters
[16, 17]. This converter is proposed as an effective
replacement for the WECS fed by back-to-back converter.

The input voltages and currents can be given as:

sin(w;t)
Vi(t) =V max| sin(wjt —27/3) |. (16)
sin(e;t —47/3)
sin(w;t + ¢;)
i (1) = I max| sin(@jt = 27/3 + ¢;) a7
sin(et —47/3+ ;)
where i = {4, B, C} is the name of the input phase.
ca ob oc
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Fig. 4. Symbol of three phase matrix converter

The matrix converter will be designed and controlled in
such a manner that the fundamental of the output voltages are:

sin( w;t)

Vi(t) =V} max | Sin( it = 27/3) | - (18)
sin( w;t — 47 /3)
Sln(a),t-i-goj)

l](t)zljmax sin(a)it—27r/3+g0j) , (19)

sin(w;t —47/3+¢;)

where j = {a, b, c} is the name of the output phase.
Ratio g is the ratio voltage between, its value cannot
exceed 0.866 and cannot be negative [18, 19]:

]max / imax - (20)
The switching functlon of a single switch is defined

as follows:
01isS;; is open;
Si0=3" "
lis S,-j is closed,

@n

where §; is the bi-directional power switch of matrix
converter (see Fig. 4).

The input/output relationships of wvoltages and
currents are related to the states of the nine switches, and
can be written in matrix form as:
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{V,- (6)= M) V(1) o)

() =M @) -i;(2).

The matrix M(Z)' is the transpose of the matrix M(?);
Myq(t) mpa(t) mey(7)

M) =|m () mpp(t) mcy (1))
myc(t) mpe(t) mee(t)

The variables m;(f) are the duty-cycles of the 9
switches and can be represented by:

(23)

T
1
my (1) = — l Sy (1t (24)
where 0 <m(f) < 1; T is the switching period.

5. Control of matrix converter. There are a number
of possible modulation techniques that can be used for
matrix converter control. The optimal modulation strategy
should minimize the input current and output voltage
harmonic distortion and device power losses. The most
relevant control and modulation methods developed for the
MCs are the Venturini method, the scalar method
developed by Roy and the space-vector modulation (SVM)
[20-24]. In this work the SVM method is preferred because
it deals with scalar quantities rather than vectors, and this is
important when controlling WECS. The SVM had
previously been used for inverter control [25] proposed the
use of SVM for matrix converters, this strategy control is
based on the space vector representation of the input
currents and output voltages at any time [26].

2 )
Vi) =500 +a-vy +a% ) =Vye™!; (25)
re 2 . . 2 . pit
li(t)25(1a+a-zb +a”-i,)=1e"", (26)

2
iz
where a=¢ 3 .

For the three-phase matrix converter, there are 27
possible switching configurations. The first 18 switching
configurations determine an output voltage vector and an
input current vector and will be named «active
configurations». The last 3 switching configurations
determine zero input current and output voltage vectors
and will be named «zero configurations». The required
modulation duty cycles for the switching configurations
are giving by the following equation [21-23, 25]. These
switching states and the output voltages and input current
vectors are presented in Table 1. The sum of the absolute
values of the four duty-cycles must be lower than unity.

In the control strategy of the WECS, the DPC-SVM
uses 2 control loops with PI controllers, these inner
control loops regulate the active and reactive power of
AC grid. The estimated values of active and reactive AC
grid power are compared with the real and reactive
powers references [27-29]. To ensure a pure active power
exchange from the wind generator and maintain the
reactive power exchange to the grid.

The dynamic model of grid side electrical circuits is
presented as [29-32]:

. di .
Via = Ryisq + Ly did - a)slesq + €csds
digq 27
Vsq = Rsisq + LS ? - a)SLSiSd + ecsq.

The active and reactive power estimator as:

3 . .
Py = E(Vsdlsd +Vgglsq );

3 ) . (28)
qu = E(Vsqlsd ~Vsdlsq )-
Table 1
Switching configurations

N°| Combination 170 ®) f,-(t)

1| Sia Soss S @213)- Ve @N3)iged™
2| Sup SpwSca | —(2/3)Vupe” —(2N3yipe?™
3| Sus Spes Sce (2/3)-Vyee® 2N3)-iy- ™
4| Si S Sco —(213) Ve’ —(2N3)-iy- ™
5| Sye Ssas Sca (213)-V,e® (2N3)-i "™
6 | Siw Spes Sce —(213) -V pe® —(2N3)-iy &7
7| Sup S Sci (213)- Ve ¥ (2N3)-ig-e?®
8 | Suu i Sca —(213)V ¥ —(2N3)-ige?™®
9 | Sy Sep Sce (2/3)- Vo™ (2N3)-ig-e™
10| Sy Szer Scp —(2/3)-Vpe ™ —(2N3)-ige™
11| S4u Szes Sca (2/3)-V ™ (2N3)-ipe’™®
12| Sic, Spas Sce —(2/3)V ™ —(2N3)-ig- ™™
13| Sy, Spo, Sca (2/3)-V-e*™ (N3)-ic-e¥®
14| Sya Spar Sci —(2/3)-V ™ —QN3)-ic-ed®
15| Sy Sger Scn (2/3)- Vo™ QN3)-ic-e™
16| Sup, Sgp Sce —(213)-Vye*™? —QN3)ic-d™?
17| S Spas Sce (213) V™ N3)-ic-e’™®
18] Sy Sper Sca —(213) V™ —(2N3)-ic-e™®
191 Suas Saps Sac 0 -

20| Sgas Ss, Sae 0 -

21| Scas Scps Sce 0 -

6. Simulation results. The simulation of wind system
based on DFIG with the considered control systems 1 has
been implemented using Simulink/ MATLAB (Fig. 5).

The parameters of proposed conversion system are
shown in Table 2.

Table 2
System parameters

Parameters, units Values
Grid frequency fs, Hz 50
Grid voltage V.5, V 575
Voltage Vs, V 575
IGBTs switch frequency (SVM), kHz 6
Power P,, MW 1.5
Voltage (line-line) Vs, V 575
Stator resistance R, Q 0.01965
Stator Inductance L,, H 0.0397
Rotor resistance R, O 0.01909
Rotor Inductance L,, H 0.0397
Mutual inductance L,,, H 1.354
Inertia J, kg-m’ 0.09526
Flux linkage @, Wb 0.05479

The obtained simulation results of considered
WECS are presented in Fig. 6-8. The considered control
of whole system has been tested for the wind speed during
the period of the 3 s, while, the average wind speed has
been adopted for different average values at 9 m/s, 11 m/s
and 15 m/s (Fig. 6).

Figures 7, 8 present the responses of speed rotor and
electromagnetic torque compared to the mechanical
torque. It can be seen, that the electromagnetic torque 7,
is accurately adjusted to the mechanical torque.
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So, the considered control system allows fast
responses of the electromagnetic torque 7., of DFIG
during temporary time variations of the wind speed.

The waveform of output currents (rotor currents of
DFIG) and input currents of matrix converter are practically
changing according to variations of wind speed (see Fig. 9,
10). We can see that these currents are sinusoidal. Figures
11, 12 display the three-phase voltages and current injected
to the grid by the conversion system controlled by DPC-
SVM strategy. It can be seen, that this current has a

sinusoidal form and changing according to the variations of
wind speed.
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Fig. 9. Rotor currents (output currents of MC)
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Fig. 11. Stator voltages connected to the grid
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Figure 13 shows the grid voltage and current delivered
by the generating system. It can be seen that the voltage is in
phase opposition with the current, which proves that the
proposed system drives with unitary factor power. Finally,
Fig. 14, 15 present the active and reactive powers injected to
the grid, controlled via the proposed DPC-SVM.
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strategy control have been explored. This technique
eliminates the lookup table and reduces the grid powers
and currents harmonics as well. In addition, the direct
power control using space vector modulation strategy
control guarantees good dynamic response and provides
sinusoidal line currents. We can confirm that the direct
matrix converter presents an interesting alternative for the
variable wind speed. The simulation results are
satisfactory, have a good performance and good control
proprieties between measured and reference quantities.
The results encourage a further development of this study
to obtain clean energy.

Conflict of interest. The authors declare that they
have no conflicts of interest.

REFERENCES
1. Bistline J., Abhyankar N., Blanford G., Clarke L., Fakhry
R., McJeon H., Reilly J., Roney C., Wilson T., Yuan M., Zhao
A. Actions for reducing US emissions at least 50% by 2030.
Science, 2022, vol. 376, no. 6596, pp. 922-924. doi:
https://doi.org/10.1126/science.abn0661.
2. Williams J.H., DeBenedictis A., Ghanadan R., Mahone A.,
Moore J., Morrow W.R., Price S., Torn M.S. The Technology
Path to Deep Greenhouse Gas Emissions Cuts by 2050: The
Pivotal Role of Electricity. Science, 2012, vol. 335, no. 6064,
pp. 53-59. doi: https://doi.org/10.1126/science.1208365.
3. Pfenninger S., Keirstead J. Comparing concentrating solar
and nuclear power as baseload providers using the example of
South Africa. Energy, 2015, vol. 87, pp. 303-314. doi:
https://doi.org/10.1016/j.energy.2015.04.077.

1 L L Il 1 Z’S
05 1 15 2 25 3

Fig. 14. Active power and its reference connected to the grid
%108
0O, VAr «10° Quref (VAR)

2 Q-mes (VAR) b

il ™ |
|

il L)

8 I I I I I
0 0.5 1 15 2

25 3
Fig. 15. Reactive power and its reference connected to the grid

We can conclude that, under the proposed control
algorithm, the grid power amounts track their references
values with smooth profiles. Also, from these figures, it can
be noticed, that only the active power generated by the
proposed system is fully delivered to the AC grid, while the
reactive power is controlled to be zero.

7. Conclusions. In this paper, a new proposed
doubly fed induction generator of wind energy conversion
system based direct matrix converter connected to the grid
has been presented. In this study, the conventional back-to
back converters has been replaced by a direct matrix
converter using direct power control using space vector
modulation strategy control. The advantage in the
proposed scheme is that the DC-link capacitors voltage
and the grid side converter have been eliminated. In order
to control the active and reactive power injected to the
grid a direct power control using space vector modulation

4. Boopathi K., Ramaswamy S., Kirubakaran V., Uma K.,
Saravanan G., Thyagaraj S., Balaraman K. Economic
investigation of repowering of the existing wind farms with hybrid
wind and solar power plants: a case study. International Journal
of Energy and Environmental Engineering, 2021, vol. 12. no. 4,
pp. 855-871. doi: https://doi.org/10.1007/s40095-021-00391-3.

5. Staffell 1., Pfenninger S. The increasing impact of weather
on electricity supply and demand. Energy, 2018, vol. 145, pp.
65-78. doi: https://doi.org/10.1016/j.energy.2017.12.051.

6. Sureshkumar K., Ponnusamy V. Hybrid renewable energy
systems for power flow management in smart grid using an
efficient hybrid technique. Tranmsactions of the Institute of
Measurement and Control, 2020, vol. 42, no. 11, pp. 2068-2087.
doi: https://doi.org/10.1177/0142331220904818.

7. Boumassata A., Kerdoun D., Oualah O. Maximum power
control of a wind generator with an energy storage system to fix the
delivered power. Electrical Engineering & Electromechanics, 2022,
no. 2, pp. 41-46. doi: https://doi.org/10.20998/2074-272X.2022.2.07.

8. Boutoubat M., Mokrani L., Machmoum M. Control of a
wind energy conversion system equipped by a DFIG for active
power generation and power quality improvement. Renewable
Energy, 2013, vol. 50, pp- 378-386. doi:
https://doi.org/10.1016/j.renene.2012.06.058.

9. Tang C.Y. Guo Y. Jiang J.N. Nonlinear Dual-Mode
Control of Variable-Speed Wind Turbines With Doubly Fed
Induction Generators. [EEE Transactions on Control Systems
Technology, 2011, vol. 19, no. 4, pp. 744-756. doi:
https://doi.org/10.1109/TCST.2010.2053931.

10. El-Sattar A.A., Saad N.H., El-Dein M.Z.S. Dynamic response
of doubly fed induction generator variable speed wind turbine under
fault. Electric Power Systems Research, 2008, vol. 78, no. 7, pp.
1240-1246. doi: https://doi.org/10.1016/j.epsr.2007.10.005.

11. Kahla S., Bechouat M., Amieur T., Sedraoui M., Babes B.,
Hamouda N. Maximum power extraction framework using robust
fractional-order feedback linearization control and GM-CPSO for
PMSG-based WECS. Wind Engineering, 2021, vol. 45, no. 4, pp.
1040-1054. doi: https://doi.org/10.1177/0309524X20948263.

Enexkmpomexnika i Enexmpomexanixa, 2023, Ne 3

45



12. Sahri Y., Tamalouzt S., Hamoudi F., Belaid S.L., Bajaj M.,
Alharthi M.M., Alzaidi M.S., Ghoneim S.S.M. New intelligent
direct power control of DFIG-based wind conversion system by
using machine learning under variations of all operating and
compensation modes. Energy Reports, 2021, vol. 7, pp. 6394-
6412. doi: https://doi.org/10.1016/j.egyr.2021.09.075.

13. Mazouz F., Belkacem S., Colak 1., Drid S., Harbouche Y.
Adaptive direct power control for double fed induction
generator used in wind turbine. International Journal of
Electrical Power & Energy Systems, 2020, vol. 114, art. no.
105395. doi: https://doi.org/10.1016/].ijepes.2019.105395.

14. Zhi D., Xu L. Direct Power Control of DFIG With Constant
Switching Frequency and Improved Transient Performance.
IEEE Transactions on Energy Conversion, 2007, vol. 22, no. 1,
pp- 110-118. doi: https://doi.org/10.1109/TEC.2006.889549.

15. Babes B., Hamouda N., Kahla S., Amar H., Ghoneim
S.S.M. Fuzzy model based multivariable predictive control
design for rapid and efficient speed-sensorless maximum power
extraction of renewable wind generators. Electrical Engineering
&  Electromechanics, 2022, mno. 3, pp. 51-62. doi:
https://doi.org/10.20998/2074-272X.2022.3.08.

16. Wheeler P.W., Rodriguez J., Clare J.C., Empringham L.,
Weinstein A. Matrix converters: a technology review. /EEE
Transactions on Industrial Electronics, 2002, vol. 49, no. 2, pp.
276-288. doi: https://doi.org/10.1109/41.993260.

17. Kolar J.W., Friedli T., Rodriguez J., Wheeler P.W. Review
of Three-Phase PWM AC-AC Converter Topologies. [EEE
Transactions on Industrial Electronics, 2011, vol. 58, no. 11,
pp- 4988-5006. doi: https://doi.org/10.1109/TIE.2011.2159353.
18. Casadei D., Serra G., Tani A., Zarri L. Optimal Use of Zero
Vectors for Minimizing the Output Current Distortion in Matrix
Converters. IEEE Transactions on Industrial Electronics, 2009,
vol. 56, no. 2, pp- 326-336. doi:
https://doi.org/10.1109/TIE.2008.2007557.

19. Varajdo D., Aratijo R.E. Modulation Methods for Direct and
Indirect Matrix Converters: A Review. Electronics, 2021, vol. 10,
no. 7, art. no. 812. doi: https://doi.org/10.3390/electronics10070812.
20. Sayed M.A., Suzuki K., Takeshita T., Kitagawa W. PWM
Switching Technique for Three-Phase Bidirectional Grid-Tie
DC-AC-AC Converter With High-Frequency Isolation. /EEE
Transactions on Power Electronics, 2018, vol. 33, no. 1, pp.
845-858. doi: https://doi.org/10.1109/TPEL.2017.2668441.

21. Shi T., Wu L., Yan Y., Xia C. Harmonic Spectrum of
Output Voltage for Space Vector Pulse Width Modulated Ultra
Sparse Matrix Converter. Energies, 2018, vol. 11, no. 2, art. no.
390. doi: https://doi.org/10.3390/en11020390.

22. Tuyen N., Dzung P. Space Vector Modulation for an
Indirect Matrix Converter with Improved Input Power Factor.
Energies, 2017, vol. 10, no. 5, art. no. 588. doi:
https://doi.org/10.3390/en10050588.

23. Rodriguez J., Rivera M., Kolar J.W., Wheeler P.W. A Review
of Control and Modulation Methods for Matrix Converters. /EEE
Transactions on Industrial Electronics, 2012, vol. 59, no. 1, pp.
58-70. doi: https://doi.org/10.1109/TTE.2011.2165310.

24. Wang X., Lin H., She H., Feng B. A Research on Space
Vector Modulation Strategy for Matrix Converter Under
Abnormal Input-Voltage Conditions. /[EEE Transactions on

How to cite this article:

Industrial Electronics, 2012, vol. 59, no. 1, pp. 93-104. doi:
https://doi.org/10.1109/TTE.2011.2157288.

25. Huber L., Borojevic D. Space vector modulation with unity
input power factor for forced commutated cycloconverters.
Conference Record of the 1991 IEEE Industry Applications
Society  Annual Meeting, 1991, pp. 1032-1041. doi:
https://doi.org/10.1109/TAS.1991.178363.

26. Li D., Deng X., Li C., Zhang X., Fang E. Study on the space
vector modulation strategy of matrix converter under abnormal
input condition. Alexandria Engineering Journal, 2022, vol. 61, no.
6, pp. 4595-4605. doi: https://doi.org/10.1016/j.a¢j.2021.10.020.

27. Sellah M., Kouzou A., Mohamed-Seghir M., Rezaoui M.M.,
Kennel R., Abdelrahem M. Improved DTC-SVM Based on
Input-Output Feedback Linearization Technique Applied on
DOEWIM Powered by Two Dual Indirect Matrix Converters.
Energies, 2021, vol. 14, no. 18, art. no. 5625. doi:
https://doi.org/10.3390/en14185625.

28. Sahri Y., Tamalouzt S., Hamoudi F., Belaid S.L., Bajaj M.,
Alharthi M.M., Alzaidi M.S., Ghoneim S.S.M. New intelligent
direct power control of DFIG-based wind conversion system by
using machine learning under variations of all operating and
compensation modes. Energy Reports, 2021, vol. 7, pp. 6394-
6412. doi: https://doi.org/10.1016/j.egyr.2021.09.075.

29. Sun D., Wang X., Nian H., Zhu Z.Q. A Sliding-Mode Direct
Power Control Strategy for DFIG Under Both Balanced and
Unbalanced Grid Conditions Using Extended Active Power. IEEE
Transactions on Power Electronics, 2018, vol. 33, no. 2, pp.
1313-1322. doi: https://doi.org/10.1109/TPEL.2017.2686980.

30. Chaudhuri A., Datta R., Kumar M.P., Davim J.P., Pramanik S.
Energy Conversion Strategies for Wind Energy System: Electrical,
Mechanical and Material Aspects. Materials, 2022, vol. 15, no. 3,
art. no. 1232. doi: https://doi.org/10.3390/mal15031232.

31. Benbouhenni H., Lemdani S. Combining synergetic control and
super twisting algorithm to reduce the active power undulations of
doubly fed induction generator for dual-rotor wind turbine system.
Electrical Engineering & Electromechanics, 2021, no. 3, pp. 8-17.
doi: https://doi.org/10.20998/2074-272X.2021.3.02.

32. Benbouhenni H., Boudjema Z., Belaidi A. DPC Based on
ANFIS Super-Twisting Sliding Mode Algorithm of a Doubly-
Fed Induction Generator for Wind Energy System. Journal
Européen Des Systémes Automatisés, 2020, vol. 53, no. 1, pp.
69-80. doi: https://doi.org/10.18280/jesa.530109.

Received 22.08.2022
Accepted 10.11.2022
Published 06.05.2023

Aziz Boukadouml, Associate Professor,

Abla Bouguernel, Associate Professor,

Tahar Bahi?, Professor,

! Labget laboratory, Department of Electrical Engineering,
Echahid Cheikh Larbi Tebessi University-Tebessa, Algeria,
e-mail: azizboukadoum@yahoo.fr (Corresponding Author),
bouguerneabla@yahoo.fr

? Department of Electrical Engineering,

University Badji Mokhtar Annaba, Algeria,

e-mail: tbahi@hotmail.fr

Boukadoum A., Bouguerne A., Bahi T. Direct power control using space vector modulation strategy control for wind energy
conversion system using three-phase matrix converter. Electrical Engineering & Electromechanics, 2023, no. 3, pp. 40-46. doi:

https://doi.org/10.20998/2074-272X.2023.3.06

46

Enexmpomexnixa i Enexmpomexanika, 2023, Ne 3



YK 621.314 https://doi.org/10.20998/2074-272X.2023.3.07

B.I'. Arym, K.B. SAryn

IIpuckopeHHs1 BUXOAY HA YCTAJIEHUH Pe:KUM NPH MOJACJIOBAHHI HANIBIPOBITHUKOBUX
nepeTBOPOBaYviB

Cmamms npucesuena gupiwientio npobaemu 3MeHUeHHs BUMpam KOMN 10MepHO20 4acy 051 OOCAZHEHHS YCIMANEHO20 PEdCUMY MUPUCTOp-
1020 nepemsopiosaya. J{s ybo2o 3anponoHo8aHo GUKOPUCIAINU PISHUYEE] PIBHAHHA, Ol AKUX 8 AKOCMI 3MIHHUX NPUILMAIOMbCS 3HAYEHHS
SMIHHUX CIMamy Ha Medicax nepiodie pobomu nepemeoprosaid. Lli 3HaueHHs HAKONUYYIOMbCA HA NOYAMKOBUX NEPIOOax nepexioHo2o npoye-
Cy nepemeoposaia, Niciia 4020 6UPAxo8ylomvCst KoeqiyieHmu pisHUYegUx Pi6HAHb, | HACIYNHI MEJNCOBI 3HAYEHHS. 3MIHHUX CIMAHY 3HAXO-
OsIMbCs 3 GUKOPUCMAHHAM BUSHAYEHUX PI3HUYyesux pisHsanb. [Ipedcmasnena npoepama Ha aneopummiuniti mosi cucmemu MATLAB, axa

Peanizye 3anponoHo8ari Memoo i Wi2OPpUmM CYMICHO 3 8I3VAbHOI0 MOOeio nepemsopiosaya. bion. 10, Tadmn. 2, puc. 4.
Kniouogi cnosa: TMpUCTOPHUIA IepeTBOPIOBAY, 3MiHHI CTaHy, pi3HULIeBi PIBHSAHHSA, ycTaleHUil pesKuM, Bi3yajabHa MoO/ieJIb.

Beryn. ITocranoBka 3amadi. JlocmipkeHHS i ipoe-
KTyBaHHsS THPUCTOPHHX IEPETBOPIOBAUiB HA Cy4acHOMY
erari HEMOJMJIMBO IIPEACTaBUTH 0€3 3acTOCYBaHHS
koM 'roTepHux Mogeneil [1]. DyHKIIOHYyBaHHSA TaKHUX
Mozeneld OCHOBaHE Ha KYCKOBO-JNiHIHHIN ampokcuMmariii
BOJIbT-aMIIEPHUX XAPAKTEPUCTUK BEHTHIIHHUX CIICMEHTIB
[2, 3]. Hamami ans iMiTarii e1eKTpoMarHiTHAX MPOIIECiB B
MEPETBOPIOBAYl 3aCTOCOBYETHCSI METO/I NPUIACOBYBAHHSI,
NPy SIKOMY pillleHHs 3IIMBAETHCS 3 JIAHOK PO3B’SI3aHb
JHIMHUX JudepeHlialbHiX PIBHSHb, IO ONMUCYIOTH I10-
BEJ/IIHKY ME€PEeTBOPIOBaYa Ha iHTEpBaJi HE3MIHHOCTI CTaHy
BEHTWIBHUX EJIEMEHTIB IepeTBOproBavya. TakuMm dYmMHOM,
MO/IeJIb IIEpETBOPIOBaYa BUTpayae KOMIT FOTEPHHUH yac Ha
aHaJi3 CTPYKTYPH CHJIOBOI YaCTHHHU IEpeTBOpIoBaya, (o-
pMyBaHHS TpadiB i TOMOIOTIYHUX MAaTPHIb, 3HAXOKCH-
HS KOeQIIi€HTIB JTHIHHUX MU(EpEeHIiaTbHIX PIBHIHD 32
METOJIOM, CKa)XKiMO, 3MIHHHUX CTaHy, iHTETpyBaHHS CHC-
Temu AnEpeHLiAbHUX PIBHIHb YHUCEIBHUM METOIOM,
3IaTHUM TMOOOPOTH MpOoOJIeMy >KOPCTKOCTI CHUCTEMH, a
TaKOX Ha 0OYMCIIEHHS MOMEHTIB ITEPEeMHUKaHb BEHTHIIIB 1
BU3HAYCHHS HACTYIHOTo cTaHy BeHTWIIB [2]. YcrasneHi
PEXUMH, SIK TPABUIIO, 3HAXOJSITHCS Y BIIOMUX IpOrpamax
MOJICTFOBaHHSI MEPETBOPIOBAYIB METOJOM BCTaHOBIICHHS
[4], sxmif (aKTHYHO IMITY€ peabHHU ITyCK MEPETBOPIO-
Baya 3a3BUYail 3 HYJBOBUX IOYATKOBUX 3HAYEHb JUIS
3MIHHHMX CTaHy, B SIKOCTI SKHX BHCTYIAIOTh HAalpyru Ha
KOHJIEHCATOpaX Ta CTPYMH iHAyKTHUBHOCTeH. [lnst mocsr-
HEHHS YCTAICHOTO PEKUMY MEPETBOPIOBAYA TPUXOAUTHCS
00paxoByBaTH BEJHMKY KUIBKICTh NEPIOAIB MEpPEeXiAHOTO
npouecy. Lleli mponec BHXOLy Ha YCTaN€HUM PEXHM,
AKUHA B peaJbHOMY IEpPETBOPIOBaUi 3aiiMae MEBHUMA pea-
JIHUHM 4Yac 1 BBOKAEThCS MPUHIMIIOBO HEMHHYYIM 1 HEO0-
Xi}lHI/lM, B KOMH’IOTele/IX MOACIAX MOXKE TATHYTH Ha
ceOe 3HaYHUI KoM 10TepHuit yac. [Ipobiema morauoiro-
€THCS TIPH YIOBUIBHEHHI ITPOIIECY BUXOJIy Ha yCTaJICHHH
pexum. lle mae wmicue, Koim B cXeMi IepeTBOprOBava
MIPUCYTHI PEaKTUBHI EIEMEHTH, 110 IOBUILHO HAKOINYY-
FOTh BENHKi 00’ €MH eJIeKTPOMAarHiTHOI €Heprii, a TaKOX y
BHIAJKAaX Clabo AeMI(pOBaHUX CXEM IMEPEeTBOPIOBAYIB
[5]. Jo mporo x MONAIOThCA 3POCTAHHS Yacy MOJEIO-
BaHHS NpU cnpodax MIABHUIIMTH TOYHICTH PO3pPaxyHKIiB
LUISIXOM 3MEHIICHHSI KPOKY IHTerpyBaHHs cucTeM aude-
PCHIIATBHUX PIBHSAHB [IEPETBOPIOBAYA HA IIEPiogax mepe-
X1JTHOTO TIpoliecy BCTAaHOBJICHHS pexumy. [Ipu Mopento-
BaHHI IEPETBOPIOBAYIB y KOMII'IOTEpHIH  CHCTEeMi
MATLAB/Simulink/SimPowerSystem BTpydaeTbes e
TaKoX TOW (haKTOp, IO LI CHCTEMH BHKOPHUCTOBYE pe-
KMM IHTEpIIpeTaTopa, KOJIX MEepeTBOPEHHS OIepaTopiB B

KO/l MalIMHHHUX KOMaHJ 3IiHCHIOETHCS TNPHU KOXKHOMY
3BEpPHEHHI JI0 OIepaTopa, 10 OCOOJIMBO YYTJIMBO IpU
31 CHEHH] IMKIIIYHUX aJITOPUTMIB, TaK XapaKTepHHUX LIS
MOJICITIOBAHHS TIEPeTBOPIOBaviB. ToOMy IpH YCKJIaTHEHHI
CXEMH IePeTBOPIOBAYA Yac MOJICIIOBAHHS CYTTEBO 3pOC-
Tae, K 1Ie CIIOCTEePIirajioch, HAIPUKIAL, TIPH MOJEITIOBAH-
HI YCTaJeHUX PEXHUMIB B TPHU(PA3HUX THPHUCTOPHUX KOM-
MeHCcaTopax PEeaKkTHUBHOI MOTYKHOCTI. | TOMy BUpilIeHHs
npoOJieMH MPUCKOPEHHSI PO3PaXyHKIB YCTAIICHUX PEXKH-
MIB IE€PETBOPIOBAYIB, 1 HABITH MPOCTO EIEKTPUYHHUX CHUC-
TEM, TIPY KOMIT FOTEPHOMY MOJEJIIOBaHHI HE BTpayae aK-
TyaJbHOCTI 1 Ha TenepiuHiii gac.

B poborax [5, 6] po3risHyTO BU3HAYCHHS ITapaMeT-
piB ycTaJeHOro pexumMy oaHodazHOro BUIpsAMILIYa 3i
3TIAIKyBATBHUM (LTBTPOM TPETHOTO TOPSAKY Ha OCHOBI
Metony HeioToHa. B mpoMy *k HampsiMKy BUKOHaHA po0o-
Ta [7]. Y mmx mparsgx 3HaXOKEHHS PillleHHS € 3B’ I3aHUM
3 O0YMCIEHHSM TMOXITHUX 1 MPOBEACHHSM ITE€PAIIHOTO
npotecy. Y [8] po3risimaetbes 3aMiHa IHTErpyBaHHS PiB-
HSHb CTaHy PI3HHULICBUMH PiBHSHHAMH, ajle aHATI3yeThCs
HE MepeTBOPIOBaY IOCTIHHOTO CTPyMY, a JIMIIE 3acTyITHa
cxemMa ©0e3 HamIBIPOBIAHUKOBUX KOMYTAaTopiB, SKi
000B’SI3KOBO MICTSITECSI B CXEMax IEPEeTBOPIOBAYiB Mapa-
MeTpiB enekTpoeHeprii. Bapro Takoxk 3ayBaknTH, IO
3aCTOCYBaHHS I[bOI'O METOJy BUMara€ OOYHCIICHb 3a JI0-
CUTHh TPOMI3IKUMH aHAIITHIHUMH BHpa3aMH. Y CTaJeHi
MPOIlECH B CHCTEMax aKTHUBHHUX MEPETBOPIOBAdYiB pO3i-
Opawi B [9, 10]. 3anpormoHoBaHiI B HUX METOAH HE HOCHTH
3arajbHOTO XapaKTepy, a BPaXxOBYIOTh OCOOIHMBOCTI IIHU-
POTHO-IMITYJIbCHOT MOZYJISILI], IO BOHA BUKOPHCTOBY€ETh-
Cs1 B IEPETBOPIOBAaYaX €JIEKTPOCHEPTii JIMIIIE IIbOTO KiIacy.

Merta cratTi nosisirae B po3poOl11i METOy 1 ajropur-
MY NPHCKOPEHOTO PO3PaxyHKy YCTaJ€HHX PEKUMIB THPHC-
TOPHUX MEPETBOPIOBAYIB i3 3aCTOCYBAHHIM KOMIT FOTCPHUX
MOyIeliell TIepeTBOPIOBaYiB Ha OCHOBI BUKOPUCTAaHHS TEOPii
PI3HHLIEBHX PIBHSAHb Y BHIJIII PEKYpPEHTHHX JHIHHHX
CHIBBIHOIIEHb I 3MIHHAX CTaHy Ha MeXaxX IepiofiB
MIEpPETBOPIOBAYA.

OcHOBHA YaCTHHA OC/Ii/ZKEHHS.

1. JocaixzkeHHsI MepexXiiHOro mpomecy MycKy iH-
BepTopa. bynemo posrispat cxeMy omHO(a3HOTO aBTO-
HOMHOTO IHBEpPTOpa CTPyMy Ha TUPHCTOpAxX, sSKa Ha Mpak-
THIII 3aCTOCOBYETHCS JUIsl CHCTEM BHCOKOYAaCTOTHOT'O 1HAY-
KuifiHoro HarpiBy metany [1, 2]. Ctpykrypa cxemu 3po3y-
Misia 3 MoJieNti epeTBoproBaya B cucteMi SimPowerSystem
[3], sixa 300paxeHa Ha puc. 1.
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Puc. 1. locnimkyBana MoJielb IIepeTBopioBada B cucreMi SimPowerSystem

[HBEepTOp JKUBUTHCA Bill IKepeia MOCTIHHOI HATpy-
ru E uepes mpocens Ld 3 Benmukoro ingykruBHicTIO. Ha-
Ipyra Bij JoKepesia MOJA€ThCS Ha BEPTHKAIBHY JiaroHaJIb
HaIBOPOBITHUKOBOTO MOCTY, IO CKJIAIA€THCS 3 THPHUC-
topiB T1 - T4. Jlo Topr30HTaNBHOI JiaroHai MigKII0YeHO
HaBaHTAXXCHHS IHBEPTOpA, LIO CKIIAJAEThCI 3 KOMYTYIO-
4yoro KonneHcaropa C Ta aKTHBHO-IHIYKTHBHOTO KOM-
iekcHoro onopy R i L. HopmoBani napamerpu cxemu:
E=100B,Ld=40Ts,L=1TH,C=0.111 ®,R =50 Om.

[epion ympaBiiHHSA THPUCTOPaMHU UPUHHATHH 2 C, BiH
3a7a€ThCsl y BIKHAX BIACTUBOCTEH BIAIIOBITHHUX BipTyallb-
HUX T€HEpaToOpiB KePYIUNUX TUPUCTOPAMH IMITyNbCiB. [1pn
HyJIbOBUX IIOYaTKOBHX YMOBAaX 3ZiHCHEHO MOJENIOBAHHA
Ipolecy IIyCKy iHBepTopa. PesynbTaTn MOJENOBaHHA
NPEJCTaBJeHl y BHUIVIII YacoBUX JiarpaM Ha pHC. 2,
a caMe: ¢ — Hampyra Ha KOHJEHCAaTopi, 6 — CTpyM B iH-
JYKTHBHOCTI HaBaHTaXEHHS, 6 — CTPyM Yy BXIZHOMY
npoceri Ld.

Puc. 2. Yacosi miarpamu:
a — Hampyra Ha KOHJIEHCATOopPi, 6 — CTPYM B iHIYKTUBHOCTI HaBaHTaXXEHHS, @ — CTPYM Y BXigHomy xpoceri Ld

3 puc. 2,6 0cOOIMBO HAOYHO BUIHO, IO MPOIIEC MyC-
Ky cna0o 3aTyxarouuii, 0 TATHE 332 CO00I0 HEOOXiTHICTh
MPOTOHY BEIUKOi KITBKOCTI MEpIOJiB I JOCSITHCHHS
YCTaJICHOTO PEXKUMY IHBEPTOpA.

Pisnunesi piBusHHA 1 nepioxiB. bynemo Buxo-
JITH 3 TOTO, III0 Ha iHTepBajiax He3MIHHOCTI CTaHy THPHC-
TOPIB 3aCTYIHI CXEMH 1HBEPTOPA € JIHIHHIMH 1 OIHCYIOTh-
Csl cUCTeMaMHM JIiHIHHUX audepeHiiarbHuX piBHIHb. Lle B
CBOIO 4epry OOYMOBIIIO€ JIiHIMHI 3aJIS)KHOCTI MK 3HAYCH-
HSIMH BEJIMYMHAMHU 3MIHHHX CTaHy Ha MeEXKaxX MepioliB.
BynemMo BHKOpPHCTOBYBAaTH HaJaJli Taki IMO3HAYECHHS 3MiH-
HUX CTaHy: Hampyra Ha KOMYTYIOYOMY KOHIEHCATOpi

Ve = X|; CTPYM B IHIYKTHBHOCTI HaBaHTAXCHHS I; = X}
CTPYM BXIiJTHOTO JIpoces ij; = Xx3. Tomi A cycimHix k-i Ta
(k+1)-1 Mexx miepiofiiB MOXKHA CKJIACTH HACTYITHI Pi3HUIEBI
PIBHAHHS:

xlkﬂ = a“xlk + a12x§ + a13x§ + b E;
xé‘“ = azlxlk + a22x§ + a23x§ +bE; (N
X:l;(Jrl = a31x1k + a32x§ + a33x§ + b3E

B 1ux piBHSHHSX BEpXHI iHIEKCH 03HAYAIOTh HOMEPH
CYCITHIX MeX, Ha SIKHX (IKCYIOTbCS 3HAUCHHS 3MIHHHX
cTaHy iHBepTopa. [y BH3HAYEHHS HEBIIOMHUX KoeQillieH-
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TIB IMX PIBHSHB JOCTaTHHO MaTd iH(OpMaIlio Npo 3Ha-
YeHHs 3MIHHHX CTaHy Ha MeXax JEKUJIbKOX IOYaTKOBUX
nepiofax IMyCKOBOTO MepexigHoro mporecy. KiTbKicTb
nepioziB, 1o X Tpeba po3paxyBaTH 3a JOMOMOTOK0 MO,
NIOBMHHA JIOPIBHIOBATH CyMi KUJIBKOCTI PEaKTHBHHX eJieMe-
HTIB 1 JDKEpPEI JKUBIICHHS IepeTBOproBava. [lyis iHBepTOpA,
0 PO3TIAAETHCS, IPUAMAar0Ul MocmigoBHO k=0, 1,2,3 1
BUKOPHCTOBYIOUH JIMIIE Tiepiie piBHsSHHS cucremu (1),
OTPUMAEMO HACTYITHY CHCTEMY PiBHSHb:

xll = a“xlo +a12xg +a13x§) +bE;

x12 = allxll + alzxé + a13x% +bE; 2

x13 = allxlz +a12x§ +a13x32 +bE;
X14 = a11x13 +012X% +a13x§' +b1E.
BBaxaroun koeillieHTH ay1, a1, @13, by 32 HEBiIOMI

BEIMYMHH, MEPENUIIeMO CHCTEMY DPiBHSAHB (2) B HAcTyII-
HOMY MaTPHYHOMY BHTJISIIL

0 0 0 1
xooxp x Effan) |x

1 1 1 2
X1 X X3 E apn s

2 2 2 X =l 3| 3)
X ox3 x5 E| |a3 Xj

w

w

w
|

by X

Jlnst po3B’si3aHHST OTPUMAHOI CHCTEMH JIIHIMHHUX all-
reOpaidHuX pIBHSHb MOXKHA CKOPHCTYBATHCS METOIOM
00CpHEHOI MaTpHII, i TOI PO3B’sI3aHHS BiIHOCHO HEBIIO-
MUX KOe(iIi€HTiB MOYKHA 3aITUCATH y BUTIISAII:

-1
0 0 OE 1

ar| | X X X3 X

Q| _ xll xi x% E y x12 )
a3 x12 x% x32 E xl?’ .

b x13 x% xg’ E x14

AHaJIOTIYHUM YMHOM 3HAaXOJATHCS KOCDILIIEHTH PEIlTH
piBHsHB cuctemH (1). Bapro 3a3HaunTH, 110 npu 1soMy 00e-
pHEHa KBaJpaTHa MaTpUIIA HE 3MIHIOETHCS, a 3MiH HaOyBa-
FOTh JIMIIIC 3HAYCHHS eJIEMEHTIB MaTPHIh-CTOBIILIB B JIBI 1
TIpaBiif YaCTHHAX OCTAHHBOT'O MATPHIHOTO CITIBBiIHOIIICHHSI.

ITicnst Bu3Ha4YeHHsT KoedilieHTiB crcTeMa piBHIHb (1)
MoOsKe OyTH 3arcaHa B pO3TOPHYTOMY MaTPUYHOMY BUTJISIL:

K+l k
X ajp a3 | | XN b

x§+l =| a1 apyy dxz |X xlf + b2 xE . (5)

K+l k
x3 @1 ayp ay| |x3| | b3

B ckopoueHOMYy MaTpU4YHOMY BHIJISIII OCT@HHS CHC-
TeMa 3aIKCYEThCS] HACTYITHUM YHHOM:
Xi+1 = AXX; + BxE. (6)
Lle maTpuyHE pEeKypeHTHE PIBHSHHS J03BOJISIE, BU-
3HAYMBLIM BEKTOp X IOYATKOBUX 3HAYE€Hb 3MIHHUX CTaHY
OOUMCIIOBAaTH HACTYIHI 3HAYEeHHS 3MIHHHUX CTaHy Ha Me-
Kax TepiofliB @K A0 JOCSTHEHHS YCTAIEHOIO PEXUMY,
KOJIM 11i 3HAUCHHsI Ha CYCITHIX MeXaX OyIyTh IIOBTOPIOBA-
THCSL B MEXKax JIOINYyCTUMOi IOMMIKa. BoueBnap BTpaTtn
KOMIT IOTEPHOTO Yacy MpH TaKOMY JOCATHEHHI YCTAIEHOTO

Ve 1 00 0,82234  0,48584
i |=[|0 1 0]|-|-0,053928 0,64337
ity 0 0 1 —0,002911 0,084051

3HaiiieHi 3HaueHHs] 3MIHHUX CTaHy HaJajll BUKOpH-
CTaHi SIK TI0YaTKOBI 3HAUEHHs HAIIPyTH Ha KOHJEHCATOopi 1

pexxuMy OyIyTh Ha IEKiTbKa MOPSIKIB MEHIIUMH TOpiB-
HSHO 3 IHTETpYBaHHAM Iu(epeHIiaTbHuX PIBHAHB 3 IO-
CHUTPH JPiOHUM KPOKOM IIPOTATOM BCHOTO 4acy BUXOLY MO-
Jierti iHBepTopa Ha ycTajeHui pexumu. [Ipu HeoOXigHOCTI
BCE K TaKU JOCIIJUTH HPOLEC MPOTATOM IIEBHOTO MEpiosy
JOCTAaTHBO CKOPUCTATUCA 3HAYCHHAMU 3MiHHl/IX CTaHy Ha
MOYATKY I[OT'0 MEPIOy.

[Ipuckoputi OTpUMaHHS IapaMeTpiB yCTAJIEHOTO
PEeXKUMY MOXKHA, SIKIIO BBXKATH, IO IMICIA HECKIHYEHHOTO
BuKopucTaHHs (6). [Tpu k—o0 BBaxkaemo, mo X =X""'=X",
1 TOZIl OCTaHHE MaTPUYHE PiBHSIHHA HA0YBA€ BUTIIALY:

X" = AxX” + BXE. @)

Po3B’s3yroun 11e MaTpuvHE PIiBHSHHS BiTHOCHO BEK-
Topa X*, OTPUMAaEMO HACTYIIHHI MATPHUIHHN BHpPa3 IS
3HAXOJ/DKEHHS 3HA4eHb 3MIHHHMX CTaHy HA II0YaTKy Iepiofy
YCTaJICHOTO PEXKUMY:

X”=(1-A)'xBxE. ®)

Buxopucranss piBHsSHHSA (8) T03BOJISE 1€ B OLTBIITIH
Mipl TIPUCKOPUTH pPO3PaxyHOK IapaMeTpiB YCTaJeHOro
peXHMMY NEpEeTBOPIOBAYA.

Pe3yabTaT ynceabHoro anauizy. IIpu 3aganux na-
pamMeTpax iHBepTOpa 3JIHCHEHO MPOTOH Bi3yaJbHOI Moz
iHBepTopa (puc. 1) MpoTsAroM mepHmx YOTHPHOX IMEepioaiB
myckoBoro rnpouecy. [Ipu npomy Oyina 3abe3neyena Qikca-
IIis 3HaYEeHBb 3MIHHUX CTaHy Ha MEXaX MepiofiB i3 3aIicoM
ix y pobouwnii mpoctip MATLAB. OtpumaHi TaKUM 9HHOM
pe3yNbTaTh CKOIIiHOBaHi i3 poO0YOro MpocTopy 1 mpencra-
BiIeHi B Ta0. 1.

Tabmuns 1

3HaueHHs BEIMYUH 3MiHHHX CTaHy Ha MEXKaX ITyCKOBOTO MPOLIECY

k x'=vt X' =it X" =i

0 0 0 0

1 710,050 78,4836 4,595

2 —27,2585 -28,851 7,694

3 —54,555 —51,443 8,581

4 —88,909 -67,490 7,492

Tenep 1 3HaXOKEHHS KOe]illieHTIB MEpIIOro pis-
HHHSA cucTeMH (1) BUKOPHCTOBYEMO MaTpH4HE CHIBBiJI-
HOIIeHHS (4), B IKOMY MiJICTaBIIEMO KOHKPETHI YHCEINbHI
BEJIMYMHH 3MIHHUX CTaHY IIEPETBOpPIOBada Ha MEXax Iepi-
0J1iB, 3aTMI03W4EHI Oe3MmocepeTHLO 3 TaOHIII:

1

a4 0 0 0 100]
ap | | ~10,050 —84836 4,595 100
as | |-27,2585 —28851 7,694 100|
b | | —54555 51,443 8581 100
210,050 ] [ 0,82234
~272585| | 048584
| 54,555 | | —1,04908 |
88,909 | |-0,10050

[MonibHmM ke crocoboM BHPaxOBYIOThCS BCi Koedi-
IieHTH piBHAHB cucTeMu (1). 3 ypaxyBaHHAM muX oOd9mc-
JIFOBaHb MaTpUYHUM BUpa3 (8) HaOyBae BUIIISAY:

—1,04908 —-0,10050 —228,673
—3,36204 | x| —0,084836 |x 100 =| —49,19248 |.
0,82288 0,045959 6,36275

CTPYMIB IHIYKTUBHOCTEH. Y TakOMy BHUIAJKy B iHBEpTODI
0JIpa3y XK BCTaHOBJIOEThCS ycTalieHni pexxuM. CBigueH-
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HSM I[bOTO CIYTYIOTh YacOBi Jiarpamu, IpeAcTaBiIeHI Ha
puc. 3, 4. Ha puc. 3 mokasani 4acoBi JiarpaMu Hampyru
Ha KOHJIEHCATOpi Ta CTPyMiB IHAYKTHBHOCTEW HaBaHTa-
JKEHHS Ta BXIJIHOI'O JPOCEINII0 HAa NPOTS3i MEPIINX YOTH-
pBROX IepiofiB IMycKoBoro mpoiecy. Ha puc. 4 HaBeneHi
BIJIIOBiHI JiarpamMu, OTPUMaHi B Pe3yJibTaTi MOIEIO-
BaHHS YCTAJCHOTO IMpOIECYy, OTPUMAaHi MICIS TPOTOHY
MOJIeNI 3 HAWICHUMHU MTOYaTKOBUMH 3HAYCHHSIMH 3MIHHHAX
CTaHy 3a JOMOMOTOI0 3aIIPONIOHOBAHOTO METOTY.

Puc. 3. TlouaTkoBi nepiou MycKy iHBEpTOpa

Puc. 4. Ycranenuit pe>xxuM iHBEpTOpa

OWIHATH KIJBKICHO TOYHICTh BU3HAYEHHS ITOYATKO-
BHX 3HA4YCHb 3MIHHHX CTaHy iHBEPTOpa AJIS YCTAJICHOTO
PeXKHUMY 3a JIOMIOMOTOK0 3allPOIIOHOBAHO METOIY 03BO-
J1s1€ Tab. 2.

Tyt po3milieHi pe3ynbTaTi po3paxyHKIB I1'SIThOX Tie-
piomiB yCTaleHOTO PeXUMY iHBEpPTOpa, MPENCTaBICHI Be-
JUYUHAMH 3MIHHHUX CTaHy Ha MEXax MepioiB poOoTH Iie-
perBoproBada. SIKk BHIHO i3 Tabm. 2, 4mceNbHI 3HAYCHHS
3MIHIOIOTBCS Bifl TIEPioay JO Tepioay Jiuine B 5-7 3Ha4y-
MUX IU(pPax OTPUMAHUX Pe3yJIbTaTiB, IO JOBOAUTH HPO
BUCOKY €(DeKTHUBHICTb 1 TOYHICTh 3aIPOIIOHOBAHOTO METO-
Iy. 3a OIMCAaHWM aJTOPHUTMOM CKJIaJieHa Iporpama Ha aj-
roputMivHiid MoBi cucremu MATLAB. Ils nporpama B3a-
€MOJIi€ Pa3oM 3 Bi3yaJbHOIO MOJECIUII0 IIepEeTBOPIOBAYa i
pobOYHM ITPOCTOPOM CHUCTEMH i3 BHKOPUCTAHHAM BOYIIO-
BaHuX (DYHKIIH 11t peamizanii MarpuuHux onepaii. Bu-
KOPUCTaHHS M€l MPOrpaMu Aa€ MOXJIMBICTH IIBHIKOTO
BU3HAYEHHS NapaMETPiB YCTAICHHX PEXHUMIB y CXeMax
IHIINX TIePETBOPIOBAYIB 3 PErY/SIPHIM YepeayBaHHIM CTa-
HiB HAMiBIPOBITHUKOBUX CHJIOBUX MPHIAIIB.

BucHOBKM. 3alpornoHOBaHO METOJ BH3HAYEHHS Ma-
paMeTpiB yCTaJeHOTO PEXUMY HaIliBIIPOBITHUKOBUX IIepe-
TBOPIOBAYIB HA OCHOBI BUKOPHCTAHHS Bi3yaJbHHX MOJIENei
TIEPETBOPIOBAYIB 1 MEPEXoay A0 PEKYPEHTHHUX (OpMYII, IO
3B’A3yI0Th MDK COOOIO BETMYMHY 3MIHHHX CTaHy Ha MEXax
niepioiB. Meton 103BOJIsIE YHUKHYTH HEOOXiTHOCTI IPOTo-
HY MOJIEJi MIPOTATOM JECATKIB-COTEH MepPIOIiB MepexiHOro
TIPOLIECY /10 BCTAHOBJICHHS ycTaJeHOro pexxumy. st pea-
mi3anii MeToAy JOCTaTHhO OOYMCIIMTH NIeKUIbKa MepiofiB
MIEPEXITHOTO TIPOILIECY, IO J03BOJISIE 3a JOIOMOIOI0 CTaH-
JIAPTHUX MaTpu4HUX (YHKIIH 3HAWTH KOe(DIlliEHTH peKy-
PCHTHHX CHIiBBIIHOIICHh. BUKOPHUCTAHHS IMX CIiBBIIHO-
IIIeHb J1a€ MOXITMBICTh TPOTOHY IIpOIIecy 0e3 IHTerpyBaHH:I
Ju(epeHIialbHIX PIBHSAHb 32 METOJOM 3MIHHHX CTaHy
HPOTATOM KOKHOTO TEPiofdy, a TAaKOXK OJpa3y 3HAHWTH 3Ha-
YeHHs1 3MIHHMX CTaHy Ha I0YaTKy IIepiojy YyCTaJeHOro
pexnMy. [IpoBeneHi yrcenbHI PO3paXyHKH 3a JTOIIOMOTOIO
3alIPOIIOHOBAHOTO METOAY IPOJEMOHCTPYBAIM BHCOKY
e(EeKTUBHICTP 1 TOYHICTh PE3YNBTATIB. 3a UM aJITOPHTMOM
cKJlajieHa nporpama Ha MoBi cuctemu MATLAB, sika y3a-
TAJIbHIOE 3alPONIOHOBAaHUN METOJ VISl 3aCTOCYBAHHSI MOTO
NPH PO3paxyHKax yCTAIEHUX PEXHUMIB IEPETBOPIOBAYIB 3
IHIIIOFO TOTIOJIOTIEI0 CXEMH.

Konduikr inTepeciB. ABTOpM cTarTi 3asBISIOTH
PO BiICYTHICTH KOHQIIIKTY iHTEPECIB.

CITMCOK JIITEPATYPU
1. Mohan N., Undeland T.M., Robbins W.P. Power Electron-
ics: Converters, Applications, and Design. John Wiley & Sons,
Inc., New York, 2002. 823 p.
2. Sryn B.I. Aemomamusuposannviii pacuem mupucmopHuvix
cxem. - XapbkoB: M3natensctBo «Buma mxona» mpu XI'Y,
1986. - 160 c.
3. Rajagopalan V. Computer-Aided Analysis of Power Elec-
tronic Systems. Marcel Dekker, Inc., New York, 1987. 552 p.
4. baxsanos H.C., XXuznxos H.I1., Ko6easkos I'.M. Uncnenunie
meroasl. — M.: BUHOM. JlaGoparopus 3nanwui, 2008. — 636 c.
5. Aprille T., Trick T. A computer algorithm to determine the
steady-state response of nonlinear oscillators. /EEE Transac-
tions on Circuit Theory, 1972, vol. 19, no. 4, pp. 354-360. doi:
https://doi.org/10.1109/TCT.1972.1083500.
6. Aprille T.J., Trick T.N. Steady-state analysis of nonlinear circuits
with periodic inputs. Proceedings of the IEEE, 1972, vol. 60, no. 1,
pp. 108-114. doi: https://doi.org/10.1109/PROC.1972.8563.
7. Moskovko A., Vityaz O. Periodic steady-state analysis of
relaxation oscillators using discrete singular convolution
method. 2017 IEEE 37th International Conference on Electron-
ics and Nanotechnology (ELNANO), 2017, pp. 506-510. doi:
https://doi.org/10.1109/ELNANO.2017.7939803.

Ta6mums 2

3HAuCHHS BEJIMYMH 3MIiHHUX CTaHy HA MEXaX YCTAJICHOTO PEXKUMY

k X1 = Ve X =1 X3 =i

0 —228,673701 —49,192482 6,362751

1 —228,673719 —49,192489 6,362753

2 —228,673740 —49,192499 6,362754

3 —228,673765 —49,192509 6,362755

4 —228,673789 —49,192516 6,362754

5 —228,673812 —49,192518 6,362753
50

Enexmpomexnixa i Enexmpomexanika, 2023, Ne 3



8. Verbiczkij E.V., Romashko V.Y. Application of Difference
Equations in Predictive Control Systems for DC-DC Converters.
Electronics and Communications, 2012, vol. 17, no. 2, pp. 23-
27. doi: https://doi.org/10.20535/2312-1807.2012.17.2.220024.
9. Muxanpuenko [.5., Mynuko [I.C. YcraHoBuBLIMECS PEKU-
MBI paboThl mpeobpa3zoBarens 4acTtotel. Joxnader TYCVPa,
2016, Tom 19, Ne 2, C. 79-83.

10. Cheng X., Chen Y., Chen X., Zhang B., Qiu D. An extended
analytical approach for obtaining the steady-state periodic solu-
tions of SPWM single-phase inverters. 2017 IEEE Energy Con-
version Congress and Exposition (ECCE), 2017, pp. 1311-1316.
doi: https://doi.org/10.1109/ECCE.2017.8095941.

REFERENCES
1. Mohan N., Undeland T.M., Robbins W.P. Power Electron-
ics: Converters, Applications, and Design. John Wiley & Sons,
Inc., New York, 2002. 823 p.
2. Yagup V.G. Automated calculation of thyristor circuits.
Kharkov, Vyshcha School Publishing House at KSU, 1986. 160
p- (Rus).
3. Rajagopalan V. Computer-Aided Analysis of Power Elec-
tronic Systems. Marcel Dekker, Inc., New York, 1987. 552 p.
4. Bakhvalov N.S., Zhidkov N.P., Kobel'kov G.M. Numerical
Methods. Moscow, BINOM Publ., 2008. 636 p. (Rus).
5. Aprille T., Trick T. A computer algorithm to determine the
steady-state response of nonlinear oscillators. /[EEE Transac-
tions on Circuit Theory, 1972, vol. 19, no. 4, pp. 354-360. doi:
https://doi.org/10.1109/TCT.1972.1083500.
6. Aprille T.J., Trick T.N. Steady-state analysis of nonlinear circuits
with periodic inputs. Proceedings of the IEEE, 1972, vol. 60, no. 1,
pp. 108-114. doi: https://doi.org/10.1109/PROC.1972.8563.
7. Moskovko A., Vityaz O. Periodic steady-state analysis of
relaxation oscillators using discrete singular convolution
method. 2017 IEEE 37th International Conference on Electron-
ics and Nanotechnology (ELNANO), 2017, pp. 506-510. doi:
https://doi.org/10.1109/ELNANO.2017.7939803.
8. Verbiczkij E.V., Romashko V.Y. Application of Difference
Equations in Predictive Control Systems for DC-DC Converters.
Electronics and Communications, 2012, vol. 17, no. 2, pp. 23-
27. doi: https://doi.org/10.20535/2312-1807.2012.17.2.220024.
9. Mikchalchenko G.Ya., Mulikov D.S. Operation modes of
frequency converter with active rectifier. Proceedings of
TUSUR University, 2016, vol. 19, no. 2, p. 79-83. (Rus).
10. Cheng X., Chen Y., Chen X., Zhang B., Qiu D. An extended
analytical approach for obtaining the steady-state periodic solu-
tions of SPWM single-phase inverters. 2017 [EEE Energy Con-
version Congress and Exposition (ECCE), 2017, pp. 1311-1316.
doi: https://doi.org/10.1109/ECCE.2017.8095941.

Haoinuna (Received) 30.08.2022
Ipuiinama (Accepted) 30.11.2022
Onyénixosana (Published) 06.05.2023

How to cite this article:

Azyn Banepiii puzoposuy', 0.m.1., npogp.,

Heyn Kamepuna Banepiisna®, o.m.u., npogp.,

! XapKiBchKHi HAIIOHATBHIH aBTOMOGITEHO-IOPOsKHIl YHIBEpCHTET,

61002, Xapkis, By1. SIpocnaBa Mynporo, 25,

e-mail: yagup.walery@gmail.com (Corresponding Author)
HauionanbHuii TEXHIYHUN YHIBEpCUTET

«XapKiBCbKHUiT MONITEXHIYHUN IHCTUTYTY,

61002, Xapkis, Bya. Kupmudosa, 2.

V.G. Yagup', K.V. Yagup®

! Kharkiv National Automobile and Highway University,

25, Yaroslava Mudrogo Str., Kharkiv, 61002, Ukraine.

? National Technical University «Kharkiv Polytechnic Institute,
2, Kyrpychova Str., Kharkiv, 61002, Ukraine.

Acceleration of exit to steady-state mode when modeling
semiconductor converters.

The purpose of the article is to develop a method and algorithm for
the accelerated calculation of steady states of thyristor converters
using computer models of converters based on the use of the theory
of difference equations in the form of recurrent linear relationships
for state variables on the boundaries of the converter periods. Meth-
odology. The article is devoted to the solution of the problem of re-
ducing the cost of computer time to achieve the steady state of the
thyristor converter. For this, it is proposed to use difference equa-
tions, for which the values of the state variables at the limits of the
periods of the converter's operation are taken as variables. These
values are accumulated during the initial periods of the transient
process of the converter, afier which the coefficients of the difference
equations are calculated, and the following limit values of the state
variables are found using the defined difference equations. A pro-
gram in the algorithmic language of the MATLAB system is pre-
sented, which implements the proposed method and algorithm com-
patible with the visual model of the converter. Results. The theoreti-
cal foundations of the proposed method and the area of its applica-
bility are substantiated. Recommendations are presented for deter-
mining the number of periods of the flow process that must be calcu-
lated for further implementation of the method. An algorithm for
forming matrix relations for determining the coefficients of difference
equations with respect to the values of state variables at the bounda-
ries of periods is shown. Matrix equations are given that allow calcu-
lating the parameters of the steady state. All stages of the algorithm
are illustrated with numerical examples. Originality. The method
rationally combines all the advantages of visual modeling based on
the numerical integration of equations using the method of state
variables for the periods of operation of the converter with the ana-
Iytical solution of the recurrence relations obtained on this basis for
the values of state variables at the boundaries of adjacent periods.
Practical value. The proposed method makes it possible to reduce by
several orders of magnitude the computer time spent on calculating
the parameters of the steady-state mode of the converter and, at the
same time, to significantly improve the accuracy of these calcula-
tions. The practical application of the method is very effective in
research and design of thyristor converters of electrical energy pa-
rameters. References 10, tables 2, figures 4.

Key words: thyristor converter, state variables, difference
equations, steady state, visual model.
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In)xeHepHa entekmpodgbizuka. TexHika cunbHUX eJIeKmpPUYHUX ma Ma2HimHux rnoiJiie
VK 621.317.727.1 https://doi.org/10.20998/2074-272X.2023.3.08
BB.O. Bpxesunpkuid, 51.0. Tapan, €.0. Tpouerxko, O.P. TIporenko, A.O. Iepxyk, M.M. Dixit

I'pannyHMI BIVIMB HEiIEHTUYHOCTI Pe3NCTUBHMX €JIEMEHTIB BUCOKOBOJIbTHOI'O IJIeYa Ha
YACTOTHI XaPaKTePUCTHUKH IIMPOKOCMYT0BOI0 NMOAILHUKA HANIPYTH (AHATITHYHE JOCTIIKEHH)

Ha ocnosi paniwe po3eurymoi meopii wiupoKocmy206ux nOObHUKIE HANpYy2u 3 NapanenbHo-noctioosuum 3 ’conannam R-, C-enemenmis
enepuie ooepoicani anarimuyni eupasu Onsi AMNIINYOHO-4ACMOMHOL Ma (azo-4acmomHol Xapakmepucmuxk nOOLTbHUKA HANPY2U 3 Ypaxy-
BAHHAM SPAHUYHOLO BUNAOKY HEIOCHMUYHOCH] Pe3UCTNUGHUX eNIeMEHINI6 BUCOKOBOILINHO20 naeud. Busnauenuti 3aeanshuli xapakmep 3ane-
JICHOCMEN YACMOMHUX XAPAKMEPUCIUK 6I0 3HAYEeHHSI OONYCKY Pe3UCMUBHUX eleMeHmis, Koepiyichma OineHHs NnoOilbHUKa Hanpyeu 8
WUPOKOMY OIanazoni 3MiHU Yacmomu. 3anponoHoBaHi CHPOWeHi anpoKCUMYIOHi Upasy O MAKCUMATLHUX 3HAYEHb YACMOMHUX XapaKme-
PpUCMUK ma GusHaueHo ix noxubku. Pexomenoosano yseoenHs 6 HOpMAMUGHO-MEXHIUHY OOKYMEHMAYIIO WUPOKOCMY208UX NOOINbHUKIG
Hanpyeu 8i0KOpU208aH020 3HaYeHHs Koeiyicnma Oinenns. biom. 16, Tadmn. 3, puc. 3.

Kniouosi cnosa: BUCOKOBOJILTHUH MOALILHUK HANPYTH, YACTOTHI XapaKTePHUCTHKH, AHATITHYHI BUPa3H, JONYCK Pe3NCTHBHUX

eJIEMEeHTiB, KOPUT'YBaHHS HapaMeTpiB.

Beryn. [l HopmanbHOTO (DyHKIIOHYBaHHS €JIEKTPO-
SHEPreTHIHUX CHCTEM Iy)Ke BOKIMBOIO € iH(popMarls mpo
MHTTEBI 3HAYEHHS BUCOKOI HANPYTy Ha THX YW IHIIWX JALIS-
HKax. TpamumiHO 1y1s 1poro moHax 100 pokiB BUKOPUCTO-
BYBAJINCS 1 MPOJOBXYIOTh BUKOPUCTOBYBATUChH €JIEKTPOMA-
THITHI TpaHnchopmaropu Hanpyru [1]. [lepeBaroro enekrpo-
MarHiTHUX TpaHc(OpMaTOpiB HANPYTH € BHCOKA HaBaHTa-
JKyBaJIbHA 3[IaTHICTB, 110 JI03BOJISIE KOMIUIEKTYBAaTH Ha iX
OCHOBI pi3HI BTOPHHHI KOJIa, B TOMY YHCIIi, pEIEHHUX 3aXHC-
TiB 1 KepyBaHHs. ICHYIOTH HaBiTh TpaHC)OPMATOPU «HATIPY-
M IOCTIHOTO cTpyMy». [1il IIMM TepMiHOM MaroTh Ha yBa3i
TIepETBOPIOBaY, 110 CKJIAJIAETHCS 3 BACOKOBOJIBTHOTO PE3HC-
TOpa TOCTIHHOI HANpPYTrH, MArHITHOTO MiACHJIIOBaYya, Kepo-
BAHOT'O IOCTIIHUM CTPYMOM JaHOT'O PE3UCTOpa, 1 BUMPSM-
JIs9a BUXIJHOT HAIIPYTH MarHiTHOTO MifCKIIoBaya. Y mincy-
MKy, BHXiIHa TIOCTiiHA HAlpyra TAaKOro IEpeTBOpIOBava
NponopiiiiiHa Horo BXiHIM HaMpy3i, 1 IepeTBOPIOBaY XapakK-
TEpPU3YEThCSI BHCOKOK HABAHTAKYBAJIGHOIO — 3/ATHICTIO.
OnHak, iICTOTHUM HEJOJIKOM TpaHc(opMaTopiB Hampyru €
IHepIiHHICTB. Y 3B’S13Ky 3 IIMM BOHH (DaKTHYHO HE 3aCTOCO-
BYIOTbCSL I peecTpalii MIBUAKOIUIMHHHUX IPOLECIB, KOMH,
HAaBITAKW, HEOOXiHA IIBHIKA PEAKIliss CHCTEM KepyBaHHS.
Curyartis CyTTe€BO ITOKPANTYETHCS 3 TIEPEXOIOM 10 KOHIICTI-
i «u¢poBOI MiACTaHI», KOJIW BTOPUHHI KOJa MOXYTh
OyTr oOyJ0BaHI Ha OCHOBI KOMIT FOTEpHHX CHCTEM i3 MiHi-
MaJIbHUM €HeprocrokuBanHsM. [Ipy oMy BHCOKOBOJIBTHI
TpaHc(hOpMaTOPH HAMPYTH MOXKYTh OYTH 3aMiHEHI ITUPOKO-
CMYTOBUMH TOJUTFHUKAMH HAIpyTH, 3a JOTIOMOTOI0 SIKHX
MOYXHA OTPHMYBAaTH iH(OPMAII0O TIPO MUTTEBI 3HAUYCHHS
BHCOKOi Hanpyru. Lle mo3Bomuth, 3 0MHOrO OOKY, CYTTEBO
TIOKPAIUTH KEPYBAHHS PEXUMAMH EJIEeKTPOCHEePTeTHYHHIX
CHCTEM Ta, 3 IHIIOro OOKYy, OTPUMATH MOBHOIIHHY iH(Op-
MAIIIFO TIPO SIKICTh ENEKTPOEHEPTii OH-TalH.

MeTor0 po00TH € TIPOJTOBKEHHS MOMEPEHIX TOCTi-
JUKEHb [2] Ta BUBYEHHS TPaHHYHOTO BIUIMBY HEiIEHTHY-
HOCTI HE €EMHICHHX, @ PE3UCTUBHHX €JIEMEHTIB BHCOKOBO-
JBTHOTO IUI€Ya Ha aMIUIITYAHO-4acTOTHY Ta dazo-
YaCTOTHY XapaKTEPHUCTHKH ITOALTbHIKA HAIIPyTH.

3a3HauuMo, WO y [2] po3riasaascd CyTO BIUIMB He-
IIEHTUYHOCT] JIMIIE €MHICHUX EJIEMEHTIB BUCOKOBOJBT-
HOTO IUIeYa Ha XapaKTEePUCTHKU IUIbHUKA HAIIPYyTH.

3aranpHa iHdopMalisg Npo MHMPOKOCMYIOBi MoO-
TUIGHUKA HANPyru. Cii Bi[3HAYUTH, 10 BiAMOBIIHUN
PO3BUTOK JOCHIIKEHb 3 BUCOKOBOJBTHUX LIMPOKOCMYTO-
BUX MOJUIBHUKIB HAIPYTH Peai3oByBaBCs, B OCHOBHOMY,
B octanHi 50 pokis. IIpomecH, siki BinOyBaroThCsS y BHCO-
KOBOJIFTHHX IMOJUIBHUKAX HANpPYTH, € HadaraTto CKiaHi-
[IMMH, Y TIOPIBHAHHI 3 TpaHchopMaTopaMu Hampyrd. Lle
00yMOBJIEHO Pi3HOMAHITTSM THIIIB NOAUIHLHUKIB HaIPYTH,

Jliarna3oHiB IX MapaMeTpiB Ta PeKUMIB BUKOPUCTAHHS.

V mochimmKeHHAX 3 BUCOKOBOJIBTHUX ITOUILHMKIB Ha-
NPYTY OCTaHHIX pOKiB [3 — 15] 3HayHa yBara npuIiIseThCs
MiABUIIEHHIO TOYHOCTI IX MaTeMaTHYHUX Mojenei (1o
PIBHS KUJIBKOX ppm), CTaOUIBHOCTI MapaMeTpiB, BpaxyBaH-
HIO pi3HUX (DaKTOpPiB, OCOOIMBOCTEH METPOJIOTIYHOTO
KaJIiOpyBaHHS Ta HOPMYBaHHSI XapaKTepUCTUK. Po3risiHyTi
CXeMH 3aMIIeHHs Pi3HUX THIIB BUCOKOBOJILTHHUX ITOJLTb-
HHKIB Hallpyry MoOy/10BaHi Ha BUKOPHCTAaHHI €KPAHOBAHUX
NapajenbHO-TIOCIIOBHUX 3’€JHaHb PE3UCTUBHUX 1 €MHIC-
HHX €JIEMEHTiB BUCOKOBOJIbTHOI'O IIjIe4a, C(HOPMOBAHHX, K
NPaBWIO, 3 OJHAKOBHX (iIEHTHMYHMX) €JIeMEHTIB. Sk mpa-
BUJIO, MiAOIp HOMIHAIBHUX 3HAYCHb PE3UCTHBHUX Ta €MHI-
CHHX eJIEMEHTIB BHUKOHYIOTH 32 HaOJIIPKEHO OJJHAKOBOIO
MPOBIIHICTIO BIANOBIAHUX TLIOK €ICKTPUYHOTO KoOja Ha
OCHOBHIH 9acToTi poboTH noxainebHUKa Hanpyrd. [Ipu mpo-
My, I 4Yac BHCOKOYACTOTHHX IEPEXiTHHUX IPOIECCIB B
CJICKTPUYHOMY KOJI TIOIUIBHMKA HANpyrH, €MHICHI CKIla-
JIOBI TLJIOK I[bOT'0 KOJIa € OUTBII MPOBITHUMH (HAIPHUKIAL,
MPOBIAHICTH EMHICHOI TUIKM MIX JIBOMa BYy3JIaMH €JIEKTPH-
YHOTO KOJIa BUCOKOBOJIGTHOT'O IUIeYa MOALTFHUKA HAIPYTH
Ha 4-5 mopskiB OUTbIIa 3a TApa3UTHY €MHICHY ITPOBiJ-
HICTh MK UMM BY3JIaMH), TOMY HPAKTUYHO IIYHTYIOTH
Mapa3uTHI €MHICHI BHTOKH CTPYMIB 3 BY3NIB 3’€THAaHHS
30CepePKCHAX EIEMEHTIB KOJa Ha 3a3eMIICHI IMOBEPXHi Ta
CJIEMCHTH KOJIa, 1[0 MepeOyBaroTh IiJ IHIIMM ITOTEHIlIa-
soM. BHacIiIOK IIbOT0 KOHCTPYKIIiA MOIUTFHAKA HAIIPYTH
3 TOCJIIOBHO-TIAPAJIENbHUM 3’€THAHHSAM PE3UCTUBHUX Ta
€MHICHHUX 30CEPeKCHUX CJICMEHTIB € HalOLIbII eeKTHB-
HOIO TIPY pO3poO1i IMPOKOCMYTOBUX HOALTEHUKIB HAIIPY-
ri. B pi3HEX pexumax poOOTH MOMUTFHUKA HATIPYTH 3Mi-
HIOIOTBCS TIPOBIIHOCTI PE3MCTUBHOI Ta €MHICHOI TiJIOK
HOTO cXeMH 3aMillleHHsI, TOMY BIUTHB Ha MOXHOKY Koedirti-
€HTY MAacIITaOHOTO NEPEeTBOPEHHS MOIUIBHUKA HAIPYTH €
CKJTaJHOIO (PYHKIIIEIO 3aJIeKHOCTI Bifi 3HAYCHH OIOPIB Ta
€MHOCTEH 30CEpe/DKEHNX €JIEMEHTIB, a TaKOXK YacTOTH
ctpymy. OmHaK, pearbHO, BUKOPUCTOBYBaHI Ryy, Cry elte-
MEHTH MalOTh JJOITYCK:

Ry(1 = B) < Rry < Ry(1 + ),

CM(1=A) < Gy C\(1 +4),
ne: Ry, Cy — HOMiHANBHI 3HAYEHHS PE3UCTUBHIX Ta €MHI-
CHHX €JIEMEHTIB; [, A — 3HaYeHHs JIONMYCKIB y BIJTHOCHUX
OJIMHHUIIX, BH3HA4Y€HI BHPOOHMKOM. BmimB nomycki
3aJICKUTH Bil IXHBOI BEJIMUMHY, @ TAKOXK BHIY PO3IOILLY
napameTpiB BcepeauHi fgomycky. OcraHHe, 3a3Buyaii, He
HOpMYeThCS. ToMy OOTPYHTOBAaHHM € PO3TIIsA (BIIEpIIE)
TPaHUYHOTO BapiaHTy, KOJIHM €MHICHI €JIEMEHTH BHCOKO-
BOJIBTHOT'O IUICYa MAOTh PIBHOMMOBIPHI 3HAYCHHS

Cry=CM1-4), C"y=Cpn1+4).
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Leit Bumamok OyB PO3MIITHYTHH y TIONEpeAHii poOoTi
[2]. V wiii crarTi po3rysigaeThes (BIeEpILe) HIINKA TpaHny-
HUI BapiaHT, KOJIM PE3UCTHUBHI €JIEMEHTH MAIOTh 3HAUCHHS:

R'ry=RM1-p), R"ry=R\1+p).

MaremaTH4Ha MoAe/Ib NMOAUILHUKA HANPYTH i A0CTi-
JUKEHHST aMILTITY/IHO-4acTOTHOI xapakTepuctuku (AYX).
BimnosimHo mo0 [1], IIMPOKOCMYTOBI TOAUTHFHUKA HAIPYTH
CKJIQJIAIOTHCS 3 BEJIMKOI KUIBKOCTI PE3UCTHBHHUX Ta €MHICHHX
€JIEMEHTIB, 3’ €JHAHIX TTapATEIHFHO-TIOCITIIOBHO (JIHB. prC. 1).

Puc. 1. [IlppHIMNIOBA CXeMa EMHICHO-OMIYHOTO MOiTEHIKA
Hanpyr# [1]

Ha puc. 1: U,, — BxinHa Bucoka Hanpyra; U, — BH-
XimHa HU3bKa Hampyra; R; Ta C; — €NeMEeHTH BUCOKOBOIIb-
THOTO IUIEYa; #* Ta ¢ — JIEMEHTH HU3bKOBOJIBTHOT'O ILIEYA.

3Ha4yeHHs OMOpy Ta €EMHOCTI, BIATIOBIHO, PE3UCTOPIB
Ta KOHAEHCATOPIB, IO BXOAATH 10 CKJIaay MOAUIBHHUKA Ha-
MIPYTH, MOXKYTb 3MIHFOBATHCS I1i/I BIUIMBOM 30BHIIIHIX YMOB
y 4aci (TemIiepaTypy, BOJIOrOCTi TOIO). Y 3B’SI3KY 3 LM
BUHHKA€E HEOOXIIHICTh JTOCTIKEHHS YaCTOTHUX XapaKTePH-
CTHK NOAIIBHYKA HAIIPYTH 3 OIVIALY Ha HEIEHTUYHICTh HOoro
KOMIIOHEHTIB.

V HaBezeHil Ha puC. | MPUHIMITOBIN CXeMi MOALTLHHAKA
Halnpyry He TOKa3aHO MapasUTHUX EMHICHHX T1JIOK, OCKiIb-
KU, SIK OyJIO TOKAa3aHO BHILE, BIUIMB BHTOKY Hapa3sUTHHX
CTPYMIB €MHICHOTO XapakTepy € CyTT€BO MEHIIMM (Ha 2-3
TIOPSIIKK) Y TIOPIBHSIHHI 3 BIAXWICHHSIMH (DaKTHYHHX Mapa-
METpiB 30CEpEHKEHNX eJIEMEHTIB Bijl HOMiHAIIBHUX 3HAUEHb.

HeineHTHYHICTh PE3UCTHBHHUX Ta EMHICHHUX €IIEMEH-
TIB MMOJIUIFHUKA HANPyTH MO3HAYAETHCSI Ha CTaOUIBLHOCTI
HOT0 YacTOTHHX XapaKTEPHCTHK, OCOOIMBO SCKPABO BH-
paxeHuil xapaktep 1boro BIUMBY Ha AYUX. 3HUKEHHA
3MiE AUX y pobGouoMy miama3oHi YacTOT € Ba)KITUBUM
(baKTOpOM TOKpAIlleHHsI NepeAaBAIbHIX XapaKTEPUCTUK
BHUMIPIOBAJIFHOTO TpUCTporo. BimmosimHo mo [1], AUX
MOJTUTBHUKA HANIPYTH BU3HAYAEThCs Bupazamu (1) ta (2):

|
A=—cd’; (1)
2
A*: ’ 1+}/ (2)

2 27
K-1 o, K-1
l+=— 7| +2 1+ 20
[ K fj y[ K j

ne: A — AUX; A* — npusenena AUX; K — HOMiHaJIbHE 3HA-
YyeHHs1 KoedillieHTa JIJIeHHs IIMPOKOCMYTOBOTO IOAUTHHHKA
Hanpyry; f 1 0 — ycepenHeHi mnapamerpH, 10 BPaXOBYIOTh
HCICHTHYHICTh ~ C€JICMCHTIB  TapaJielIbHO-TIOCITIIOBHOTO
3’€[IHAHHS PE3UCTUBHUX R; Ta eMHIiCHHX C; €ICMEHTIB BHCO-
KOBOJIETHOT'O ITeYa EMHICHO-OMIYHOT'O TIOJIUTEHHKA HATIPYTH.

Be3po3mipHmii mapaMeTp y 3aleXHTh Biff KyTOBOi
YaCTOTH @ 1 BU3HAYAETHCS SIK:

v =oRyCy ; 3)
1 n

Ry==>R;; 4)
n i=1
1 n

Co :;Zq , (5)
i=1

ne: Ry ta Cy — ycepeiHeHi 3Ha4YeHHS! eleMEHTIB BUCOKOBOJIBT-
HOT'O IUI€Ya; # — KUIbKICTh €JIEMEHTIB BUCOKOBOJIBTHOI'O ILICYA.

3HadYeHHS TapaMeTpiB HU3BKOBOJIBTHOTO IUIEYA, SIK
HpaBI/lﬂO, BHU3HAYAKOTHCA TAKUM YHUHOM:

r=2Ro c=ﬁ(1<—1).
K-1 n

3 y3araipHEHOTO PO3IILIY YaCTOTHUX XapaKTePUCTHK
IIMPOKOCMYTOBOTO TOJUIBHIKA HANpPYTHd 3 MapayelbHO-
MOCTiIOBHUM 3’€THAHHAM R-, C-€JIeMEHTIB BUCOKOBOJILTHO-
ro 1ureya [ 1] mia masoro Bunaaky MaemMo: Ry =Ry; Ci=C, =
=...=Cy=C; 4 =0.Ilapamerpu f, 4 — 1ie GyHKIi HeineH-
THYHOCTI PE3UCTUBHUX €IeMeHTIB [ = —f Ta f' = +f, sxi
BH3HAYAIOTHCA SIK:

f =3 D(F)+ D) ®)
5=2G(F)+ S G(p), ™
i ( )
Al gl s)
Dip)= (1 +72 Xl +72(1+ ,8)2) ’ ®
Bl s
W)= +72Ji+ 720+ 87) ©
B pesymnbrarti ogepxyemo:
NG v Vit y R et
i+ i+ 720 pP (10)
+7/2(—3ﬂ2 —ﬂ3+72(ﬂ2+ﬂ3 |
(1+;/211+;/2(1+,6)2) ’
. ﬂ2—72(3,32—2ﬂ3) . ﬁ2—72(3,32+2,33) an
W+72 i+ 2= pP) (472 14720+ BP)

Hwxye mnokazaHi TecTOBI NEPEBIPKHM OTPHUMaHUX
CHIBBiTHOIICHB, SKi OYJIM BUKOHAHI:

1) sixio =0, T0 A*= 1 151 Oy ab-SIKUX 3HAYEHB ¥, K;

2) sxmo y = 0, To Takox 4* = 1 i Oynp-IKuX 3Ha-
4yeHb f, K; skio y—oo, aHanoriuno, A* = 1 mist Oynab-
SIKMX 3Ha4eHb [, K.

PesynbraTi MpoOBENEHUX TECTIB MIATBEPIKYIOTH
aJICKBATHICTh BHKOPUCTOBYBAHO! MaTEMaTHYHOI MOJEIi
JOCTIKYBaHOMY (Di3HUHOMY 00’ €KTY.

Jmst mocIipKeHHST 3aJIe)KHOCTI aHajiorigyHo [2] 3a-
CTOCYEMO IiJXi, KOJM MOXKHA 3HAWTH TPAaHUYHI BHPa3H
3a ymoBHu y—0 ta y—oo. [lincranoska y—0 y Bupaszu (10),
(11) nae 3aI€XKHOCTI:
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2.2 2 2 2 4

Fro0 =385 8m0= B2 557+ ). (1)
B cBoro uepry, Bukopucranus (12) 3a ymosu y—0

JI03BOJISIE (2) OTpUMAaTH TPaHUYHUI BUpa3:

* K-1 55 K-1 2j
A, yo=1+ 2-——p° .
7—0 K IB 7( K B

5 (13)

* . . o .
Tobto, A 3pocTae Bix y y nmapaboivHiil 3a1eKHOCTI

3 KoedilieHTOM ta /. Bupas y nyxkax (13) e

MaJIO3MIHHOO BEJIMYMHOMO 1 B miamasoni 0 < £ < 0,2 cra-
HOBUTH 2...1,98 (st K—0).
[TincranoBka y—oo y Bupasu (10), (11) 3a0e3meuye:

P i N i
y—®©
o WA W
1, y MiACYMKY:
2
A=Kl L) 328 (14)

7lal-pf)

Bupas y ayxkax (14) y mianazoni 0 < £ < 0,2 craHo-
BUTH 1,5...1,6, TOOTO € MaTO3MIHHOIO BEIIMYHHOIO.

Opnepoxasi B (13), (14) pe3ynbTaTy 103BOJIAIOTH Liije-
CIPSIMOBAHO MIMINTH IO MOAANBIIOro gociipkeHHs AUX
MTOUTFHAKA HAMIPYTH HAa OCHOBI KOMIT FOTEPH30BAHHUX PO3-
paxyHKiB.

Hapmani ©ymu mpoBenmeHi po3paxyHKH 3aleKHOCTEH
A’(y) mnst pisenx 3Havens £ ta K. Ha puc. 2 mobyxoani
onepxani rpadixu A (y) npu 3Hauennsx f = 0,051 4=0,2
11 K =10 ta K = 10° B miamaszoni 3minn y Big 0,001 mo
1000. 3anexuocti A'(y) MarOTh THIOBHI MaKCHMyM B
obuacti y =~ 1. BruiuB makcumymy B obnactsix Igy <—1,5 1
lgy > +1,5 € He3HAUHUM.

Ha puc. 2 nokasasi: kpusa 1 — sanexmicts 4 (y) mpu
S =0,051iK = 10; kpuBa 2 — 3anexuicts A (y) mpu 5= 0,05 i
K = 10°% xpusa 3 — 3anexmicts A (y) npu f=0,2 1 K = 10;
KkprBa 4 — sanexuicts A (y) pu f=0,2 1 K = 10°,

* .
s 3HaXOKEHHST MAKCUMYMY A ,,x HEOOXITHO TIpH-

*

PIBHATH TOXiTHY T HYJIO 1 3 Ii€i yMOBU BU3HAYUTU
e

3HAYCHHS Yax. [1IICTABIIIOUN 11 3HaYEHHS B (2), 3 BUKOPH-
CTaHHAM (10) (1 1) MOXHA OICPKATH NIYKAHY BEJMIHHY
A max- Y 3B’3KY 31 CKJIaTHOIO 3aJISKHICTIO A BiJ BUX1THUX
BCJIMYHH, 110 HpaKTl/I'-IHO yHeMO)KJ'lI/IBJ'Hoe HpOBeHeHHﬂ X
onepaum B aHANITHYHOMY BHIILIAL, U 3HAXOIKCHHS
max(ymax) BUKOPUCTOBYBAJIICS ITPOrpaMHi 3aCO0U.
4 : . . . .

1,02 -

1,01

1

11g() 15
Puc. 2. I'padix npusenenoi AUX 3aiexHo Bixx 6e3po3MipHOTo
YaCTOTHOTO MapaMeTpy y B HaMiBIOrapupMiyHOMY MacIiTadi

-1,5 -1 -0,5 0 0,5

Y mporpamuomMy makeri SMath Solver [16] Oyna BH-
BelieHa (YHKIOHANbHA 3anexKHicTh A (y), Mcas 4oro, 3a
JIOTIOMOTOF0 MAaTEMAaTHYHUX MOJYJIB JAHOTO IPOTPAMHOTO
nakera OyJi0 3HAWJICHO Jmax U TOYKH EKCTPEMyMy Ta
3HAYEHHS EKCTPEMyMY A ax 1aHOT GyHKIHT iy pizanx f i
K (uuisxoMm iTepauiiiHOro OOYHCICHHS B IPOTPaMHOMY
k). Bynu omepxaHi MacHBU JaHUX Pi3HUX KOMOIHAITIH
napameTpiB.

VY Tabn. 1 HABE/ICHO NPHUK/IA/N OJCPIKAHUX Pe3ylib-
TaTiB PO3pPaxyHKY A" maxs ymax s 3Hadens S = 0,01; 0,02;

. 0,2 ta 3mauwenns K = 10'; 10% 10°; 10% 106 AHai3
ozlepn(am/lx JTAHUX HABEJCHO Y HACTYITHOMY PO3JILITi.

Tabmuus 1

PesynbTati po3paxyHKiB A*max(ymax) s K =10"; 10% 10%; 10*% 10°

K 10 100

1000 10000 1000000

B Pmax Amax Prmax Amax

Pmax

Amax Ymax Amax Ymax Amax

0,01 [1,000068779|1,000045002|1,000068779|1,000049502

1,000068779

1,0000499521,000068779|1,000049997|1,000068779|1,000050002

0,02 {1,000210615{1,000180032{1,000210615|1,000198039

1,000210615

1,00019984 |1,000210615| 1,00020002 |1,000210615 | 1,00020004

0,03 [1,000473922|1,000405164|1,000473923|1,000445699

1,000473923

1,000449752|1,000473923 | 1,000450158 | 1,000473923 | 1,000450202

0,04 {1,000785403|1,000720519{1,000785401|1,000792628

1,000785401

1,000799839|1,000785401| 1,00080056 |1,000785401| 1,00080064

0,05 {1,001228359{1,001126267|1,001228355|1,001239033

1,001228355

1,001250311{1,001228355|1,001251439|1,001228355|1,001251563

0,06 | 1,00181747 |1,001622629|1,001817473|1,001785181

1,001817474

1,001801439(1,001817474|1,001803065|1,001817474|1,001803244

0,07 [1,002475774|1,002209873| 1,00247578 |1,002431397

1,002475781

1,002453555|1,002475781 |1,002455771|1,002475781|1,002456015

0,08 [1,003236693|1,002888318|1,003236703|1,003178068

1,003236705

1,0032070521,003236705|1,003209951|1,003236705| 1,00321027

0,09 | 1,00410082 |1,003658335|1,0041008361,004025641

1,004100838

1,004062386|1,004100838|1,004066061 | 1,004100838 | 1,004066465

0,1 |1,005026594|1,004520342|1,005026583|1,004974624

1,005026582

1,005020075 | 1,005026582 | 1,005024621 | 1,005026582 | 1,005025121

0,11 {1,006092522| 1,00547481 |1,006092507| 1,00602559

1,006092506

1,006080701|1,006092506|1,006086213|1,006092506|1,006086819

0,12 {1,007264098|1,006522264|1,007264079|1,007179173

1,007264077

1,0072449111,007264076|1,007251485|1,007264076|1,007252209

0,13 [1,008542457|1,007663279|1,008542432|1,008436072

1,00854243

1,008513416|1,008542429(1,008521152|1,008542429|1,008522002

0,14 | 1,00992884 |1,008898485|1,009928808|1,009797051

1,009928805

1,009886996 | 1,009928805 | 1,009895991 | 1,009928805 | 1,009896981

0,15 |1,011424591|1,010228564 |1,011424552|1,011262941

1,011424548

1,011366495|1,011424548|1,011376852|1,011424548|1,011377991

0,16 [1,013031165(1,011654257|1,013031119|1,012834641

1,013031115

1,01295283 |1,013031114|1,012964651|1,013031114|1,012965951

0,17 [1,014750131|1,013176359|1,014750077|1,014513117

1,014750072

1,014646987|1,014750071 | 1,014660376|1,014750071|1,014661849

0,18 | 1,01658317 |1,014795722{1,016583109| 1,01629941

1,016583103

1,016450024|1,016583102|1,016465088|1,016583102|1,016466745

0,19 {1,018532086|1,016513258|1,018532017|1,018194629

1,01853201

1,018363072| 1,01853201 |1,018379919| 1,01853201 |1,018381773

0,2 |1,020598807|1,018329939|1,020598732|1,020199959

1,020598724

1,020387339(1,020598723 | 1,020406081 | 1,020598723 | 1,020408142
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Amnani3 pesyabratiB mo AUX. O0pobka onepxa-

HOTO MAaCHBY JIaHHMX JIO3BOJISIE 3aMPOMOHYBATH CIIPOIIE-
v * .
HUH BUPa3 I A oy Y BUTISI:

Ao :1+0,505113%ﬂ2. (15)

®dopmyna (15) 3actocoBHa A Oy/b-IKHX 3HAYCHB
£ <0,2 ta K> 10. [Ipu nboMy moxuOKa TiIBKH JTOJATKO-
BOTO JIOJ]aHKY Yy mpaBiii yacTuHi (15) Mo BigHOMIEHHIO 10
TOYHUX NMaHWX He mepeBuinye +1 % mo abcomoTHill Be-
JIUYMHI, [0 MOYKHA BBaXKATH IUJIKOM MPHUAHATHHUM.

AHamizyroun onep’kaHi [aHi, MOKHa BiI3HAYHTH,
II0 HEIJCHTHYHICTh PE3UCTHUBHHUX EJIEMEHTIB BHCOKOBO-
JBTHOTO IDIeYa MOAITHPHUKA HAIPYTH MOXKE IPU3BOJUTH
JI0 CYTTEBOTO 3pOCTaHHs ioro moxudku (10 2 % 1 OuIb-
me). Mo)kHa 3MEHIIMTH II¢ 3HAYCHHS MOXWUOKHW BJBIYIi,
SIKIIIO0 BUKOPUCTOBYBATH BiJIKOpUroBaHe 3HaueHHss AUX:

(16)

Bupas (16) moxxe OyTu 3aHeceHHH 10 TEXHIYHOI 10-
KyMeHTalii (acrnopT) noaiibHUKa HAIIPYTH.

Po3BuTOK 3acTOCYBaHHS BHCOKOBOJITHUX IIHPOKO-
CMYTOBHUX TUTBHUKIB HAIIPYTH, Y TOMY YHCITI KOMEPIIHHOL
peaiizanii, mependayae HEOOXiIHICTh MOMIIUBOCTI «IIIBH-
JIKOT OIIIHKK» SKOCTI IX YaCTOTHHX XapaKTEPHCTHK Ha
OCHOBI BUXIJHUX JAHHUX TPO CIIEMEHTHY «0a3y», Mo Mo-
JKHa BU3HAYMTH 3a 10noMororo ¢popmyiu (15).

Tak came, sIK 1 ISl EMHICHUX €JIEMEHTIB [2], BIUIHB
HEIIEHTUYHOCTI PE3UCTHBHUX eneMeHTiB (15) mpormop-

*
Acor =

1402525651 B
K

LITHO MHOXHUKY

, TAKHM YMHOM, € MAaKCUMaJIbHUM

JUISl BACOKOBOJIBTHHX IOJUILHUKIB HAIPYTH.

Jns 3Havens 1 < K < 10 moTpiOHE IpOBENCHHAS 10-
JATKOBUX JIOCITi/KCHb.

PosrnsHyTa Teopis MOMIMTBFHUKIB HAPYTH 3 Mapaje-
JIHO-TIOCTIIOBHUM 3’€JHAHHSIM DPE3UCTHBHHX Ta €MHIC-
HUX €JEMEHTIB MOXe OyTH YCIIIIHO 3aCTOCOBaHa It
JIOCITIZPKEHHS TaK 3BaHOI «KOHAEHCATOPHOT» BUCOKOBOJIb-
THOI 130JIAMii, KOJMM KOXKeH Imap i30Jmii MOXe OyTH
MPEJICTAaBICHHUI MapaleNbHUM 3’ €IHAHHAM PE3UCTUBHUX
Ta EMHICHUX €IIEMEHTIB. SIK MpaBHIIO, AJIA TaKOl i30JIAIil
BUKOPUCTOBYIOTh yMOBY C; = C, = ... =C;=...=C,=C,
IpH IbOMY HEINEHTHYHICTh R-€IIEMEHTIB MOXe OyTH
MOB’s13aHa 31 3BOJIOKEHHSIM OKPEMHX IHapiB 130711l abo
MIOTIPIICHHSM iX BIAacTUBOCTEH y daci. CTOCOBHO TaKOTo
BapiaHTy BUKOPHCTAHHS PO3MIISIHYTOT Teopii ciij miakpe-
ciutd, mo Bupasu (1) — (11) He mpumyckaroTh Majoro

3HAYEHHs TapamMeTpy [, ToOOTO MOXKYTh OyTH 3aCTOCOBaHI
B 3arajJlbHOMYy BUIAIKy, KOJH [, HAIPHUKIAMN, JOCSITae
s3gayeds 0,9; 0,99 1 T. iH., a K HU3LKOBOJLTHE IUIEYE
MOIUTPHUKA HAMPYTH MOKE PO3TILIAATHCS OYIb-SIKHUI IIIap
«KOHJICHCATOPHOT» 130JISIIi].

Jocaimxennss (pa30-4acTOTHOI XapaKTePUCTHUKH
(®YX). Bigmosigao a0 [1], ®UX nominsHUKa HATIPYTH 3
MapajeabHO-TIOCHIJOBHUM 3’ €HaHHSAM R-, C-CIIEMCHTIB
BHCOKOBOJITHOTO TIJIEYa OMUCYETHCS BUPA30M:

(6=s)

e ik a7
2

+ +y° o+

It ( K- 1)

ne f, 9, y, K MaroTh Ti cami 3Ha4eHHs1, o iy (3) — (11).
Amnanoriuno (12) — (14) MoXHa BHUKOPHCTOBYBAaTH

MiAX17 BU3HAUCHHS TPAHUYHUX 3HAUYEHb y HaOIMHKEHHSIX
y—0 1 y—oc0. [Ipu IbOMY OJCPIKYEMO:

@ = arctg

K-1 5
0 =2 (18)

0y =—%ﬂ2%(1—ﬂ2f )

Bupas (19) mae MHOKHUK (1 - ﬁ’zyl , IKAH 32 YMOB
0 < <0,2 € Ma03MiHHOO BeruuHOIO 1...1,04.

OcCkinbKM BiIXHWIEHHS BiJ HyJs 3a ymoBu y—0 i
y—00 € PI3HONOJISAPHUMH, Oy/le KOPUCHUM BH3HAUYEHHS ()
y NpOMDKHIN TO4YLi, HampuKiIax, npu y = 1. BinnosigHi
nepeTBopeHHs 3a (17) narote Bupas:

244k 1)
Klg+28* 48 )+ 45>

Ouminka mpagoi yactuau (20) mpu f = 0.2 Ta K—oo
nae ¢, = arctg(0,000407), mo Bigmosizae ¢ = 1.4, Ta-
KAM 4YMHOM, BCI JOCIHI/DKEHI 3aiexHocTi ¢(y) OyayTb,
daxTianO, mpoxoauTH npu y = 1 B xiamasoni 0...1,4’,

Ha puc. 3 nokasani kpusi 3mMinn @YX noxinsHuKa
Harpyru ¢ (y KyTOBHX XBWJIMHAX) Bix 0e3po3MipHOTro
napameTpa 4actotu y (pu Horo 3wmisi Big 0,001 mo 1000)
s 3Hauens f = 0,05; f=0,2 Ta K = 10; K = 10°. s
HAOYHOCTI IIKaJia 110 OCi a0CIHC ToKa3aHa B Jorapudmi-
gyHOMY MacmiTadi (Bix lgy = -3 mo lgy = +3). Bigxunenus
OUX BiI HYJIbOBOI'O 3HAYEHHS € 3HEBAXKIMBUM JUIS
lgy<-25ilgy>2)5.

@y = arctg (20)

40 ¢ . . y ] . . . | I . .

3| — ¢o005_10 1
22 M| === ¢ 0.05_1000000 _ 1
ool |— 0210 i
PPy @ 0.2_1000000 _
10} -

5 - -

0

5k 4
10 F 4
15 4
20 k- 4
251 4
230 F 4
351 tad ]
40— 1 — D L lg(}’) -

3 25 2 -15 -1 0.5 0 0.5 1 15 2 25 3
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Jani, aHaJIOrivHO MOIEpPEeAHbOMY PO3/LTY, POBOMIH-
JIMCST KOMIT FOTEPU30BaHi PO3PAXYHKH UISI TBOX E€KCTPEMY-
MIB 3aJIeXKHOCTI ¢(y), puuoMy uist obnacti y<I ue Oynm
J@AHI QoY max), @ JUI 00J1aCTi > 1, BITHOBITHO, Prmin() min)-

XYHKIB @pax(Ymax) 011 3HaueHs f = 0,01; 0,02; ... 0,20 i
K=10"; 10% 10°; 10% 10°.

VY Tabn. 3 HaBelEHO pe3yJbTATH MPOBEACHUX PO3pa-
XYHKIB @pin(y'min) A1 3HaueHs S = 0,01; 0,02; ... 0,20 i

VY Tabi. 2 HaBeIEHO pPe3yNIbTaTh NPOBEACHUX po3pa-

K=10";10% 10% 10* 10°.

PesynbTati po3paxyHKIB @pax (P max) A1 K = 10'; 10% 10% 10% 10°

Tabumurs 2

10

100

1000

10000

1000000

]
) max

'
Pmax,

'
7 max

'
Pmaxs

]
) max

'
Pmax,

]
7 max

1
Pmaxs

'
) max

'
Pmax,

0,01

0,414210916

0,077351043

0,414211575

0,085086338

0,414211641

0,08585987

0,414211648

0,085937223

0,414211648

0,085945732

0,02

0,414248876

0,309425058

0,414251515

0,340370627

0,414251779

0,343465215

0,414251805

0,343774674

0,414251808

0,343808714

0,03

0,414312168

0,696284723

0,414318108

0,765928709

0,414318702

0,772893263

0,414318761

0,77358972

0,414318768

0,77366633

0,04

0,414400826

1,238034555

0,414411392

1,361887062

0,414412449

1,374272804

0,414412555

1,375511383

0,414412566

1,375647627

0,05

0,414514901

1,934820995

0,414531425

2,128422909

0,414533077

2,147784299

0,414533243

2,149720451

0,414533261

2,149933427

0,06

0,414654456

2,78683252

0,414678276

3,065764371

0,414680658

3,093660044

0,414680896

3,096449636

0,414680922

3,096756492

0,07

0,414819573

3,794299795

0,414852033

4,174190665

0,414855279

4,212184367

0,414855604

4,215983784

0,414855639

4,21640172

0,08

0,415010343

4,957495853

0,415052799

5,454032349

0,415057045

5,503693882

0,41505747

5,508660114

0,415057517

5,509206401

0,09

0,415226875

6,276736314

0,415280694

6,905671609

0,415286077

6,968577785

0,415286615

6,974868529

0,415286675

6,975560512

0,1

0,415469294

7,752379633

0,415535855

8,529542593

0,415542513

8,607278195

0,415543178

8,615051949

0,415543252

8,615907064

0,11

0,415737737

9,384827387

0,415818434

10,32613179

0,415826506

10,42029055

0,415827313

10,42970671

0,415827402

10,43074249

0,12

0,416032358

11,1745246

0,416128601

12,29597846

0,416138229

12,40816403

0,416139192

12,41938299

0,416139298

12,42061708

0,13

0,416353328

13,12196007

0,416466545

14,43967512

0,416477872

14,57150209

0,416479004

14,58468534

0,416479129

14,5861355

0,14

0,416700831

15,22766682

0,416832469

16,75786802

0,41684564

16,91096292

0,416846957

16,92627315

0,416847102

16,92795729

0,15

0,41707507

17,49222248

0,417226597

19,2512578

0,417241759

19,42726011

0,417243275

19,44486133

0,417243442

19,44679748

0,16

0,417476262

19,91624974

0,417649169

21,92060003

0,417666472

22,12116327

0,417668203

22,14122088

0,417668393

22,14342723

0,17

0,417904643

22,50041691

0,418100447

24,76670594

0,418120043

24,9934987

0,418122003

25,01617962

0,418122218

25,01867454

0,18

0,418360464

25,24543842

0,418580708

27,79044313

0,418602752

28,04515017

0,418604957

28,07062294

0,4186052

28,07342497

0,19

0,418843996

28,15207543

0,419090252

30,99273635

0,419114902

31,27705969

0,419117367

31,3054946

0,419117639

31,30862247

0,2

0,419355527

31,22113644

0,419629397

34,37456834

0,419656814

34,69022842

0,419659556

34,7217976

0,419659858

34,72527025

PesynbpTaTté po3paxyHKiB @pin() min) 11 K = 10'; 10% 10% 10% 10°

Tabmuus 3

10

100

10

00

10000

1000000

¥ min

'
Prmin,

A}
7 min

'
Pmin,

Al
Y min

il
Pmin,

Y min

ll
Prmin,

'
Y min

'
Pmin,

0,01

2,414387533

-0,077351043

2,414383691

-0,085086338

2,414383307

-0,08585987

2,414383268

-0,085937223

2,414383264

-0,085945732

0,02

2,414890851

-0,309425058

2,414875476

-0,340370628

2,414873938

-0,343465215

2,414873784

-0,343774674

2,414873768

-0,343808715

0,03

2,415730325

-0,696284723

2,41569571

-0,76592871

2,415692248

-0,772893264

2,415691902

-0,773589721

2,415691864

-0,773666331

0,04

2,416906878

-1,238034557

2,416845284

-1,361887064

2,416839125

-1,374272806

2,416838509

-1,375511385

2,416838441

-1,375647628

0,05

2,418421802

-1,934820997

2,418325453

-2,128422912

2,418315818

-2,147784302

2,418314854

-2,149720453

2,418314748

-2,14993343

0,06

2,420276774

-2,786832524

2,420137838

-3,065764375

2,420123944

-3,093660049

2,420122554

-3,096449641

2,420122401

-3,096756496

0,07

2,422473853

-3,7942998

2,422284433

-4,17419067

2,42226549

-4,212184373

2,422263596

-4,215983789

2,422263387

-4.216401726

0,08

2,425015494

-4,95749586

2,424767616

-5,454032356

2,424742827

-5,50369389

2,424740348

-5,508660122

2,424740075

-5,509206409

0,09

2,427904558

-6,276736323

2,427590154

-6,905671619

2,427558711

-6,968577795

2,427555567

-6,974868539

2,427555221

-6,975560522

0,1

2,431144318

-7,752379644

2,430755217

-8,529542605

2,430716303

-8,607278208

2,430712412

-8,615051961

2,430711984

-8,615907076

0,11

2,434738475

-9,384827401

2,434266386

-10,32613181

2,434219171

-10,42029056

2,43421445

-10,42970672

2,43421393

-10,4307425

0,12

2,438691168

-11,17452461

2,438127666

-12,29597848

2,438071308

-12,40816405

2,438065672

-12,41938301

2,438065052

-12,4206171

0,13

2,443006988

-13,12196009

2,4423435

-14,43967514

2,44227714

-14,57150211

2,442270504

-14,58468536

2,442269774

-14,58613552

0,14

2,447690993

-15,22766685

2,446918783

-16,75786805

2,446841547

-16,91096294

2,446833823

-16,92627318

2,446832973

-16,92795731

0,15

2,452748722

-17,4922225

2,451858873

-19,25125783

2,451769868

-19,42726014

2,451760968

-19,44486136

2,451759989

-19,44679751

0,16

2,458186212

-19,91624977

2,457169613

-21,92060007

2,457067928

-22,12116331

2,457057759

-22,14122091

2,45705664

-22,14342727

0,17

2,464010018

-22,50041694

2,462857344

-24,76670598

2,462742044

-24,99349874

2,462730514

-25,01617966

2,462729245

-25,01867458

0,18

2,470227226

-25,24543846

2,468928924

-27,79044317

2,468799052

-28,04515021

2,468786065

-28,07062298

2,468784636

-28,07342501

0,19

2,476845481

-28,15207548

2,475391749

-30,9927364

2,475246324

-31,27705974

2,475231781

-31,30549465

2,475230181

-31,30862251

0,2

2,483873006

-31,22113649

2,482253776

-34,3745684

2,482091788

-34,69022848

2,482075589

-34,72179766

2,482073807

-34,7252703

Amnani3z pesyabtatiB mo ®UYX. «Bpaxarounm» €

OO0OpoOKa 0JIepKAHOTO MAaCHBY PO3PAaXYHKOBHX Ja-

(bakTop MPaKTHYHOTO 30iry aOCOTIOTHUX 3HAYEHB (ax 1
@min (10 8 3HAUYNUX 1P, TOOTO 10 MOXMOKU MPOBE/IC-
HUX PO3paxyHKiB) IIPU OJAHAKOBUX 3HaueHHsX £ 1 K.

Oo6mnactp BigxmwieHHs @UX Big HyNs € OUTBII «pPo3-
TArHyTOIO» 10 y (2,5 < 1gy < 2,5) mopiBusaHo 3 AUX
(1,5 <lgy < 1,5), 1110 TIOSICHIOETHCSI CTYTICHEM 3aJIeKHOCTI Bif
y y Bimnosigaux Bupazax (18), (19), mopisasHo 3 (13), (14).

HUX, HaBeJCHUX y Tabi. 2, 3, MO3BOJISIE 3aIPONOHYBATH
TaKi CIIPOLIEHI BUPA3H:

¢1/nax = 863,8%ﬂ2 , KYT. XB., (1)

K-1
(Dr/nin = —863,87,6'2 , KYT. XB. (22)
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Dopmynu (21), (22) 3acTocoBHi [yisi OyAb-SIKHX 3Ha-
yeHs f < 0,2 Ta K > 10. IIpu upomy, moxudxa (21), (22),
[0 BiJHOLICHHIO O TOYHHMX PO3PAaXyHKOBHX 3HAUYCHb 3a
(17), ve nepeBuntye +0,5 %, 110 € WIAKOM MPUHHATHHIM.

SIKIo B THX YM 1HIIMX JOCIIJDKEHHSX BHKOPHCTO-
BYIOTECS Aiana3onu y < 1 abo, HaBmaku, y > 1, MOXYTb
OyTH BBelleHI MONPaBOYHI 3HAUEHHS 110 @, SIKi CTAHOBJIATH
50 % Bix 3HaueHb, HaBeneHUX y (21), (22).

[MopiBHSHHS OAEpKaHUX PE3YNbTATIB 3 TAHUMHU ITyO-
yikanii [2 — 15] mokasye, 110 BIUIMB HE1IEHTHYHOCTI Pe3u-
CTHBHHX €JIEMEHTIB BHCOKOBOJBTHOIO IUIeYa IOIIIbHHKA
Halpyrd € CYTTEBMM MOPIBHSHO 3 TakKUMH (pakTopamu
HECTaOLTBHOCTI TapaMeTpiB, SK 3MiHAa TeMIlepaTypH,
HEiZICIbHICTh €KpaHyBaHHs, BIUIMB 30BHILIHIX €IEKTPHY-
HUX TIOJIiB, 3MiHAa YaCTOTH Ta Ma€ BPaXOBYBATUCS B TeOpil
Ta MPaKTHL MOJUILHUKIB HAIIPYTH, OCOOJIMBO MPU €TAJIOH-
HUX BAMIPIOBaHHSIX.

BucnoBku. KibkicHO BU3HA4€HO rpaHUYHUH BIUIMB
HEIIEHTUYHOCTI PE3NCTHBHHUX EJIEMEHTIB BHCOKOBOJIBT-
HOTO IjIeYa NOAUIbHUKA HANpyrd Ha HOrO aMIUTITYAHO-
YacTOTHY Ta ()a30-4aCTOTHY XapaKTEePHUCTHKH.

[MTokazaHo, 1O el BIUIMB NPONOPLIHHIE MHOXHU-

K-1 . ..
KY T , e K — 11e HoMiHaJIbHE 3HAYCHHS KOoedillieHTa

JIUTEHHS TTOAITbHUKA HATIPYTH.

3anpornoHOBaHO BBEACHHS B TEXHIUHY JOKYMEHTa-
[il0 TOAUTPHHUKIB HANpPYTH BiJIKOPHTOBAHOTO 3HAYCHHS
aMILTITY THO-4aCTOTHOT XapaKTEPUCTUKH, 110 JI03BOJISE B
2 pa3u 3MEHIINTH iXHIO TIOXHOKY.

[TpoBeneHuit po3BUTOK TEOPil NOAUIHLHUKIB HAPYTH
MoOke OyTH YCHIIIHO 3aCTOCOBAaHWH JUIS JOCIHIKEHHS
MIPOLIECIB Y «KOHAEHCATOPHINH» BUCOKOBOJIBTHI 130JIs11i1.

Marepianu cTaTTi MOXYTh OYTH BHKOpPHCTaHi JUISA
€KCIPEC-OI[IHKH SKOCTI IIUPOKOCMYTOBUX BHUCOKOBOJIBT-
HUX TOMAIJIBHUKIB HAINPyrd, HA OCHOBI JaHWUX HPO iXHIO
eJIeMEeHTHY 0a3y.

[MopiBHSHHS OJiep>)KaHUX PE3YJIbTATIB 3 MaTepialaMH
[2] noka3ye, 110 TPaHUYHUI BILIMB HEINEHTUYHOCTI pe3u-
CTHBHHX €JIEMEHTIB BHCOKOBOJIbTHOTO IUIedYa Ja€ MPUH-
[UTIOBO 1HIII pe3yNbTaTH MOPIBHSIHO 3 TPAHUYHUAM BILTH-
BOM HECIICHTHYHOCTI €MHICHUX €JIEMCHTIB BUCOKOBOJIBT-
HOTO IJIeYa MOALTbHUKA HATIPYTH.

Konduaikr iHTepeciB. ABTOpH CTaTTI 3asABISIOTH
PO BiACYTHICTh KOHQIIKTY iHTEpECiB.
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Ultimate effect of non-identity of resistive elements of
high-voltage arm on frequency characteristics of broadband
voltage divider (analytical research).

Purpose. Determination in the analytical form of the maximum
limiting influence of the non-identity of the resistive elements of
the high-voltage arm on the amplitude-frequency characteristic
and phase-frequency characteristic of the voltage divider with
parallel-series connection of R-, C-elements of the high-voltage
arm. Methodology. Based on the previously developed theory of
broadband voltage dividers with parallel-series connection of
R-, C-elements, analytical expressions for amplitude-frequency
and phase-frequency characteristics of the voltage divider are
obtained and investigated taking into account the limit case of

How to cite this article:

non-identical resistive elements of high-voltage arm. Results.
The nature of the dependencies of the frequency characteristics
of the broadband voltage divider on the value of the tolerance of
the resistive elements of the high-voltage arm, the division fac-
tor of the voltage divider in a wide range of frequency changes
are determined. Simplified approximating expressions for the
maximum values of frequency characteristics of the voltage
divider are proposed and their error is determined. Originality.
For the first time in the analytical form the limiting influence of
non-identity of resistive elements of a high-voltage arm of a
voltage divider on its frequency characteristics is considered. A
mathematical model of this influence is constructed and the limit
values of frequency characteristics of the voltage divider are
determined. Practical value. It is recommended to introduce
into the normative documentation of broadband voltage dividers
the corrected value of the division factor, which allows to sig-
nificantly reduce the deviation of the actual value of the division
factor of the voltage divider from the normalized value in a wide
range of frequency changes. References 16, tables 3, figures 3.
Key words: high-voltage divider, frequency characteristics,
analytical expressions, tolerance of resistive elements, pa-
rameters adjustment.
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O.1. Xpucto

EneprernuHi XapakTepuMCTHKN HAHOCEKYH/HOI0 IEPEePUBHUKA CTPYMY BUXIIHOI JIAHKH
MATHITHO-HANIBINPOBIAHMKOBOI0 reHepaTopa iMnyJabCiB

YV oaniii pobomi euxopucmosgyemovcs komMnaekcHuil nioxio, cNpAMOBAHUIl HA OOCNIONCEHHA eNeKMPOMASHIMHUX NPOYecie y cxemi
MAHIMHO-HANIBNPOBIOHUKOBO20 2eHepamopa iMHYIbCI8 3 HAHOCEKYHOHUM NEPEPUBHUKOM CIPYMY, AKULL 6PAXO0GYE MONOL02II0 cxeMi,
KOHCMPYKMUSHI napamempu KOMymyiouo2o opoceis, Kpugy HamazHiuy8anHs 1o20 oceposi, eKieaileHmHull onip HagaHmadiceHts, a
Makodic 4acosi napamempu nepioouyHoi Komymayii cunosux Ko4ie. 3anponoHo8ano mMooenb HaAaHOCeKYHOHO20 NePepUSHUKA CIMPYMY
napanenbHoi 1aHKU MA2HIMHO20 CMUCHEHHS HA OCHOBI eKCROHEHYIIHO20 3pOCMANH 11020 aKmugHo2o onopy. Ompumano ananimuymi
6UPA3U, WO ONUCYIOMb eNeKMPUYHI MA eHepeemuyHi XapaKmepucmuKky nepepusHuKa cmpymy npu pobomi Ha akmueHe HABAHMA-
Jrcenns. Bukonane yuciose Mooyno8anis nepepusHuUKa Cmpymy y 08YXKOHMYPHIU cXeMi MAZHIMHO20 2eHepamopa iMnysCie 3 ypa-
XYB8AHHAM HENHIUHOCME KPUBOT HAMACHIYY8AHHS KOMYMYIOUUX opocenis. Pozensanymo mpu pedxcumu 11020 pobomu 8 3aneicHocmi 6io
MoMeHmy nouamxy o6pugy cmpymy 360pomHoi npogionocmi. Ilposedeno ananiz pobomu nepepusHuka cmpymy Ha HABaAHMANCEHHs 3
AKMUBHO-EMHICHOIO CKAa006010. Pe3ynbmamu 0ocniodicens Moxicyms 6ymu 3acmoco8ano npu po3poodyi 6UCOKOBOIbMHUX MASHIMHO-
HAnieNnpoBIOHUKOBUX 2eHEPAMOPIE IMNYIbCI6 3 NOANUEHUMU eHepeoOuHamiyHumuy napamempamu. bioin. 20, puc. 10.

Knrouoei crosa: MarHiTHO-HaNMiBIPOBiTHUKOBHII reHepaTop iMIyJIbCiB, MEPEPUBHUK CTPYMY, KOMYTYIOUMii Ipoceb, KpHBa

HaMaFHi‘lyBaHﬂﬂ, YUCJI0BE€ MOJ€C/IIOBAHHA.

IMocTtanoBka npodJemu. Ha choroaHimmHii 1eHb 01-
HHMM 3 MEPCIEKTUBHUX HalpsMIB HAaHOCEKYH/IHOI IMITyJIbC-
HOT TEXHIKM € BHUKOPUCTAaHHS KOMOIHAIlii 1HZyKTHBHOTO
HaKOITMYyBaya i1 HaIiBIPOBITHUKOBOTO IIEPEPUBHUKA CTPY-
My, IO JO3BOJSIE TOCWIIMTH IMITyJIbCHY IIOTY)KHICTH Ha
HaBaHTaXeHi. [lepeBakHa OLTBIIICTH IMyONIKAIHA 1O JaHid
TEMATHUIIl CTOCYEThCS 3AEOLTBIIOrO aHai3y (i3UYHHX IpPO-
meciB y camid CTPYKTypi HaIliBIIPOBITHUKOBOTO Hiofa Y
MEXaxX OKPEMOI'0 KOJHMBAJIBHOTO KOHTYPY IHIYKTHBHOTO
HAKOINM4yBa4a, L0 BHKOHYIOTbCS 332 YMOBH Y3TOMKEHOI
repenayi eHepril Bix reHeparopa 10 HaBaHTaKEHHS. Y I1bO-
My ceHcl e(eKTHUBHICTh NIEPETBOPEHHS MOTPIOHO BU3HAYATH
32 paxyHOK CYMICHOI eJIEKTPOMArHITHOI B3a€EMOIIT MK
HEJNIHIHHUMY JIAHKaMH CTHCHEHHSI, IEPEPHUBHUKOM CTPyMY
Ta HaBaHTaXeHHAM. KpiMm Toro opHocnpsiMoBaHa nepenaya
€Heprii Bil reHepaTopa J0 HABaHTAXKEHHS € OKPEMUM BHIIA-
JIKOM 3 yCi€l MHOXXWHM €HEpPreTHYHUX PEXHMIB KOJMBaHb
MarHiTHO-HaIBIPOBITHUKOBHX T€HEPATOPIB IMITYJIECIB.

AHaJi3 ocTaHHIX JocaimkeHb i myoaikamiii. Mar-
HITHO-HAITiBIIPOBiTHUKOBI reHeparopu iMmynscis (MHIT)
[1, 2] — me kyac MepeTBOPIOBANBHOI TEXHIKHU, SIKHH IT0Ya-
TKOBO OyB po3poOuenuid mis xusieHHss CBY Bumnpowmi-
HIOBauiB Ta HaKayyBaHHs ra30BHX Jiazepis [3], ne rocrpo-
Ta (pOHTY IMIYINIBCY Bilirpae NepBUHHE 3HAa4YeHHsS. 3a
ocranHe pecstwiitts MHI'T mouanu Bce mupiie BUKopu-
CTOBYETBCS Y €JIEKTPOPO3PSAHUX TEXHOJIOTISIX OUUILICHHS
i ne3indexuii Boau [4, 5], ioHi3aMii TOBITPS CTPUMEPHUM
PO3PSAIOM JUTS BHIAIICHHS TOKCHYHUX JOMIMIOK [6, 7], a
TaKoX Uil 00poOKH arpokyisTyp [8] abo macrepusaii
ki [9]. HuzpkoTemmeparypHa miazma Oap’epHOro abo
KOPOHHOTO PO3PsAIiB 3a3HAYCHUX TEXHOJIOTIH € TOJOBHUM
IHCTPYMEHTOM OOpOOKH IIEPBHHHOTO CEpeIOBHUINa (MaTe-
piajy) Ui yCyHEHHS y HbOMY ILIKIJIMBHX PEYOBHH. 3a-
3BHYAH IIa3Ma IUX PO3PAAIB MIATPUMYETHCS 32 PaXyHOK
BUBUIBHEHHSI €HEprii 3 €MHICHOrO HaKOINM4YyBaya, aie
notpeda MiJBUIIEHHS MIKOBOi HOTY)XHOCTI IMIYJbCy Ta
koe(ilieHTa epEeKTUBHOCTI NMEPEeTBOPEHHS €Heprii 3yMo-
BWJIO HeoOxinHicTs po3pobku MHIT 3 iHmyKTHBHMMH
HakonmuuyyBayamu eHeprii. Lle cTago MOXIMBHM 3aBASKH
BUKOPHCTaHHS Pa3oM 3 TPAAWLIMHUMH JJAaHKaMH MarHiT-
HOTO CTHUCHEHHS M HaIiBIPOBIAHUKOBUX HNEPEPUBHUKIB
CTpyMy, IO NPEACTaBIAIOTH COOOI BHCOKOJETOBAaHi

Jmioau 3 eeKToM pi3Koro OoOpUBY 3BOPOTHOTO CTPYMY
nposigrocTti (SOS-miomu) [10, 11].

TpaauiiitHa Mojenb HAMIBIPOBIIHUKOBOIO Ji0za
[12-14] posrasinae cucreMy andepeHUiiHIX PiBHIHb €JIeK-
TPOHHO-ZIPKOBOI IIIa3MH /I HENEPEPBHOCTI 3apsIKEHNX
YAaCTUHOK, PIBHSHHS €JISKTPOCTATUYHOIO MOJISI Ta TEILIo-
MIPOBITHOCTI, IO MAlOTh HEMiHIHHI KoedimieHTH (pyXIH-
BICTP, 1OHI3aIlisI Ta PEKOMOIHAIIS) 3aJIekKHI Y CBOIO Yepry
BiJl HaIPY>KEHOCTI EJIEKTPUYHOrO IOJSA Ta TEMIICPATYpH.
ITpu npomy mudepeHuiiiHi PiBHAHHS €MEKTPHYHOTO KOIY
He OepyTh JI0 yBard HENiHIWHICTh KPUBOT HAMArHIYyBaHHS
komyTytouoro apoceis (KJI) ta posrmsimarorses 3 ¢ikco-
BaHMMHM napamerpamu. OJHOYAacHE PO3B’si3aHHS rirnepOo-
JIYHOTO PIBHSHHSA ISl 3apAPKEHUX YaCTHHOK 3 PIBHSHHIM
[TyaccoHa (eninTUYHOIO THITYy) MOXE BHKJIMKATH HECTiH-
KICTb PO3paxyHKY, OCOOJIMBO y BHUIQJKy Pi3KOi 3MiHHU I10-
TEHLaJTy MDKX CyCIIHIMM BY3JIaMH PO3pPaxyHKOBOI CITKH,
o repesuinye 3HadeHHs BigHomenHs kT/q. s obcTaBu-
Ha TIOoTpeOye 3aCTOCYBaHHS OCOOJHMBUX aJTOPUTMIB po3pa-
xyHKy [15] (pisammeBa cxema ['ymens-Llapgerepa), nHa-
MPaBJICHUX Ha 3IMAJDKYBaHHSA PO3paxyHKoBoi citku. e
OIHMM HEIOJIIKOM Ifi€i Mojeli € Te, mo ¢a3u mpsMol Ta
3BOPOTHOI MPOBIAHOCTI [iofa PO3MIIAAAIOTECS BiX IBOX
HE3aJIe)KHUX KOHTYPIB 32 YMOBH HEXTYBaHHS CTpyMaMH
HamarHivyBaHHst KJ] TaHKu CTHCHEHHSL.

BinmeIn crporeHuil BapiaHT 3amponoHoBaHo y [16],
Jile BHUCOKOBOJIFTHHI IIEpETBOPIOBAY, MOJIEIIOETHCS 32
JIOTIOMOTOI0 1JIEaTbHOTO JUKEpena CTpyMy, SIKHA 3MiHIO€
CBill cTpyM uepe3 IHAyKTHBHICTh HacuueHoro KJI mo
eKCIIOHEHTHIN 3alie)kHOCTi. B pe3ynpraTi oTpuMaHO aHa-
JMITAYHUA BHpa3, SKAH ONKCYe XapakTep IMIYJIbCy Ha
AaKTHBHO-€MHICHOMY HaBaHTa)KCHHI, III0 JI03BOJISIE BU3HA-
YUTH €HEPrilo 1 MOTYXHICTh, 0 BUAUIAIOTHCS Ha HaBaH-
TakKeHHI. Y TOM jXKe 4ac MOJiesib He J03BOJISIE PO3PaXOBY-
BaTH E€HEprilo, sKa PO3CIIEThCS Ha CaMOMY JIOJHOMY
NEpEepUBHUKY TiJl Yac BUKOHaHHs meperBopeHHs. OHo-
3HAYHO, L0 BTPATH €HEpril y NMepepuBHHUKY OYyAyTh BH-
3HAYaTHCS K TPUBAIICTIO OOPHBY 3BOPOTHOTO CTPYMY,
TakK i mapamerpamu HaBaHTakeHHsS. KpiM Toro, msst OubIn
TOYHOTO PO3PaxyHKy MOJENIb IIOBHHHA BPaxOBYBaTH
TaKOX IHIYKTUBHY CKJIaJOBY €JIEKTPOPO3PSJHOTO HAaBaH-
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TaXEHHA, TaK SK JOBXHHA 3’€IHYBAJIbHHUX APOTIB MOXeE
ICTOTHO BIUIMBATH Ha XapakTep (OpMyBaHHS HAHOCEKYH-
JTHUX IMITYJIBCIB.

BinoxpemieHnnsi paninie HeBHPilIeHOT YaCTHHU
3aBaanb. J{ocBix MojentoBaHHs pi3HuX BapiantiB MHI'T
Ta aHali3 ICHYIOYMX, Y TOMY 4YHCIIi HaBEIEHUX BHIIE,
MIOKa3ye, 110 € psif MUTaHb SKi HEMOXJIMBO €(EKTHBHO
BUPILINTH, CIIHUPAIOYUCh TUIBKW HA BIZIOMI 3HaHHS y LK
ramysi. [lo-mepire, mpu CyMiCHOMY MOJETIOBaHHI JIAHKH
CTUCHEHHS 3 IIEPEPUBHUKOM CTPYMY NOTPIOHO BpaxoBy-
BaTH HENiHIWHUI Xapaktep HamarHigyBaHHS KJI miei
naHky. lle moscCHIOETBCS THM, IO B KOHTYpI 3BOPOTHOI
MIPOBIHOCTI /1i0/1a PO3PSAAHUIT CTPYM KOHJEHCATOpa JIaH-
KU CTUCHEHHSI Ma€ CKIIaTHUN XapakTep, [0 CKIaJaeThes 3
JIBOX TapMOHIYHMX CKJIaJoBuX. Ilepmia rapmoHika Bimo-
Opakae TpoIleC HAMArHIYyBaHHS CEPICYHUKA JPOCEIIs,
10 KOMYTYE, a pyra — Ipolec Horo HacuueHHs. SIKmo y
CTpyMi 3BOPOTHOI IpPOBIAHOCTI [ioAa BIACYTHS JApyra
rapMmoHika, 3HauuTh KJI He HAacHUyeTbCcs IO MOMEHTY
oOpHBY i JTaHKa CTUCHEHHS HE (YHKIIOHYE HAICKHHUM
YUHOM. 3MIHIOIOYM TapMOHIYHHHA CKJIaZ, 3BOPOTHOTO
CTpyMy BIJIIOBIJTHO MOXKHA BIUIMHYTH Ha BEJIHYUHY
CTpyMy, y SKOMY peaiizyeTbcs ioro obpuB. Ilo-apyre,
MOTPIOHO 3a3HAYMTH, IO PEaJbHE TEXHOJOTIYHE HaBaH-
TaKCHHS Ma€ HEJIHIMHUN XapakTep 3 PEaKTHBHOK CKIia-
JIOBOIO Ta aKTHMBHUM ONOPOM, II0 MOYKE 3MiHIOBATUCS Bl
onuHUIB MOM 10 necsTKiB KOM.

Mera podoTn — po3poOka MaTeMaTuyHOi MOJENi Ha-
HOCEKYH/IHOTO IIePepHBHUKA CTPYMY JUIsl BU3HAYEHHS HOTO
eNIEKTPUYHNAX Ta EHEPIeTHYHMX XapaKTEepHCTHK Y CKJIaii
BHCOKOBOJIBTHOI TTapaJsIeNIbHOT JIAHKW MarHiTHOTO CTHCHEHHS,
3aJIeKHO BiJl TPHBAJIOCTI Ta MOMEHTY OOpHBY CTPyMY, €KBi-
BJICHTHOI CXEMH 3aMILLEHHS ONOpY HABAaHTAKEHHS Ta BCTa-
HOBJICHHS HAHOUTBII ONTUMAIGHUX PEXKHUMIB HOro pOOOTH.

Metoau A0CTiKEHHSI: METOA MaTEMAaTHYHOTO MOJie-
JIFOBAHHS MEPETBOPIOBAILHUX MPHUCTPOIB, YUCIOBUM METO
aHaN3y CHCTEM HENiHIHHUX iHTerpo-IudepeHIiaTbHIX
PIBHSIHb Ta METO/I HaOJIMXKEHOTO aHAJIITHYHOTO BUPAKEHHSI
XapaKTePUCTUK HEJIIHIHHMX €JIEMEHTIB.

Buknanenns ocHoBHoro marepiaiy. [Ipuniun po-
6ot SOS-nioziB MOXKHA PO3IAUINTH Ha 1Bi (asu: y meprii
(ha3i npu NpoTiKaHHI NPSIMOTO CTPYMY BiZIOYBAa€ThCS HAKO-
TTMYCHHS 3apsIy V BUCOKOJIETOBAHUX OOJIACTSX HAIIBIIPOBi-
THUKOBOI CTPYKTYpH; Yy HpyTid ¢a3i HpH TpOXOHKEHHI
3BOPOTHOTO CTPyMy IO [Iiofa INpPUKIaJA€ThCsl 3BOPOTHA
Hampyra, 1o 3abe3nedye BUHECEHHsI HAKOIMYEHOTO 3apsmy
3 BHCOKOJIETOBaHHX O0JacTeill 3 MOJAIbIINM YTBOPSHHSAM
obmacti 00’€MHOTO 3apsay HOOIM3y pP-n MEpexoidy, IO
TPU3BOJIUTH JIO PI3KOTO OOpHBY CTpyMy 4epe3 Hiof i 3poc-
TaHHIO HAa HBOMY HaIllpyTH.

OOpuB IHAYKTHUBHOTO CTPYMY BiZIOYBAa€ThCS B PE3yJlb-
TaTi Pi3KOTo 3pOCTaHHs BHYTPIIIHHOTO ONOPY HAIliBIPOBI/-
HHMKOBOT'O ITEPETBOPIOBAYa Ha CTaflii NPOTIKaHHS Yepe3 HbO-
TO 3BOPOTHOTO CTpyMy. HalOimbmr (i3rdHO OMM3BKOI0 IUIS
OITHCY PI3KOTO OOpPHBY CTPYMY € MOZENb INepepHBHUKA Ha
OCHOBI €KCTIOHEHITIATEHOTO 3POCTAaHHS HOTO OTIOPY

R=R0~exp(a~t), (1)
JIe 0. XapaKTepH3ye IMIBHUJKICTb 3pOCTaHHS OIOPY NepepH-
BHUKA.

[Mpumycrimo, 1m0 00pHB CTPyMy HAcTa€ B MOMEHT JI0-

CSTHEHHS HOr0 MaKCHMyMY, KOJIM B iHIYKTUBHOCTI HAaCHYe-

Horo KJI 3amacaerscst MakcumajbHa eHepris. Tomi cxema
3aMillleHHs Oy/ie BUIVISIIATH SIK MapaielbHe 3’€IHaHHs 1H-
nykruHocti KJI, nepeprBHIKa it HaBaHTa)KEHHSI.

[apamerpu cxemu BUOpaHi HACTYIHI: iHIYKTHBHICTh
HAKOITMYyBaya MarHiTHOI eHeprii L, = 1MkI H, mO4aTKOBUIt
CTpYM, sIKui o0puBae nepepuBHUK — [y = 100 A, moyarko-
Buii onip nepepuBHuka — Ry = 0,1 Om, omip HaBaHTa)KeH-
HiI R; = 150 Om.

Hdudepenmianpae piBHAHHA U1 iHIYKTHUBHOTO KOH-
TYpY 3 IEPEPUBHUKOM CTPYMY:

dlo RL . Roea't
sr dt

€ OmHOPIAHMUM audepeHIiaTbHUM PIBHSHHIM IEPIIOrO
MOPSIIKY, PILIEHHSIM SKOTO € q)yHKuia Bymy:

L g =0 2)

RL +Rye™!

R e
io(0) = A-exp| - L0 (3)
Ly, RL +Rye

ne A=

— crajia, sAKa BH3Ha-

R
exp) —7Lln(RL +Ry)

LS}"
Ya€eTHCS NIPH HYJILOBUX OYATKOBUX YMOBaX.

3arasnbHe pileHHs piBHAHHSA (2):

1
ip(t)= 2 0 x

—L_In(R, +Ry)
a:Ly (4)

exp| —

—R—Lln(RL + Ry -expla-1))|

X eX
P a-L

sr

CrtpyM uepe3 nepepuBHUK:

h(t)= S 1)
Iy
L
CrtpyM y HaBaHTa)KEHHI:
- ig(t)-Ryexpla-t)
L= Ry ~exp(a-t)+ R,
Enepris, mo po3ciroeTscs Ha HaBaHTa)KEHHI:
0

Ep = Iizz(f)'RLdf : @)
0

g _T ig(t)~Rg exp(Za-t)
RL =
o (Ro-explar-t)+ Ry

0.5-4%-L
- 2R,

(RL +Ry -exp(a . t))varl

. 3
exp(a- t)+ 1

(6)

RLdt =

Ry

Roexpla-t)+ L, -0 - ——=——
0 p( ) ST aLs,~+2 RL

o0
. 1

Tak gk, lim =0, T0 MaemMo:

t—00 &

(R L+ Ry exp(a 't))aL;,

+1

05-4%-L L, -a-R
Ep = S| Ry +— L1 3
RL 2R, |70 oL, +2R; ©

Eneprisi, 1110 pO3CIFOETHCS HA TICPETBOPIOBAYI:
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[ee]

Eq = [if (6) Ryexp(ar-1)dt . 9)
0

o0

_[ iy (t) RO exp(a t)2 det _

0 RO exp a- t)+RL)
_ A2 'Lsr -R% T
o 2R, |

(oL, +2R \Ry + Ry expla-1))az, ™ 0
A2 'Lsr ) R%

Ey = (10)

2R
(aLsr + 2RL XRL + RO )O!TSLFH

EdexTuBHICT, TEPETBOPEHHS OILIHIOETHCS SIK Bil-
HOIIEHHS E€Heprii, M0 pO3CII0ETHCSA Ha HABAaHTAXCHHI, J10
€HEeprii, 0 3a1macaeTbes y iHAYKTABHOCTI L,

exp 2ﬁln(RL + RO)
= aLsr . 0+Lsr'a'RL
E (R TR )&H aLsr +2RL
L T4 )aL

Ha puc. 1,a,6 mokazaHi XapaKTEpHCTHKHA MHUTTEBOI
MOTYKHOCTI, 1[0 PO3CIFOEThCS HA HABAHTAXEHHI M KITIOUi
3aJIeKHO BiJl LIBUAKOCTI OOpHBY CTPyMy 3 HOCTIIHUM
oropoM HaBaHTaxeHHs R; = 150 Owm, a Ha puc. 1,0,e moka-
3aHi BiJIIOBiHI XapaKTEPUCTUKU €HEPTii, 0 PO3CIIOETHCS
Ha HaBaHTa)KEHHI 1 Ha KIFOUi B Til sxe 3anexxHocTi. Koedi-
LIEHT eKCTIOHEHIIHHOT (PYHKIIT [T BiAIOBITHOTO Tpadika:
1-10% 2 — 10°%, 3 — 10°°. KinbKicHe 3HAYEHHs 3a3HAYe-
HUX KoedilieHTiB Oys0 00paHo caMe TakiuMU Jyis 3a0e3rie-
YeHHS] MaTeMaTHYHUX PO3PAaXyHKIB, sIKi O 3aJ0BOJILHIIH
HaHOCEKYHHOMY Jlialia30Hy TPUBAJIOCTI HPOLECY NepeMu-
KaHHS TIepepUBHUKA CTpyMY. Hac JOCATHEHHS MMOTYKHOCTI
MaKCHUMaJIbHOTO 3HA4YeHHs KOXXKHOI 3 XapaKTepUCTHK Ha
puc. l,a BigmoBimHo mopiBHIOE: 1 — 9.4 HC, 2 — 6.4 HC,
— 3.4 ue. [Ipu npoMy JJIst MAaKCUMAIBHOTO Ta MiHIMaJIbHO-
ro 4acy oOpHBY CTPyMy aMIUIITY/a HAIpyrd Ha HaBaHTa-
’KEeHHI cTaHOBHUTH 6 KB Ta 12,2 kB BiamosigHoO.

3 puc. 1 OMITHO, IO MMIKOBE 3HAYCHHS XapaKTePHUCTHU-
KA TIOTY)KHOCTI, II0 BHUAUIIETBCSA HAa HABaHTAXEHHI 1 Ha
MIEPEPUBHIKY PO3HECEHI B 4aci, cami XapakTepUCTUKH Ma-
F0Th Pi3HY IUIOLLY, @ BIATOBIHO 1 Pi3HYy €HEeprito, 10 po3ci-
10€eThesi. EHepris, 110 po3citoeThecsi HA HABAHTAKEHHI Ta Ha
NEPEpUBHUKY B TOPS/IKY 30UIbIIEHHS KoedillieHTa eKcIo-
HeHLiHOT QyHKUIT BiAnoBinHO nopiBHIoE: Egy = 3.8 MK,
4,2 mJlx, 4,5 mIx; E; = 1.1 mIx, 0,8 Mk, 0,4 mJIx. Ta-
KAM YHMHOM, 31 30UIBIIEHHSM IIBHAKOCTI OOPHBY CTpyMYy
3MEHILYETCS EHEPTisl, IO PO3CIIOETHCS Ha KITIOUi, a OTKe,
30UTBIITYETHCS €HEPTisL, IO PO3CIFOETHCS HA HABAHTAKEHHI.

Ha puc. 2 HaBeneHO XapaKTepUCTUKH BUIUICHOT eHEpTil
Ha HaBaHTa)KCHHI Ta Ha TICPEPUBHHUKY B 3aJI€KHOCTI BiJ] OIT0-
Py HaBaHTa)XeHHs TIpU (IKCOBaHOMY 3HaueHHI KoedilieHTa
0. 3a XapaKTePUCTHKAMHU MIOMITHO, 1110 31 30LIBIIEHHSIM OII0-
Py HaBaHTaXEHHS 30UIbIIYETHCS SHEPrisi, 0 PO3CIOETHCS
Ha Ktroui. Tak [u1st 3HaueHHs koedirienta o = 10°, enepris,
IO PO3CIFOETHCS, HA KJIFOYi CTaHE PIBHOKO €HEprii po3ciro-
BaHHS Ha HaBaHTaKEHHI Ipu #oro onopi R, = 500 Om. Pea-
JIbHE TEXHOJIOTIYHE HABAHTAXKCHHS, SK HAIPHUKIA[ JIa3epHA
TpyOKka abo Oap’epHuMIA PO3PSA € CKIJHUM MapaMeTpUIHIM
HaBaHTAXCHHSM, B SIKOMY NOTpPiOHO BPaXxOBYBaTH iHIyKTHB-
HICTB PO3PSIIHOTO KOHTYPY 1 EMHICTD €JIEKTPOIHOI CHCTEMH.
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Puc. 1. XapakTepucTHKH PO3CiIOBaHOT MMOTY>KHOCTI Ta €HEPrii:
@) po3CiroBaHa MOTYKHICTh HA HABAHTAXKEHHI; 0) PO3CilOBaHa
SHepris Ha HaBaHTAXXCHHI; ) pO3CiloBaHA MOTYKHICTb Ha
HEePEepPUBHUKY; 2) PO3CiIOBaHa CHEPTisl Ha IEPEPUBHUKY
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Puc. 2. XapakrepucTrka eHeprii, 0 pO3CiIO€ThCS Ha HaBaHTAa-
skerHi (1), XapakTeprcTHKa eHeprii, o PO3CIIEThCS Ha
MIepEepUBHUKY (2), 3aJIeXKHO Bil ONOPY HaBaHTA>KCHHS:
a)a=10%",6)a=10

PosrnsiHeMo crinbHY poO0Ty IepepuBHUKA CTPYMY 3
mapajeIbHOI0 JaHKOI KoMIpecii iMmynbcy. Cxema 1BO-
KOHTYPHOTO HaKadyBaHHsS HaIiBIIPOBIJHUKOBOTO Hepe-
PHBHHKa CTPyMY ITOKa3aHO Ha puc. 3.
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Puc. 3. ExBiBasieHTHA cXeMa BKJIIOUESHHS JII0IHOTO EPEPUBHHIKA
CTPYMy 3 HOCJIiIOBHO-TIAPAJICIILHOIO JIAHKOKO CTUCHEHHS

[pu macuuenni K1 L, BinOyBaeThcsi HaKaqyBaHHA Ji-
ofa TpsAMUM CTpyMoM, nipu HacwaeHHi KJ[ L, gepe3 miox
MIPOXOAUTH 3BOPOTHUH CTPyM OUTBINOI aMILTITYAN Ta MEH-
1101 TpUBAIOCTI. PO3MIsIHEMO pexXuMH pOOOTH MapajenbHOT
JIAHKHM CTUCHEHHSI IIPU 0OpHBI 3BOPOTHOT MIBXBUIII CTPYMY Y
pizHi MomeHTH Yacy. Mozens K] Ha OCHOBI apKTaHT€HCOBOT
(yHKUIT HaMarHidyBaHHS HOTO ocepe/yis Ta il TOJOXKEeHHs
BHKJIaeHo y poborti [17]. Ha mincrasi 3akoniB Kipxroda
CKIIaZIeHO cUcTeMy IHTerpo-nudepeHuiiiHux piBHsIHb. s
BU3HAUCHHS CTPYMIB W Halpyr y KOHTypax IeHeparopa 3a
JIOTIOMOT'OI0  KIHIIEBO-PI3HUIIEBOI alpoKCHMallii 10 METOomy
Eiinepa [18] orpumano cucreMy anreOpaidHHX pPiBHSHB 3
HENMiHIfAMMH KoedimieHTamu. [HTerpanbHI CyMH HampyT Ha
koHgeHcaTopax Cy — C, Bif CTPyMiB pO3PaXxOBYBAIHCH 3a
METOJIOM Tparterii.

IMapamerpu cxemu: eMHICTh KOHAeHCaTopiB Cy = C) =
= G, = 2.4 ud, iHIYKTUBHICTh 3apsIIHOTO KOHTYPY Lo =
120 mxI'H, akTUBHHMII Omip MepIIOro KOHTYpY Ry = 1 Om,
aKTHBHUH omip ipyroro KoHTypy Ry = 0.1 Owm, onip HaBaHTa-
sxennst R, = 150 Om, 06’emu ocepap KJI L ta L, y34Ti o/Ha-
KOBUMH — Vi = Vi = 31,7~10% M , KUIBKICTh BUTKIB OOMOTOK
KO L ta Ly — wy =35, wy, = 10. Kpok muckpeTr3arii 3a 9acoMm
JI0 00pUBY CTpyMy BHOMpABCsl PiBHUM 2 HC, HICJIsI OOpHBY —
0,005 He. Ha puc. 4 mokasani CyMillleHI XapaKTepUCTHKU
eHepriii Ha xoHAeHcaTopax C; i C, 3a pI3HUX MOMCHTIB

00pHBY 3BOPOTHOTO CTPYMY 4epe3 IIePepUBHUK.
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Puc. 4. EHepreTuHi XapakTepUCTUKH JAHOK KOMIIpecii
IMITyJIbCY 3@ PI3HHX MOMEHTIB OOpUBY 3BOPOTHOTO
CTpyMy 4epe3 HepepUBHHK:
@) TIpH cTiajii CTpyMy; 6) y pasi 3pOCTaHHS CTPyMy

Ha mincraBi oTpuMaHUX pe3yJbTaTiB MOJIEIIOBAHHS,
MO>KHa BUJITUTH TPU PEKUMH POOOTH NIEPEPUBHHKA CTPYMY
CIIUTBHO 3 TOCHIZOBHO-NAPANIESIbHOI0 JIAHKOI0 KOMIIPECii
iMmmynecy. Pesxum, xonm BinOyBaeThCcst 0OpUB CTpyMy, ILO
mpoTikae 4epe3 iHaykTuBHICTE K/ L, Ha cmami miBXBHII
CTPyMy, € €HEepreTHYHO HeeeKTHBHUM, ockimbku KJI L;
HACHUYYETHCS TIOBTOPHO 1 YACTHHA €HEpPril MOBEPTAEThCS B

KOHZIEHCATOp TIOTIePEIHBOI JIAHKH CTHUCHEeHHsS (puc. 4,a).
Pexxum 3 MakcHMallbHUM BHIUIEHHSM MOTYKHOCTI BiTOyBa-
€TbCS TPH OOpHBI CTPyMy B HOr0 MakCHMyMi, KOJH BCs
EHeprisi 30cepe/PKEHa Y MarHiTHOMY MOJI 1HIYKTHBHOCTI
KJI. Pexxum kosu BiiOyBaeThCst OOpHB CTPyMy Ha TepIiii
MIBXBIJI € TAKOX C(PEKTHBHUM 1 Ma€ Ty Meperary, 1o Jae
MOXJIMBICTH ()OPMYBAaTH Ha HABAHTAXKEHHI IMITYJIBC 3 OLIBII
KpyTAM (DPOHTOM 1 TpHBAJIUM CHAIOM. Y [bOMY BHIIAJKY
CHEprisi y HaBaHTA)KCHHS BKIIAJAETHCS SK 3 IHIYKTUBHOTO
HakomdyBada L,, Tak i 3 koHaeHcaropa C,. Ilpu dopmy-
BaHHI ()POHTY IMITyJIbCY €HEpTisl Y HABaHTA)KCHHSI BUBLIbHS-
€TBCS 3 IHAYKTUBHOTO HAKOIMYyBaya, a Mpu (OpMyBaHHI
Criajy IMITyJIbCY SHEprisi y HaBaHTa)KCHHS BBOIOHTHCS 3 €M-
HICHOTO HaKOIINIyBaya.

PosrisiHeMo po0OOTy 1I0JJHOTO MEPEPUBHHUKA CTPYMY
y CKJIaii MapaieibHOi JIaHKM CTHCHEHHS Ha aKTHBHO-
IHJyKTUBHE Ta aKTHBHO-IHIYKTUBHO-€MHICHE HaBaHTa-
JKeHHs1. BapiaHTn HaBaHTa)keHb TOKa3aHO Ha puC. 5.

G Sl e~
| L,
Gl
i B VD f— 33
a o

Puc. 5. BapianTu HaBaHTa)XCHb IEPEPUBHUKA!
@) aKTUBHO-IHIYKTHBHE; 6) aKTUBHO-IHIyKTHBHO-€MHICHE

MopenoBaHHs po0OTH NepepHBHUKA CTPYMY Ha
AKTHBHO iHIYKTHBHe HAaBaHTaKeHHs. BianosigHo 10
puc. 6,a,6 ipu pobOTi IIepepIBHUKA Ha aKTUBHO-1HIYKTUBHE
HABAaHTAKCHHS, XapaKTEPUCTUKA IIKOBOI TOTY>KHOCTI BHi-
JICHy Ha HaBaHTa)KCHHI OIMCYETHCS TIOJIIHOMIAJIBHOIO 3alie-
KHICTIO JIPYroro MOpsAKy, a Ta X XapaKTepUCTHKa I
MEepPEepUBHHUKA CTPyMY Mae JIiHIHHY 3pOCTaiody 3aJIeXKHICTh
NP 3pOCTaHHI aKTUBHOTO OINOpPY HaBaHTaxeHHs Bin 10 1o
500 Om. V Toif e yac XapaKTepUCTHKA CHEPTI, 1110 PO3Cito-
€ThCsI, Ha HABAHTAKCHHI Ma€ MaKCHMYM B JTiara3oHi Bix 120
J0 150 Owm, a xapakTeprcTHKa BUIJIEHOI eHeprii Ha mepe-
PHMBHHKY Ma€ TaKo)K 3pOCTarO4Mil JIHIMHKUI XapakTep, oo i’

XapaKTepHCTHKA ITIKOBOI HOTYKHOCTI Ha HBOMY.
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Puc. 6. Xapaxrepuctuku nikoBoi MOTY>KHOCTI (a) Ta eHeprii (6),

110 pO3CI0EThCS Ha HaBaHTakeHHI (1) 1 Ha IepepUBHUKY
CTpyMy (2) 3aJIeKHO BiJ] aKTHBHOTO OIIOPY HaBaHTAKCHHS

MopenoBaHHs po0OTH NepepHBHUKA CTPYMY Ha
AKTHBHO-iHIyKTHBHO-€MHiCHe HaBaHTaxeHHsi. Ha puc. 7
MOKa3aHi XapaKTepUCTUKH /I IBOX 3HAYEHb 1HIYKTHBHO-
CTi HaBaHTaXCHHA. BCTaHOBIICHO, IO SIKIO HABAHTAXKEHHS
Ma€ €MHICHY CKJIQJIOBY, TO B XapaKTEPUCTHUKAX IiKOBOI
HOTYXHOCTI Ha HaBaHTAXEHHI, 3’SBIATHCS MaKCHMYyMH.
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VY Toif e 9ac XapaKTepPUCTHKH MOTY>KHOCTI ¥ eHeprii BU-
IieHOI Ha TIEPepPHBHUKY CTPyMY HaOyBalOTh JiHIHHOTO
XapakTepy, TOOTO €EMHICTh J03BOJISIE CTAOLII3yBaTH BTPATH
€Heprii B MEPEePUBHUKY IIPU 3MiHI aKTHBHOT'O OIOpPY HaBa-
HT2)XeHHs. TakoX MiKOBa IMOTYXHICTh Ha TEPEPUBHUKY
CTpyMy 3aJ€XKUTh BiJl IHIYKTHBHOI CKJIaJOBOi HaBaHTa-
JKCHHS Ta 3pOCTae 3i 30UIbIICHHsIM ii 3HaYeHHs. Pi3ke 3HU-
JKEHHsI XapaKTepucTuku B miamasoni Big 100 mo 10 Om
00YMOBJICHO HE IOBHOIO IEpeAavero eHeprii 3 IHIyKTHB-
Hocti HacnaeHoro KJI y HaBaHTaykeHHS 1 3a OLIbII TpHBa-
JIMH TIepiof KOJIMBaHb CTPYMY YAaCTHHA SHEpril 3 iHIyKTH-
BHOcTi K] moBepTaeThCst Ha3aa B IO3IOBXKHIM KOHIICHCA-
top C). IlnaBHe 3HIDKEHHSA XapaKTEPUCTUKH Y Hiama3oHi
Big 200 go 500 OM 00yMOBIIECHO 3MEHIICHHSIM ITIKOBOTO

3HAYCHH CTPYMY U€PE3 HABAHTAKCHHSI.
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Puc. 7. XapakreprCTHKH MKOBOT HOTYKHOCTI, 110 PO3CIIOETHCS
Ha HaBaHTa)XCHHI (@) i Ha MEePEepUBHUKY (6) ISl 1BOX 3HAYCHD
ingykTuBHOCTI HaBaHTaxeHHS: 1 — 100 Hl'H; 2 — 300 al'H

[pu 3minHi emHOCTI B miamaszoni Bim 10 mo 200 nd
XapaKTEePUCTHUKH IMIKOBOT MOTYXHOCTI MalOTh CIaal0uuii
xapaxrep (puc. 8,a). [Ipu ipoMy Ha HaBaHTaXXCHHI Xapakx-
TEpUCTUKA MaJa€ IIBHUIIIE, HDK HA epepuBHUKY. ToOTO
BTpaTH €Heprii Ha NMEepepUBHUKY CTPyMy TaKOoX cTaOLIi-
3YIOTBCS MPH 3MiHI EMHICHOT CKJIQJIOBOT HABAHTAXKCHHS. A
OCh JUISL XapaKTEpPUCTUK CTPyMy Ha HaBaHTaXXCHHI 3i
30UIBIIEHHAM 11 €MHOCTI BiJI3HAYAETHCS CIajJ KPYTH3HU
MepeTHBOTr0 (PPOHTY IMIYJIBCY Ta 3pOCTAHHS HOTO TpUBa-
nocTi (puc. 8,6).
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Puc. 8. XapakTepicTHKH MIKOBOI IIOTY>KHOCTI (@) Ta XapaKTepuc-
THKH CTPyMy y HaBaHTakeHHi (6): @) | — Ha HaBaHTaXXeHHI, 2 — Ha
nepepuBHIKY cTpymy; 6) 1 — C=10 nd, 2 — 50 nd, 3 — 100 nd
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Takum YUHOM, CMHiCHa CKJIal0Ba HABAHTAXCHHA
JI03BOJIsIE 3a(iKCyBaTH €HEPrilo, MO0 BUIIUIIETHCI HA TIe-
PEPUBHUKY Y TPOIIECi HOro MepeMUKaHHsI HE 3aJICKHO BiJ
AaKTHBHOI CKJIaJI0BO1 OIIOPY HABAHTAKEHHSI.

®diznyHe MOJeTIOBAHHA HANIBNPOBITHMKOBOIO
nepepuBHuKa crpymy. s peamizamii iHIYKTHBHOTO
0o0puBYy CTpYyMy Ta MiATBEPPKEHHS MaTeMaTHYHHX pPO3-
paxyHKiB BHKOPHCTOBYBAJIAaCh JBOXKJIIOUOBA CXeMa
MHI'I 3 nmapasenbHO-TOCITOBHOO JIAHKOK Y 3apsTHOMY
KOHTYPi, CXeMa SIKOTo 300pakeHa Ha puc. 9.
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Puc. 9. Ilpunnunosa cxema nsokiouoBoro MHI'T 3 BuxigHoro
napa’sesbHOIO JJAHKOIO KOMIIPECil iMITyJIbCy Ta HaIliBIIPOBITHHU-
KOBUM MIEPEPUBHUKOM CTPyMY

B sikoCTi HAaMiBIPOBIAHUKOBOTO HIEPEPUBHUKA CTPYMY
3aCTOCOBYBAIIUCH [IBA MOCIIZOBHO 3’€THAHUX BHCOKOBOIIb-
tHuX aioaa Tuny KI201E. Koncrpykuist nux IioziB npen-
cTaBJIsie COOO0I0 TOCTIIIOBHE 3’ €IHAHHSI 0araTboX JIABUHHUX
p-n mepexoiB, IO JO03BOJSIE 30UIHIIMTH MaKCHMAIbHY
JIOIYCTUMY 3BOPOTHY HAIIPYTY, SIKa MPOIOpLiiiHa KiIBKOC-
Ti DiOIB BCEepeauHi cTOBIA. MaKCHMMalbHO 3BOPOTHA Ha-
mpyra Ui 1€l qiogHoi 30ipku cTaHoBUTH 15 kB. Enextpu-
4HI Ta KOHCTpYKTHBHI napamerpu K/ L, — L, Ta koHzaeHca-
topiB C, — C4 BucOKoBONbTHOI yactuan MHI'L, peanizoBa-
HI TAaKUMHU XK, SIK y PO3paxyHKOBii Moneni. HaBanTaxeHHs
Oyno 3i0paHO 3 JBOX MOCIIJOBHHX PE3UCTOPIB MapKu
TBO, koxeH 3 akTUBHUM omopoM 24 Owm. Jlyis Bumipro-
BaHHS €JIEKTPUYHUX CHTHAJIB HA INEPEPUBHHUKY CTPyMY
OyJi0 BHKOpPHCTaHO €MHICHMU AUIBHUK Hanpyru [19] 3
koedimieaToM miuteHHs — 1:11000 Ta ManoiHAYKTUBHUIMA
mryHT ctpyMy [20] 3 omopom 0,16 Owm.

Ha puc. 10 HaBegeHO ocumiiorpamu CTpymy Ta Ha-
MPYTH HAIIBIPOBITHUKOBOTO TMEPEPUBHUKA, SKi MOXHA
MOSICHUTH HACTYyITHUM 4YWHOM. Bin’eMHa HamiBXBUIIS
CTpyMy OOYMOBIIEHAa HOTO MPOTiKaHHAM MO JaHIi VD3 —
C; — Ly — C4 3aBASKM BMHKaHHIO Jioga VD; y npsMomy
HAMpPSIMKY ¥ XapakTepu3ye MpoLec 3apsy KOHIeHcaTopa
C,. Hakonuyenuii 3apsin konnencaropa C, mparse BUBI-
meHATHCS 10 NaHui VD; — Cy — Ly — Ipu IbOMY 3BOPOTHA
HAMIBXBWISI CTPYMY CKJIQJAa€ThCsl 3 JBOX T'apMOHIYHUX
ckinanoBux. [lepmia rapMoHiKa CTpyMy Mae OiTBIIHIA
nepioJ| KoJuBaHb 1 BijoOpaxkae mpolec HaMarHigyBaHHs
ocepas K L,, nmpyra rapMoHiKa — BHHHKAa€ MIpH HOTO
HACHYCHHI W Ma€ 3HAYHO MECHIIMUA MepioJl KOJUBAHb.
Kpim TOro, Mexa MiX ABOMa CTaHAMH OCEepAsl Mae 00-
nacth TpuBajicTio 10 He, s sKoi qudepeHiaabHa mpo-
HUKHICTh OCEpJs 3pOCTa€, IO BiIOOpaKaeTbCs HA OCIH-
Jorpami SIK MPUITUHEHHS 3pOCTaHHs cTpyMy. OOpHB 3BO-
POTHOTO CTpyMY HioJioM VD5 3miCHIOETbCS TPHOIN3HO
3a 25 HC. [HAYKTUBHUM CTPyM O0OpHBA€ETHCS, HE TOCSTAIO-
YM CBOrO MakcMMyMy. ToMy IMIyJIbC Ha HaBaHTa)KEHHI
MaTuMme KpyTui (ppoHT i TpuBanmii criaj, o0 MiATPUMY-
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€TbCA po3psanoM KoHzaeHcaropa Cy. IIpu ibomy, 3BOpoTHA
HaTpyTa, 10 PO3BUBAETHCS HA JiOJ1 HE MIEPEBHUIIYE IOIIY-
CTHMOTO ITPOOMBHOTO 3HaueHHs Juisl wi€l 30ipku. Takuii
peXuM poOOTH TEepEepUBHUKA MOBHOIO MIipOIO y3TOIXKY-
€TbCA 3 MAaTCMaTU4YHUM MOJCIHOBAHHAM Ta BiHHOBi[laC

pe3yiabTaTaM 3a3Ha4Y€HUM BUIIIE.

........ e
s

Puc. 10. Ocumnorpamu MHI'L: a) ctpym I(¢) Ta Hénpyra U(?)
HalliBIPOBITHUKOBOTO IIEpepUBHUKA CTpyMy, 50 HC/ni;
0) HampyTa Ha HaMiBIPOBITHIUKOBOMY NEPEPUBHUKY, 1 MKC/Iin

Otpumani pe3yibTaTd AOCHIDKEHb BHUKOPUCTAHO B
IHCcTHTYTI IMITyIBCHUX TIpoLieciB i Texnosorii HAH Ykpai-
HH TIPH pO3poOLIi JTabOPaTOPHOTO BapiaHTy BUCOKOBOJIBTHO-
ro MHI'L, mo dopmye immynsen 3 ammtitynoro 30 kB, ene-
prieto 0,2 J[, yacroToro noBropeHHst immyneciB 10 k[ i
TpuBamicTiO 80 HC, KM 3aCTOCOBAHO y TEXHOJIOTII €JIEKT-
podinbTpartii ra30BUX BUKHIB.

BucHoBkn. Sk mokasanu TNpOBEIEHI JOCIIPKEHHS,
BUKOPHUCTAHHS HAIIBIPOBITHUKOBOIO MEPEPUBHHUKA CTPYMY
y CKJIaJli TTApaIeNFHOI JIAHKA KOMIIPECii IMITYITbCy T03BOIISIE
pamyKaTbHO BIUTMBATH HE TUTHKH Ha (opMyBaHHS (DPOHTY
iMITynbCy, ane ¥ Ha Horo cmaj. 3amporioHOBaHO dYaco-
3aISKHUNA EKCIIOHEHI[INHMI XapaKkTep 3pOCTaHHs BHYTPILI-
HBOTO OIOpPY HAHOCEKYHIHOIO IIEPEepHBHUKA CTPyMY.
OTpuMaHO aHATITHYHI BUPAa3H, [0 ONKUCYIOTh eJIEKTPUYHI Ta
€HEepPreTHYHI XapaKTepUCTUKH MEPEPUBHUKA CTPYMY Y CKJIa-
JTi TTOCITIIOBHO-TIAPAJICITHHOT CXEMH HOTO 3’ €THAHHSI 3 1HIYK-
THBHUM HAaKOMMMYyBauyeM Ta AaKTUBHUM HABAHTAXKCHHSM.
[NokazaHo, 1110 eHeprist po3cisiHa Ha HABaHTA)KEHHI Ta BTPATH
€Heprii Ha IMepepUBHHUKY CTPYMY OIHCYIOTBCS J3€PKAILHO
BimoOpakeHMMH (PYHKITISIMH 3 aCHMIITTOTHYHOIO TOBEIIiH-
Ko10. YncIioBe MOZIEITIOBaHHSI IIEPEPUBHUKA CTPYMY Y CKIIai
TIOCITiTOBHO-TIAPATICTIFHOI CXEMH MArHITHOTO CTHUCHEHHS
IMITyJIbCY TO3BOJIMJIO BHSIBUTHU TPU PEXUMH HOTO poOOTH, 3
SIKUX HalOLIbII e()eKTUBHUMHU € PEXUMH OOpUBY CTPyMY B
MaKCHMYMI €Heprii, 1110 3a1acaeTbes B IHIYKTUBHOCTI HACH-
YEHOr0 KOMYTYIOUOTO JAPOCENIs 1 peKMM 00pHBY CTPYMY IpH
fioro HapocTaHHi. B ocTaHHROMY BHIIaJKy €HEpris B HaBaH-
Ta)KeHHs! BKJIIA€ThCS B 1B €TaIN: pu GopMyBaHHI (HpoH-
Ty IMITyJIbCy BOHA BHBUIBHSETHCS 3 1HAYKTHBHOTO HAKOIIHU-
YyBaya, a Npu (OPMyBaHHI Crajly IMITyJIECY 3 €MHICHOTO.
BusiBieno, mo npu poOOTI Ha HABaHTKEHHS 3 €MHICHOL
CKJIQJIOBOIO Y XapaKTEePUCTHIIL IKOBOI MOTY>KHOCTI 3aJIek-

HOIO BiJ] ONOPY HABAHTKCHHSA 3 SIBIAETHCS ONTHMYM Y
mianazoni R; = 120-150 Om. Kpim, TOro BCTaHOBJIEHO, 10
€MHICHa KOMIIOHEHTa HaBaHTa)XEHHS NMPHU3BOAWTH JIO IPH-
THIYEHHS] BUJUJICHOI MOTY>KHOCTI Ha NEPEPUBHUKY CTPYMY,
THUM CaMHM BTPaTH €HEpril y HbOMY 3aJIMILAIOTHCS TIPAKTH-
YHO CTAJIOI0 BEJIMYMHOIO HE 3aJIEXKHO BiJl aKTUBHOI CKJIAJIO-
BOI ONOPY HABAHTaYKEHHSI.

Konduikr inTepeciB. ABTOp 3asBiIs€ MpO BiACYT-
HICTh KOH(QUIIKTY iHTEpPECiB.
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Energy characteristics for nanosecond current interrupter
of semiconductor-magnetic pulse generator’s terminal stage.
Introduction. A semiconductor diode based on reverse current
interruption is used to increase a pulse amplitude and peak
power delivered on the process load. Usually, a current inter-
rupter is located in the last stage of semiconductor-magnetic
pulse generator (SMPG) and is connected in parallel to the
load. Problem. Most of publications on this topic mostly con-
cern with analysis of physical processes in the diode structure
itself within its oscillating circuit, which is separated from pre-
vious SMPG’s pulse compression stages under condition of
unidirectional energy transfer from the generator to the load. In
this sense, the efficiency of conversion should be determined by
the joint of electromagnetic interaction between non-linear
compression stages, current interrupter and process load. Goal.
Develop a mathematical model of nanosecond current inter-
rupter to determine its electrical and energy characteristics as
part of a high-voltage parallel circuit with magnetic pulse com-
pression, depending on the duration and moment of current
interruption, the equivalent circuit for load resistance, and to set
the most optimal modes of its operation. Methodology. In this
work, it is proposed to use a comprehensive approach aimed at
the study of electromagnetic processes in the SMPG circuit with
a nanosecond current interrupter, which takes into account the
topology of circuit, the design parameters of switching reactor,
the magnetization curve, the equivalent load resistance, as well
as the time parameters of power switches. Results. Analytical
expressions describing the electrical and energy characteristics
of the interrupter when it operating on the active load are ob-
tained. A numerical simulation of interrupter in the SMPG’s
double-loop pumping circuit is carried out, taking into account
a nonlinearity of SR’s magnetization curve. Three operation
modes of interrupter is described, depending on the initial mo-
ment of reverse conduction current interruption. The analysis of
interrupter operation on the load with an active-capacitive
component is carried out. Practical meaning. The results of the
research can be applied in the development of high-voltage
SMPG scheme with improved energy-dynamic parameters.
Reference 20, figures 10.

Key words: semiconductor-magnetic pulse generator, nano-
second current interrupter, saturable reactor, magnetization
curve, numerical simulation.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
UDC 621.3

https://doi.org/10.20998/2074-272X.2023.3.10

Y. Ayat, A.E. Badoud, S. Mekhilef, S. Gassab

Energy management based on a fuzzy controller of a photovoltaic/fuel cell/Li-ion
battery/supercapacitor for unpredictable, fluctuating, high-dynamic three-phase AC load

Introduction. Nowadays, environmental pollution becomes an urgent issue that undoubtedly influences the health of humans and other
creatures living in the world. The growth of hydrogen energy increased 97.3 % and was forecast to remain the world’s largest source of
green energy. It can be seen that hydrogen is one of the essential elements in the energy structure as well as has great potential to be
widely used in the 21st century. Purpose. This paper aims to propose an energy management strategy based a fuzzy logic control, which
includes a hybrid renewable energy sources system dedicated to the power supply of a three-phase AC variable load (unpredictable high
dynamic). Photovoltaic (PV), fuel cell (FC), Li-ion battery, and supercapacitor (SC) are the four sources that make up the renewable
hybrid power system; all these sources are coupled in the DC-link bus. Unlike usual the SC was connected to the DC-link bus directly in
this research work in order to ensure the dominant advantage which is a speedy response during load fast change and loads transient.
Novelty. The power sources (PV/FC/Battery/SC) are coordinated based on their dynamics in order to keep the DC voltage around its
reference. Among the main goals achieved by the fuzzy control strategy in this work are to reduce hydrogen consumption and increase
battery lifetime. Methods. This is done by controlling the FC current and by state of charge (SOC) of the battery and SC. To verify the
fuzzy control strategy, the simulation was carried out with the same system and compared with the management flowchart strategy. The
results obtained confirmed that the hydrogen consumption decreased to 26.5 g and the SOC for the battery was around 62.2-65 and this
proves the desired goal. References 47, tables 7, figures 19.

Key words: energy management strategy, fuzzy logic control, hybrid renewable energy source.

Bemyn. B Oanuii uac 3a0pyoHeHHs. HABKOMUUHBLOO CepedosUd CMAc aKkmyaibHOI0 NPoOnemoro, sika, 6e3nepeyto, GNIUBAe HaA 300p08 s
JHOOUHU MA THWUX ICMOM, 5K JICUYmb Y CeImi. 3pocmantss 600Hes0i enepeemuku 30ibunnocs Ha 97,3 %, i npoeHosysanocs, wjo 6oHa
3amUMUMbCA HAoibluM Y c8imi 0dicepenom 3eneHoi enepeii. Buowo, wo 600enb € 0OHUM i3 HAUBAXCTUBIUIUX eNleMEHIMI8 Y CIMpPYKmypi
eHepeemuKy, a MaKodic MAac GeIUKUll nomeHyian oA wupokozo eukopucmanna y 21 cmonimmi. Mema. Y yiii cmammi npononyemucs
cmpamezist YAPAGIIHHS eHEeP2OCHONCUBAHHSM, 3ACHOBAHA HA HEYIMKOMY JIOSIHHOMY YAPAGTIHHI, SIKA GKTIFOUAE SIOPUOHY CUCHEM) GIOHOGTIOBAHUX
Ooicepen emepeii, NPUHAyery Ol HCUBTIEHHS MPUPAZHOL0 3MIHHO20 HABAHMANCEHHS 3MIHHO20 CPYMY (Henepeobauysana 6UCOKa OUHAMIKG).
Domoenexmpuuni (PV), nanusni enemenmu (FC), nimii-ionni 6amapei’ ma cynepkonoencamopu (SC) — ye womupu Odicepena, 3 sAKUX
CKIA0AEmuvCsl 6iOHOBMIO8AHA 2IOpUOHA eHepeocUcmeMa, 6Ci yi Oxcepena nioKmoyeHi 00 wiuHu nocmitinozo cmpymy. Ha 6iominy 6i0 3guuaiinux
3acmocysamy,ye yitl docrionuybkitl pooomi SC 0y8 niokurouenuti 00 WuHY NOCMITHO20 CpyMy De3nocepeorbo, Wob 3ade3neyumu OOMIHyYY
nepesazy, wjo NOA2Ac 8 WBUOKOMY peazysanHi npu WEUOKIll 3MiHI HABAHMAXCeHHs ma nepexionux pedicumax Hasanmaxicenns. Hoeusna.
Jhicepena acusnenns (PV/FC/oamapei/SC) koopounyromucsi Ha 0CHOGI iXHbOI QUHAMIKY, WoO NIOMPUMYEAmuU HANPY2y ROCMIUHO20 CIPYMY
bina ceoeo emanonnozo sHavenHs. Ceped OCHOBHUX Yinell, OOCAZHYMUX CIPAMERICI0 HEYimKo20 YNPAaeninHa ) Yill poOomi, - 3HUNCEHH:
CNOJCUBAHHSL BOOHIO A 30LTIbUIEHHS MEPMIHY CTyacOu bamapei. Memoou. Lle pobumuvcs uwisixom kepyéartsa cmpymom FC ma cmanom 3apsady
(SOC) bamapei ma SC. [Qna nepegipxu cmpamezii newimko2o ynpaenintsa 0y10 npoeeoeHo MOOeIO8aHHA 3 MIEI0 CAMOI0 CUCEMOIO md
nopieHAHHA 31 cmpameeicto O10K-cxemu kepyeants. Ompumani pe3ynomamu NIOMeepOUnY, Wo CHONCUBAHHS BOOHIO 3HUBUIOCA 00 26,5 2, a
SOC ons 6amapei cmanosuio 6nusbko 62,2-65, wo do600ums docsenenns baxcanoi memu. biomn. 47, Tabn. 7, puc. 19.

Knrouoei cnosa: cTpaTterisi eHeproMmeHeIKMeHTY, HeUiTKe JoriuyHe ynpasJiiHHs, ri0puiHe BiTHOB/IIOBaHe [sKepeJio eHepril.

Introduction. The expansion of conventional power
networks has led to the instability of the power network
due to its inability to meet various energy requirements,
especially in rural areas with difficult terrain and very low
population density, where the decentralized supply of
energy to remote areas has become necessary. The
Renewable energy systems like a solar, wind, and
hydrogen, to name a few, contribute effectively in global
energy balance, These sources are sustainable and have
zero emission compared to systems that rely on traditional
fuels such heavy oil, natural gas, and coal [1], The system
can reach optimal efficiency by combining these sources
with energy storage elements [2, 3]. Although these
resources are primarily weather-dependent, any
significant changes in the weather can drastically affect
power generation [4]. This hasn’t stopped governments
from increasing the percentage of renewable energy in
their energy mix, which is predicted to reach 23 % by
2035 [5]. A hybrid power system (HPS) can alleviate the
problem of energy demand, especially in distant places,
when a self-contained renewable resource is unable to
offer reliable and sufficient electricity. HPS is made up of
a variety of non-renewable and renewable energy sources,
as well as converters and energy storage system devices.
It also has a number of advantages, including great

flexibility and power management capabilities [6]. In [7]
authors explained that hydrogen is the energy source of
the future; he noted that the cost of hydrogen (CH) will
decrease as its use grows and production and storage
methods improve; he also discussed the necessity of
producing hydrogen using electrical energy generated
from renewable energy sources. Hydrogen energy has the
biggest benefit over other sources of energy in that it can
be stored and delivered. Solar energy, wind turbines, and
hydroelectric power plants can all provide excess
electricity that can be stored as hydrogen energy for later
use. Energy can be continuously produced and stored in
this manner. As a result, numerous researches have been
conducted [8]. The polymer electrolyte membrane fuel
cell (PEMFC) systems, according to [9], are one of the
efficient energy conversion devices utilized for the direct
conversion of hydrogen energy received from diverse
RES into electrical energy. In [10] authors shows the
impacts of lithium-ion batteries for renewable energy
(wind and solar) storage for grid applications are assessed
through a life cycle assessment covering the batteries
supply phase, their end-of-life, and use. Results show that
the new lithium-ion battery cathode chemistry has 41.7 %
more particulate matter and 52.2 % more acidification.
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Because of the growing demand for efficient, high-power
energy storage, the development of supercapacitors (SCs)
has gotten a lot of attention in recent years. Authors in
[11] investigated how to improve the energy density of
SCs for renewable energy generation applications. This
potential was assessed by calculating the performance
(energy and power) of a series of SCs that use advanced
materials that electrochemists have been studying for the
past 10-15 years. In [12] were considered that the SC is
one of the greatest energy storage elements for hybrid
electric power systems. Many studies have looked into
HPS, which combine fuel cells (FCs) with batteries and
SCs, In [13, 14] authors improved the energy
management in hybrid FC/battery/SC for electric vehicle
applications (FC as the primary source, and battery with
the SCs as backup source). Authors provide a
combination of artificial neural network and primary
biliary cirrhosis in this article to control and manage the
energy of this multisource system, the stability of the
hybrid system while providing an acceptable solution for
transferring energy between sources. In order to get
greater dynamic performance, the system still need
several advanced control approaches. Photovoltaic (PV)
wind battery is another type of hybrid renewable energy
systems used in energy systems to assess the charging and
discharging capabilities of the system, for the energy
management of this hybrid energy sources. In [15]
displays an intelligent fractional order PID controller.
Through a DC-link voltage, PV-wind-battery is connected
to a smart grid. To extract the maximum power point
(MPP) from the wind and PV, the converters are
controlled by an intelligent fractional order PID method,
despite the fact that this research gives predictions using
the proposed technique while taking local uncertainty into
account, the impact of climate conditions on the generated
energy still standing. Authors in [16] present an optimized
energy management strategy (EMS) for PV/FC/battery
DC microgrid based on salp swarm algorithm (SSA), the
proposed SSA-based EMS is evaluated and compared to
the existing particle swarm optimization (PSO)-based
EMS. The SSA provides a more stable working
environment for the power system (FC and battery) than
the PSO, because the planned EMS is dependent on a
central controller, any failure of this controller could have
significant implications for the power system, this can be
avoided for decentralized control systems. Because of the
advantages of using a SC during a load change that is
transitory, surprising and quick. In [17] authors included
the SC to the renewable hybrid power system (REHPS),
which includes PV, PEMFC, battery, and SC. To achieve
the maximum value of state of charge (SOC) and the
lowest value of hydrogen consumption, the suggested
energy management system employs a hybrid method that
includes fuzzy logic, frequency decoupling, and state
machine control strategies. The adaptive fractional fuzzy
sliding mode control (AFFSMC) technique is provided
for power management in a PV/FC/SC/battery hybrid
system in grid-connected microgrid applications [18]. In
operating settings, the AFFSMC outperforms the
traditional PI controller, according to research. For the
proposed system, a REHPS, a PV array serves as the
major power source in this arrangement during day light

when it is available and a FC (PEMFC) as a secondary
power source during the night or in the shading time,
battery and SC as storage eclements and to provide
transient load demand.

The goal of the paper is to try to improve some of
the weaknesses and results of previous research, and that
is by connecting the SC directly to DC voltage bus in
order to ensure a speedy response during load fast change
and load transient, also, in this work, hydrogen
consumption and battery SOC were taken into account
and optimized (for cost and lifetime cycle) in addition to
combining all DC/DC converters into a single unit. This
study describes energy management strategies for a fuzzy
logic control approach for a REHPS (PV/FC/Battery/SC),
The system’s performance is simulated using the
MATLAB/Simulink software, the results were compared
to the control approach for management flowcharts, the
system was also tested on a three-phase AC variable load,
demonstrating its efficiency.

System description. REHPS investigated in this
research is designed to provide power to a specific load,
four sources make up the REHPS: a PV generator as a
renewable energy source that serves as the primary source
during daytime hours. The FC intervenes as a
supplementary source at night or during shade period. When
the load power is high, batteries serve as an energy storage
element for the FC, ultracapacitors can be used as a transient
power compensator or when changing loads quickly. To
controlling the power of each source and maintaining a
constant voltage level as much as feasible DC-DC
converters regulate all energy sources and storage systems.
Boost converter for PV and PEMFC power sources, as well
as a bidirectional converter (buck and boost) to manage the
charging and discharging of batteries, a three-phase DC-AC
converter is used to provide the load with a three-phase
regulated current source in this study. In order to expose the
system’s responsiveness under various scenarios, we
assumed the load is a random variable load (Fig. 1).

PV PV Power
Boost
Converter

3 Phase
Inverter

FC Power
—»

Boost | .

Converter
Ultra-

Capacitor

Random
Variable Load

BAT Power

4P
Buck &

a Boost |
Converter

Fig. 1. Structure of the studied REHPS

Batteries

The suggested energy management system uses the
rule based fuzzy logics strategy. In Fig. 2 the hierarchical
management and control system is illustrated as a block
diagram with its inputs and outputs. The management
method presented in this study is based on the following
key criteria: lowest hydrogen use while maintaining
maximum SOC, extended life cycle, and high overall
system efficiency.
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Fig. 2. Block diagram of the energy management system

Modeling and sizing of electrical system parameters.

1. PV source. A solar generator is made up of a
group of basic PV cells that are linked in series and/or
parallel to generate the necessary electrical characteristic,
where their common model is depicted in Fig. 3.

VA,

Fig 3. Single diode PV cell model

The photocurrent is /,,, and the diode current is /.
Ry, is connected to the non-ideal feature of the p-n
junction and the presence of flaws along the cell’s borders
that favor a short-circuit path around the junction. Rg
indicates the totality of the resistances confronted with the
electrons’ trajectory [19, 20].

The PV panel used in simulation in this work is
referenced by: ASMS-180M from Aavid Solar Company
(exists in MATLAB. According to our rated power (10 kW),
we have used M,-M, = 6-10= 60 — PV panels to achieve this
power value (Table 1).

Table 1
Simulation parameters of the used PV field
Pypp — MPP power value, kW (180x6x10) 10.8
Vypp — MPP voltage value, V (36x10) 360
Iy;pp — MPP current value, A (5x6) 30
Iscs — short circuit current value, A (5.5%x6) 33
Vocs — open circuit voltage value, V (45x12) 540

2. PEMFC generation system. PEMFC is a popular
renewable energy source that has been recommended as
preferred because to its benefits such as high efficiency (up
to 45 %), high energy density (up to 2 W/em®), silent
operation, low-temperature operation, quick start-up, and
system resilience [21, 22]. It was frequently used for this
purpose used in a number of applications for this reason,
including vehicle propulsion, small-dispersed generation,
and portable applications [23]. However, it has some
disadvantages, including an inconsistent output voltage, a
poor reaction to load fluctuations, and a high price [24].
Through electrochemical reactions of oxygen and
hydrogen, PEMFC generates electricity-using hydrogen as
a fuel, and because the PEMFC’s only by-product is water,
no emissions are produced. The FC’s equivalent circuit is
shown in Fig. 4 [25]. The parameters of the PEMFC used

in simulation in this work are detailed in Table 2 (exists in
MATLAB). DC/DC boost converter is attached to the
PEMFC’s output, the converter receives the reference FC
current and uses it to adjust the amount of output power it
sends to the system, the /-V curve for the FC employed in
the proposed system is shown in Fig. 5 [26].

| iFCa lem(Fuel)> lem(air)a PFuela Pain T(K)> X%> V%a a |

X

74 A h'74 Y \7d
UfOZ) Uﬂ-]Za Aa POZ) PHZ
A io Eo
A A A4
f(Eo, io, A)
Rinternal
i ~
V
E ; A
. Ifc
—® ,
¥ Vi
Fig. 4. FC equivalent circuit
Table 2
Parameters of the PEMFC data sheet
FC nominal parameters Stack Power Nominal 10287.5
FC nominal parameters Stack Power Maximal 12544
Nominal utilization hydrogen 98.98
Nominal utilization oxident 42.88
Nominal consumption fuel 113.2
Nominal consumption air 269.5
Temperature system, T 318
” V,V  Stack voltage vs current “ P, kW  Stack power vs current
52 12
50 -l10.2875kw) /IZ.SMKWJ
10
48
8
46
6
44
%2 4
40 2
” LA 0 1A

0 100 200 300 400 0 100 200 300 400
Fig. 5. The suggested system’s /-J curve for the FC

3. Li-ion battery. Li-ion batteries were utilized for this
research work, because, when compared to other battery
types, they have shown to offer a high energy density and
efficiency (such as lead-acid, NiCd or NiMH) [27], When
considering lithium batteries, the SOC %, remaining usable
life, and deterioration are the most significant characteristics
to consider as well as various other factors such as detection
of battery parameters, charge control, as well as battery
protection and alarm [28, 29]. The updated model of the
battery as a function of open cell ohmic resistance, cell
circuit, cell inductance, capacitance, long/short time
resistance, and the load current is represented by the
equivalent battery circuit in Fig. 6.

Table 3 displays the battery parameters, to manage the
battery’s charging and discharging procedures, the battery’s
output is coupled to a buck/boost DC/DC converter.

68

Enexmpomexnixa i Enexmpomexanika, 2023, Ne 3



Rs

e VAVA o e

> Tve 4
Vi
VcT_: Co Vue
Fig. 6. Battery equivalent circuit
Table 3
Parameters of the Li-ion battery data sheet

Voltage nominal, V 48
Capacity rated, Ah 40
Initial SOC, % 65
Capacity maximum, Ah 40
Cut-off voltage, V 36
Voltage fully charged voltage, V 55.8714
Discharge current nominal, A 17.3913

4. Ultracapacitor. An ultracapacitor (UC), also
known as an electrochemical double layer capacitor, is a
type of capacitor that has a very high capacitance, is a
low-voltage energy storage device that functions similarly
to a battery but has a very high capacitance value. High
power density, low series resistance, high efficiency, huge
charge/discharge capacity, and reduced heating losses are
all features of UCs [30]. These fast-response deep-
discharge capacitors are suited for use across a broader
temperature range. The terminal voltage of a UC, on the
other hand, declines when the SOC diminishes, and the
rate of reduction is dependent on the load current [31].
The basic UC model is given in Fig. 7.

I I
—» —»
R L
i R R u
<[_| J_L J» '
v c < V.

I

B

o-
Fig. 7. Basic UC model

Table 4 shows the specifications of the UC that was

Table 4
UC parameters
Capacitance rated, F 15.6
Equivalent DC series resistance, mQ 150
Voltage rated voltage, V 291.6
Number of series capacitors 108

Number of parallel capacitors 1
Voltage initial, V 270

The energy management system is a computerized
software that regulates the power response of each energy
source in relation to load demand via the converters that are
connected to it. The EMS has a significant impact on system
overall performance and efficiency, fuel economy, and
distributed generation service life, as well as managing the
SOC and avoiding deep discharging, and maintaining DC
voltage stability [32]. When discharging, the energy storage
element was employed as a source of energy in this study,
because the proposed system includes many electrical power
sources such as PV and FC, an energy management
approach was required to regulate, monitor, and enhance the
system’s operation in order to achieve the system’s
maximum performance [33, 34]. With REHPSs, a wide
range of EMSs and control techniques are employed, In this
research, the fuzzy logic control (FLC) was employed as a
control strategy for calculating and setting the reference
values of FC power, as well as the PI cascaded control for
calculating and setting the reference values of battery charge
and discharge currents.

Control of the active PV generator. The controller of
the PV generator must manage PV voltage in order to adopt
a maximum power point tracking (MPPT) approach in order
to harvest the maximum power from the PV system. The PV
generator’s reference voltage is established using a basic
perturbation and observation (P&O) based MPPT algorithm.
The control unit from the duty cycle (u) to the PV voltage
(Vpy) is shown in Fig. 8, two cascaded PI controllers
complete this process, restoring Vpy to its reference [35, 36].

Table 5
Simulation parameters
PV converter
Boost converter
Two cascade PI controllers
Voltage: (0,1131, 32)

Topology converter
Technic control

Parameters control (kp, ki)

employed. Current: (14,1421, 20000)
Ipy
—» MPPT
Vev Algorithm FI PI
—>
Tpv Vv ILpy
MESURMENT
|
M | I
BOOST <

Fig. 8. CU from the duty cycle (u) to the voltage PV

Battery charging/discharging current control. For
balancing power and regulating DC bus voltage, the
battery pack is critical, the charging/discharging battery
current is controlled in this study using a PI control

method. It is determined by the difference between the
DC voltage’s real and reference values [37-41]. The PI
control technique for the battery charge/discharge
operation is shown in Fig. 9.
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Fig. 9. Battery charge/discharge control approach based on PI

Fuzzy logic controller for PEMFC system. Instead
of the usual true or false Boolean logic, the FLC is a
control technique based on the level of truth (one or zero),
fuzzification, fuzzy interface, and defuzzification are the
basic control phases in fuzzy control [42-44]. The fuzzy
IF/THEN rules are triggered to use the fuzzy interface for
mapping the fuzzy values after the fuzzification technique
changes the input values to fuzzy values, the
defuzzification technique provides output values at the
conclusion. As a control approach and in the application of
systems optimization, fuzzy logic control is employed in
hybrid power systems. The fuzzy logical control in this
study contains two input variables and one output variable,
where the input variables are excess demand power Ay and
SOC, and the output variable is the FC system reference
power Pfc_ref. The A4 is divided into four zones to provide
this fuzzy control: very small (VS), small (S), medium (M),
and big (B). Similarly, the battery SOC is divided into 3

current regulator [44-47]. Figure 12 depicts the control
structure of the PEMFC generating DC/DC converter.
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Fig. 10. a — battery SOC membership functions;
b — surplus demand power membership functions Ag;
¢ — FC power membership functions
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categories: low (L), when SOC is less than SOC,,;,; good Fuzzy logical control’s rule basis Table 6
(G), when SOC is between 65 and 85; high (H), when SOC FL rules
is greater than SOC,,.. Pfc_ref, like Ay, is specified in 4 T TIFSOC s H | And A+is VS | Then Ple 1of s VS
states, including VS, S, M, and B for the fuzzy output. > FSOC s H | And Ad 'sS | Then Pfo refisS
Table 6 shows the rule foundation for the fuzzy logical 3 TIFSOC | d 4 hen Pfo rof i
control algorithm, which has 12 rules. Figures 10,a—c show I ?S Le1] Fm Ad?s M | Then Pfc_re %S M
the membership functions of the SOC, A4, and Pfc ref, 4 [I£50C }s LE1] £l L1 %S o e Pfc_ref¥s B
respectively. The centroid method is used with Mamdani’s 5 |IfSOC 1S G| And A, s VS | Then Pfc*reﬁs VS
fuzzy inference methodology for defuzzification. 6 |If SOC 18 G| And Aq s S_| Then Pfc—ref%s S

The Pfc_ref is the output of the system control level in 7 |IfSOC s G| And Aq s M | Then Pfc—ref%s M
the PEMFC generating system. FC system reference output 8 |IfSOC 18 G| And Aq 18 B_| Then Pfc*reffs B
current Ifc_ref is then calculated by dividing the Pfc_ref by o [LIFOE 18 L | oo Ad?s V| Wingn Pfc_ref%s S
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Fig. 11. PEMFC generéting DC/DC converter control structure

Results and discussion. Throughout the simulation, in
order to monitor and manage the operation of the proposed
system at varying load values (ranging from around 0 to
14 kW) as shown in Fig. 12 the system is intended to
provide sufficient power to a random three-phase dump
load. In MATLAB/Simulink the suggested configuration
and hybrid energy management system are developed and
simulated for a total simulation period of 300 s.
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Fig. 12. Load profile
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Figures 13-15 show the irradiation profile, PV
current, and PV power consumed, respectively. The PV is
assumed to be operating at a constant temperature of 25 °C,
and about the irradiance value is designed to indicate
meteorological conditions, solar intensity, nighttime, and
whether or not shade is present.
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Fig. 13. Irradiation profile used throughout the simulation
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Fig. 14. PV current
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Fig. 15. PV power

The irradiance value is 1000 W/m?* according to day
light at the start (at O s) of the simulation period, with
solar panels producing a maximum power of 10.8 kW,
because the temperature 7' = 25 °C is expected to be
constant, during this time, the solar panels cover the load
requirement of 11.08 kW with the aid of the FC’s low
power, and the battery maintains its initial SOC, which is
65 %. At 40 s, the PV power generated surpasses the load
requirement, since the irradiance value remained constant
at 1000 W/m® when the load power decreased, the excess
PV power production is utilized to charge the battery and
SC, in this instance, the PV power interferes in regulating
and controlling of charging/discharging of the batteries,
and also the regulation and controlling of the FC current,
at the same time, the FC’s power consumption is reduced.
At 70 s, (there is no excess power since the load demand
exceeds the PV power generated), the load power began
to rise and the solar panels continue to produce the
greatest amount of energy possible, it is insufficient to
meet the load demand of 14 kW, because of its sluggish
response of the FC and battery, the SC begins to supply
the load with the required power (for its quick response).

At 98 s, and when the irradiance value falls to
400 W/m’, the amount of power generated by the PV

panels is decreasing, in this situation, the EMS calculates
the difference between the load power and the PV power.
And then the updated values of the FC current and battery
charge/discharge current are determined. As both the PV,
FC, and battery begin to provide power to the system
based on the FC reference current and battery discharge
current, the SC power is reduced, and the load power is
provided mostly by the PV, FC, and battery, with the SC
providing a small portion of the load power. The
irradiance value drops to 0 W/m’® after 180 s (the PV
power is 0 W) and the load power began to decline once
more, because of the charge/discharge responsiveness of
the SC, the SC begins to give power to the load sooner
than the FC and battery, the SC power is reduced once
again, with the FC and battery providing the majority of
the load power. At 220 s the load continues to decrease as
the FC alone becomes sufficient to meet its demand. At
270 s, as the load continues to decrease, the FC covers the
load requirement, in this situation the extra power is used
to charge the battery once more. When this time period
comes to a close, the load power is zero, and the FC
provides power to charge the battery and the SC. Figure
16 depicts the performance of all power sources during
the course of the simulation, from 0 to 300 s.

15000 - Power, W

10000

5000

Battery UltraCap
-5000 - i I i i t,s
0 50 100 150 200 250 300

Fig. 16. Performance of all power sources

Figure 17,a depicts the battery’s SOC percentage,
which at the beginning of the simulation maintains its initial
value of 65 %, and in the 40 s, through the lack of power
demand for the load, through the lack of power demand for
the load, the battery is charged through the excess solar
panels power 65.5 %, and by raising the load’s demand
power, the battery is drained to support other power sources
through the specified strategy of supplying the load with its
required power until it reaches a value of 63.6 % at 170 s.
The load increases again and the battery is discharged until it
reaches its minimum value of 62.7 % at 280 s. At the end of
the simulation, SOC % is increased to 63.5 % with
decreasing load (300 s).

Figure 17,b depicts the battery’s output power,
battery power is represented negatively owing to the
charging mode, then it becomes positive when the load
rises and the battery begins to give power to the system.
Figure 17,c depicts the battery voltage, whereas Fig. 17,d
depicts the battery current. These 2 graphs illustrate that
at maximum battery output power and maximum
discharging current, the lowest battery voltage exists, and
when the battery’s output power and discharge current are
at their lowest, the maximum battery voltage value exists.
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Fig. 17. a — battery SOC; b — battery power;
¢ — battery voltage; d — battery current

Figure 18 depicts the FC values over 300 s (the
simulation period). Figure 18,a illustrates the hydrogen fuel
consumption, which reaches 27 g at the completion of the
simulation. The fuel flow rate is shown in Fig. 18,b. The FC
voltage and current are depicted in Fig. 18,c,d. The highest
current FC is obtained at maximum load power, lowest SOC
value, and minimal PV power (Fig. 18,e,1,).

The findings of the rule-based fuzzy logics
technique needed to be validated, for that we checked the
H2 consumption results and the battery’s ultimate SOC
from the energy management system, which is used to

govern hybrid energy sources, this is accomplished by
comparing these findings to the same results obtained in
the same scenario but with the management flowchart of
the REHPS. According to the current study, the flowchart
of management in MATLAB function was set up with
three inputs, which were Pj.;, Ppy, and battery SOC,
while the output was set to be the FC reference current.
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Figures 19,a,b depict a comparison of 2 control
techniques for SOC and hydrogen consumption. Table 7
shows the results of the comparison.

Table 7
Comparison among considered control strategies
Fuzzy logic Management
Method strategy flowchart
Hydrogen 26.5 29.1
consumption, g
SOC, % [62.2-65] [59.2-65]

30

Hydrogen consumptibn, g

251

201

Management flowchart control
strategy - Hydrogen
consumption (g)

151

101

AN

Fuzzy control strategy -
Hydrogen
consumption (g)

t,s
0 50 100 150 200 250 300

SOC, %
Fuzzy control
strategy - SOC (%)

63

621

Management flowchart control
61+ strategy - SOC (%)

60

| | | | T s
0 50 100 150 200 250 300
Fig. 19. a — comparison results H2 consumption;

b — comparison results battery SOC

59

According to this study, the management flowchart
control approach is the most hydrogen-consuming, while
the fuzzy control strategy consumes the least. The fuzzy
logic technique achieves low hydrogen consumption and
a high SOC value at the same time, as well as a long life
cycle and good overall system efficiency.

When compared to the management flowchart,
which takes longer to charge, the fuzzy control method
has a faster charge time. When it comes to discharging,
fuzzy has a favorable outcome with less discharge time.
On the other hand, management is quick to discharge.

Conclusions. It has become necessary to have an
energy management system through the use of effective
strategies to control and monitor the behavior and
dynamics of hybrid energy sources. This paper presents the
fuzzy control strategy for the power management of the
hybrid renewable energy systems (photovoltaic/fuel cell/
supercapacitor/battery), this hybrid power system is able to
solve the lone source problem in addition to providing the
load with the energy it needs with continuity and stability,
PV provides the main power to the load and in case of
shading and night, the fuel cell intervenes to meet the
power shortage, and to solve the problem of slow response
to fuel cell during the rapid change of load power we added
the battery and supercapacitor to the system, which also
maintains the stability of DC voltage at its reference value.
The proposed strategy worked to reduce hydrogen
consumption and improve the battery state of charge,
proving the feasibility of the management technique
proposed in this study, fair, and effective. Simulation
results are developed in MATLAB/Simulink environment
to demonstrate the effectiveness of the fuzzy control
strategy performance in different loading conditions; the
results prove that the fuzzy control strategy performs better
than the management flowchart control strategy under the
same operating conditions in terms of hydrogen
consumption and battery state of charge. In this work, the
values of simulation parameters were carefully selected for
future practical investigation. In order to improve the
system in future research, it is suggested to focus on
exploiting the excess energy by using it in the production of
hydrogen by connecting an electrolyzer, and there is always
room to improve energy management strategies for more
efficient performance.
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Efficient method for transformer models implementation in distribution load flow matrix

Introduction. Most distribution networks are unbalanced and therefore require a specific solution for load flow. There are many
works on the subject in the literature, but they mainly focus on simple network configurations. Among the methods dedicated to this
problem, one can refer to the load flow method based on the bus injection to branch current and branch current to bus voltage
matrices. Problem. Although this method is regarded as simple and complete, its drawback is the difficulty in supporting the
transformer model as well as its winding connection types. Nevertheless, the method requires the system per unit to derive the load
flow solution. Goal. In the present paper, our concern is the implementation of distribution transformers in the modeling and
calculation of load flow in unbalanced networks. Methodology. Unlike previous method, distribution transformer model is
introduced in the topology matrices without simplifying assumptions. Particularly, topology matrices were modified to take into
account all winding types of both primary and secondary sides of transformer that conserve the equivalent scheme of an ideal
transformer in series with an impedance. In addition, the adopted transformer models overcome the singularity problem that can be
encountered when switching from the primary to the secondary side of transformer and inversely. Practical value. The proposed
approach was applied to various distribution networks such as IEEE 4-nodes, IEEE 13-nodes and IEEE 37-nodes. The obtained
results validate the method and show its effectiveness. References 24, tables 4, figures 9.

Key words: distribution systems, unbalanced load flow, distribution transformer models, topology network matrix.

Bcmyn. binvuwicms posnoodinbuux mepesic He30aIaHCco8ati i momy nompedyions CneyiaibHo20 piuleHHs Oisi HOMOKY HABAHMANCEHHS. Y
Jimepamypi € 6azamo podim Ha Yy memy, ane NepesaxtcHo 60HU NMpucesueni npocmum mepedxcesum xougieypayiam. Cepeo memoois,
npucesuenux Yili npoonemi, MOJNCHA HA36aAMU MemOO NOMOKY HABAHMAICEHHS, 3ACHOBANUL HA BBEOEHHI WUHU 68 MAMPUYio CMpymy
si0eanyaicenns i giozanyscenns cmpymy 8 mampuyio nanpyeu wiuny. Ipoonema. Xoua yeii memoo 66adicacmuvcs Rpocmum ma nOGHUM, 1020
HeQOMKOM € CKIAOHICMb RIOMPUMKU MOOETi MPAHCHOPpMAmopa, a maxkoxc munie 3 €OHanHs 1ioco oomomok. [Ipome memoo eumacae
cucmemu Ha OOUHUYWIO ONSL OMPUMAHHA DileHHs. npo nomik naeanmadgicenna. Mema. Y yiii cmammi Hac yikagumv 3acmocy8anHs
PO3NOOIILHUX MPAHCPHOPMAMOPIE OIS MOOETIOBAHHS A POPAXYHKY NOMOKY HABAHMAXCEHHA Y He3banancosanux mepedscax. Memooonozis.
Ha 6iominy 6i0 nonepednvozo memoody, mooenv po3nooiibHO20 MPAHCHOPpMAOpa 6600UMbCS 8 MaAmpuyi Monoaoeii 0e3 chnpoujeHHs
npunywjens. 30Kpema, mampuyi mononoeii 6ynu 3mineHi, wob epaxyeamu 6ci munu 0OMOMOK 5K NEPEUHHOL, MaK i 6MOPUHHOI CMOPIH
mparcghopmamopa, sIKi 30epiearonb eKgisaneHmHy cxemy HOCIO08HO I0eabHO BKITIOYEH020 mpancghopmamopa 3 imneoancom. Kpim moeo,
NPULHAMI MOOEi MPAHCHOPMAMOPI6 OONAIONb NPOOIEMY CUHSYIAPHOCHI, 3 AKOK MONCHA SIMKHYMUCS NPU NEPeMUKAHHI 3 NEPBUHHOT Ha
8MOpuHHy 0OMOmKy mparcgopmamopa i uaenaxku. Ilpaxmuuna winnicme. Ilpononosanuii nioxio 0y8 3acmoco8anuil 00 pisHUX
posnodinerux mepedc, makux ax IEEE 3 4 eyznamu, IEEE 3 13 gyznamu ma IEEE 3 37 gysnamu. Ompumani pe3ynemamu niomeepodicyioms
Memoo ma nokasyoms 1ioeo egpexkmuenicmp. bion. 24, tadim. 4, puc. 9.

Kniouosi cnosa: po3noainbHi cucreMH, He30aJaHCOBAHUI NMOTIK HABAHTA)KEHHs, MOJeJ]i PO3NOAIIbLHUX TpaHcpopMaTopis,

MAaTPHLS TOMOJOTii Mepe:keBi.

Introduction. Electrical distribution systems are
generally unbalanced and therefore require special
attention when solving the load flow problem for
planning, operation and design studies [1, 2]. The power
flow solution method must be robust and efficient to
account for the characteristics of distribution systems, i.e.,
radial or weakly meshed configuration, unbalanced multi-
phases, large number of branches and nodes, high R/X
ratio. Such load flow method must be able to handle
different distribution components with sufficient details,
especially the distribution transformer (DT) models
whatever its winding connections. Load flow algorithms
in distribution networks can be classified into two types:
The first class of methods is based on Newton-Raphson
algorithms [3, 4]. This well-known approach uses three-
phase current injection method in rectangular coordinates
[5, 6]. In [7] the author presents a modified version of
current injection method. Other linear forms are presented
in [8, 9], However, their application is far from being
adapted in unbalanced networks and the incorporation of
distribution transformer models in nodal admittance
matrices has revealed their difficult application and
inefficiency to converge due to the singularity problem
[10]. Methods of the second type use the forward and
backward sweeping (FBS) algorithms [11, 12]. They are
based on Kirchhoff’s laws. In this class of methods,
branch numbering scheme is required for computing
currents and node voltages that makes DT modelling,
with various winding connection is difficult.

Beside the above mentioned load flow methods, other
methods may also be used, such those based on special
topological characteristics of distribution networks [13]. The
work [14] introduced a new contribution to power flow
solution, using the node incidence matrix and a complex
vector based model in of0 stationary reference frame. The
formulation of the admittance matrix in the af0 reference
and the estimation of the initial network voltage profile
complicate the calculation, especially for large networks.
The most cited algorithms were referred to in [15-18]. They
are based on three matrices namely, bus injection to branch
current matrix (BIBC), branch current to bus voltage
(BCBV) matrix and distribution load flow matrix (DLF).
However, in the latter, DT models and other distribution
components cannot be directly incorporated.

The goal. In this paper one proposes a method for
unbalanced three-phase power flow solution which can
handle DT regardless the type of its windings connection.
DT models given by [19], which overcome the singularity
problem, have been used. In the proposed load flow
method, the BIBC and BCBV network topology matrices
have been modified to incorporate DT whose equivalent
scheme is branch impedance in series with ideal
transformer taking into account the connection type of
primary and secondary windings.

The model of components. Distribution line.
Typical branch model of distribution lines is shown in
Fig. 1, where the line to ground charging capacitance is
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ignored. The self and mutual elements of the 3x3 phase-
impedance matrix are determined by Carson’s equations.
For neutral distribution line, Kron reduction is used [19].

I I
=y ™ AN
VSC Za Vf@
Fig. 1. Typical distribution line branch

From the line model given by Fig. 1, we can write:

Vie =Vie —AV; (1)
AV =z%p, @)
I,=1I, 3)

where I, = [I," 1) L] and L, = [ L.” 1.]" are
respectively the line current vectors at sending and receiving
ends; Vi = [V Vi VT and Ve = [V V" VT are
respectively the line to ground voltage vectors at sending
and receiving ends; AV = [AV™ AV?” AV]" is the line
voltages drop vector.

If there are no full phase components in the
distribution system, the elements corresponding to the
missed phases in the impedance matrix are set to zero.

Load model. In unbalanced three-phase distribution
systems, the loads are specified by the power complex
form. All the loads are assumed to be Wye or Delta
connected and can be modeled as, constant power,
constant current, constant impedance or any combination
of the above cited models. Then, for a specified power
$”¢?) and voltage V*, the equivalent load current injected
into phase ¢ can be calculated by (4):

42 *
17 = , “4)
|44

where ¢ = {@| ¢, @3} refers to phases {a b ¢} for Wye
load or {ab bc ca} for Delta load. The load currents
injected into the /™ bus are given by (5):

[
[L

IN"% =p-| 17 |. ()
17

Depending on the load connection, Wye or Delta,
the matrix D is given by (6):

I (identite matrix) for Wyeload;

1 0 -1
D= (6)
-1 1 0 for Delta load.

0 -1 1

For single phase and two phase-loads, the currents in
the missed phases are set to zero.

Distribution transformer. Three-phase transformer is
modeled by connecting three single-phase transformers, in
which the transformer magnetizing currents are neglected.
To convert the line-to-neutral voltages to phases voltages and
the line currents to phases currents, the Wye or Delta
windings connection shown in Fig. 2 [20, 21].

The branch equivalent model of a distribution
transformer is as shown in Fig. 3.

On Fig. 3: I, = [I" 1" []" and I, = [1," 1" 1] are
respectively the secondary and primary line currents;
Vo=V v v and V, = [V,0 7, V1" are respectively

I I IT I Zre > [ &
| 3 o : a | we
3 V! é = Vet Ver | 2
< Y o
£ ] 1 :
Liy| 2 | Lts o L'> Zrh » | 2 |B2
| g . s NG
[s]
% V’*"bg? Vub V(’gb §
;;’01 % a” > ng Loty Zrf > % L"'—;c
Ol = : z '
EE' Ve'g B Vs’ Ve | 8
I 1 1 L
v, N ya
Fig. 2. Three-phase transformer scheme
1,
L 1, I > I
-1 >
=[>F "z =
Vo Vo Vis Ves & Vs
T Primary winding  Secondary windingT
connection connection
Fig. 3. Transformer simplified branch model
secondary and primary line-to-neutral  voltages;
I, = [I" 1) 1,7 and V,, = [V, V) V1" are the

transformer secondary phase currents and voltages;
V= [Vi" Vi V1" are the transformer secondary phase
voltages without voltages drop; I, = [1, I, I,]" and
V, =V, V,” V1" are respectively the transformer primary
phase currents and voltages; /7 is the ideal transformer; Z is
the secondary transformer impedance matrix given by:

zZ& 0 0
Z,=| 0 Zk 0| (7
0 0 zi

Using the DT equivalent branch shown in Fig. 3 and
rearranging the accurate transformer equations given by
[19], one can write the following equations.

Current equations. For the secondary and primary
line currents, one can write the following relationships:

I1,=K1,; ®)

I,=K,I,. ©)

Substituting I, by its expression (9) into (8) leads to:
1,=K,K,I, (10)

where K; is the current transformation matrix. This matrix
also takes into account the transition from I, to 1,. It is as
given by Table 1. K is the matrix transforming the secondary
line currents into phase delta currents. It is equal to:

I (identite matrix) for Wye connection ;

1 -1 0
K L= 1 . (1 1)
3 1 2 0 for Delta connection .
-2 -1 0
Voltage equations. The relations between

secondary and primary line-to-neutral voltages can be
obtained as:
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Vs :Kth's . (14)
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Table 1. K, K;, K,, K,, for some common industrial distribution transformers

Connection Coefficients
KI KL Kv Kw nr
1100 1 00 1100 1 00 J High Side
YG-yg —l0 1 0 010 —|0 1 0 010 %
nT "T V ow Jdlde
0 0 1 0 0 1] 0 0 1 0 0 1] LN
| 1 -1 0 1 0 0] | 1 0 -1 (1 0 0] J High Side
D-yg —l0 1 -1 010 —-1 1 0 010 A
nT nT V ow Jdide
-1 0 1 0 0 1] 0 -1 1 0 0 1] LN
1 0 0] 1 -1 0] (1 0 0] 2 1 0] N
1 1 1 1 y High Side
"o o 1] -2 -1 0 "o o 1] 1o 2 | Tu
1 0 0] (1 -1 0] (1 0 0] 2 1 0] N
1 1 1 1 y High Side
gY-d —0 1 0 -1 2 0 —l0 1 0 —l0 2 1 07—
ny 2 ny 2 VLowSlde
0 0 1] -2 -1 0] 0 0 1] 10 2 LL
1 0 -1 (1 -1 0] 1 -1 0 (2 0] .
1 1 1 1 VLIZlghSlde
D-d —|-1 1 0 3 1 2 0 —l0 1 -1 50 21 I
"o -1 1 2 -1 0] | "T|-1 0 1 10 2] | T

Here V,y is the rated-to-neutral voltage; V7; is the rated line-to-line voltage.

Combining (12), (13) and (14), one can write:
Vv:KvaVp_KWZTSKLIS9 (15)

where K, is the voltage transformation matrix given in Table 1.
It takes into account the primary winding connection type i.e.
transition from V), to V. K,, is the matrix which transforms
the phase delta voltages to secondary line-to-neutral voltages.
Like K;, K,, matrix is given by:
I (identite matrix) for Wye connection ;
K : 210 (16)
v 3 0 2 1 for Delta connection .
1 0 2
The relations (10) and (15) remain applicable
regardeless the transformer configuration even for those
having voltage or current zero-sequence component
interrupted like Wye-Delta and ground Wye-Delta.
Proposed method. Two basic topology matrices are
required for solving three-phase power flow problem
namely, bus injection currents to branch currents matrix By
and the matrix B, that links branch voltage drops to bus
voltages mismatch. The currents and voltages relations are as
given below:
I=B/1,,; a7
AVbus :BVAV . (18)

To update bus voltages, the following equation,
where V,,," is the no-load bus voltage vector, is used:
Vbus = Vbrliv -4 Vbus . (19)
Combining (17) and (18) with Ohm’s law given by
(20), bus voltages mismatch AV}, given by (21) is derived.

AV =71 : (20)
4 Vbuv =mDLF - Ibuv;
’ ’ (21)
mDLF = B,ZB,.

Equations (21) are similar to those given in literature
by the following equations [10, 18]:

(22)
DLF = BCBV - BIBC.

In the method given by [16], BCBV and BIBC
matrices are built based on DT equivalent scheme given in
Fig. 3. To simplify the modeling of the network and after
decoupling the phases of the DT, one substituted the
mutual impedances by injecting currents in the nodes. This
leaves, in the model, only the DTs whose equivalent
scheme is an ideal transformer in series with impedance.
The trick used to rule out the ideal transformer is the per-
unit system, which makes the ratio of the transformer equal
to 1. Then, only the series impedance remains in the DT
model. Unlike the method described above and governed
by (22), in the proposed method whose mathematical
model is given by (21), DTs are also substituted by their
equivalent scheme of Fig. 3 without any simplifications.
Matrices named B; and B,, the details of which are
developed in the following sections, are then constructed.
Thus, in (21), the mDLF matrix is the modified of version
of the DLF matrix that appears in (22).

B; and B, matrices building. The construction of B,
and B, matrices is illustrated using the one-line diagram
of the radial distribution system shown in Fig. 4 and
where V; is the substation voltage.

{A Vbus =DLF - Ibus;

Il IJ I;
L g e &
R e

Tinsz T3 bt

Fig. 4. Radial distribution network

B; matrix building. The B; matrix building begin by

calculating the bus injected currents I{2S, I£%% and

1;’5;4 using (4) and (5) and integrating them in bus
current vector I, as it is shown below:

abc J

abc
Ibus4

abc
I bus3

Iy = Tpus> (23)
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Then, the relationships between bus currents and
branch currents are determined using (3) and (10). They
are as given below:

18 = 1gle
3% = IS + 13 (24)
K% = I + K K 157
One can also write 1, in the following form:
I = Iy + K K Ty + K K Ifcy . (29)

Equations (24) can also be rewritten in the following
matrix form:

i 1 KK, KK | I85
B*l=lo 1 1 |1 (26)
e R

This matrix form brings us to the relationship given
by (17) and thereby one can deduce B; by identification:

I K;K; K/K;
B, =|0 I I 27)
0 0 I

It is worth noting that 0 and I in (27) are 3x3
matrices.

B, matrix building. To build B, matrix, one
calculates first branch voltages drops. For the considered
example (Fig. 4), the branch voltage drops are given as:

AVlabC _ Zlabcllabc;
AVzabc _ Z?Sbclézbc;
AV3abc _ Zgbclgbc’
where Z,°, Z:" are the 1% and 3™ branch impedance
matrices; Zp," is the 2™ branch impedance matrix

transformer included.
In a matrix form, the (28) becomes:

(28)

A Vlabc Zlabc 0 0 Ilabc
avibe =l 0z o 1| (29)
A V3abc 0 0 Vi élbc I 3(’zbc

The identification of the matrix form (29) to that given
by (20) allows us deducing the Z matrix. As shown in (29), it
should be pointed out that the full matrix Z is built by
gathering, on its diagonal, all branch impedance matrices.

After which, the branch to bus voltages are calculated
according to (1) and (15). One can write in this case:

pabe _yabe _ gyabe.
yibe _ g K g - AVzTr(abc);
pabe _ygbe _ gy abe.
Combining the (30) gives:
pgbe 7 10 of e
vite || K K, P -| KK, I 0|4V | (31)
vie | | K, K, K,K, I I| av{

Equation (31) can be stated in the following
contracted form:

(30)

Vius = B1,V1 — B, AV . (32)

It is useful to note that B, is the first column of B,

For the bus voltages initialization, Vb';ls is obtained by
equalizing the (32) and (19). Its equation is below given:

Vius = BV, (33)
B; and B, flowchart. For large distribution networks
with n buses and m branches the flowchart for matrices B,
and B; building is presented in Fig. 5. Branch data are
stored in four vectors, A for sending-end buses, A4, for the
receiving-end buses, 4; and A, for current and voltage
transformation coefficients k; and k, respectively if the
branches contains transformer. It can be seen that if the
branch type (h) to be added in B; matrix is a line section,
then, the column vector By(:,s) is stored directly in B(:,r).
But in the case of transformer the B(:.s) need to be
multiplied by the current transformation coefficient &; before
to be stored in By(:r). In both cases Bjh,r) is set to 1.
A similar procedure can be used for building B, but, by
changing columns to rows and taking voltage transformation
coefficient k, for branch containing transformer.

‘ Read: m,n, Ay, Ay, Ar, Ay ‘

I
[ Brfm.ny0, Byfamy0 |

s=Ayh), = A(h)

By, 1= By, )

Bw1FBi(s2)
l By(r )= kv By(s,0)

Bif .1 ki Bif -, 5)

B Blv(s,h)=1 |

oul
Eliminating the source node
from Brand By

Print ByandBy

Fig. 5. Flowchart for B; and B, building for large distribution network

The proposed algorithm can easily be extended to a
multiphase or multi-buses systems by expending the bus
index i to vector (1x3). The corresponding 1 in B; or in B,
matrices will be a 3x3 identity matrix and the
corresponding k; and k, are respectively substituted by K,
K, and K, K, matrices. If there are non-full phase
components in the distribution system, the matrix columns
and rows corresponding to missed phase will be eliminated.

Load flow algorithm. The proposed algorithm can
be summarized in the following steps:

Step 1: Check the data and component modelling.

Step 2: Form B; and B, matrices built using procedures
described in previous section.

Step 3: Assemble all branch impedance matrices in the
full matrix Z as in (29).

Step 4: Determine the mDLF = B, Z B; matrix using (21).

Step 5: Initialize bus voltages using Vb’ﬁv = By, V) given
by (33).
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Step 6: while the convergence rate is note reached. Solve
iteratively the following equations, which, at (k)" iteration,
are given by:

e Compute IZ)I'.(”Q%(]{) by (4) and (5) for a specified
load and V% at bus i:
e assemble all IL(p}%%(k) in a vector I[(jiz as in (23);

e calculate AV,,M(") =mDLF Ibus(") given by (21);

e determine V¥, “™" = V" — AV, using (19).
Step 7: End while.
Step 8: Write the results.
Step 9: End.

As convergence criterion at (k+1)" iteration, the

following inequality, where & is the convergence rate,
fixed by user, is considered:

(k+1) (k)
max(AVbus —AVbus j <eg.

Test results. The load flow program was implemented
using MATLAB. To validate the proposed method, the IEEE
test networks stated by the Distribution Test Feeders
Working Group, have been considered. Three test systems
have been used in this work, it’s about respectively the IEEE
4-bus, the IEEE 13-bus and the IEEE 37-bus networks.

The validation is first done for the IEEE 4-bus network
the results of which are given in [23]. The obtained results

(34)

have also been compared to those given by GridLAB-D for
the 4-nodes, 13-nodes and 37-nodes IEEE power systems.
GridLAB-D is a distribution software based on FBS method,
well explained in [22, 24], using line and transformer models
available in [19] and which are the same as those we had
considered.

First test network. The proposed method has first been
applied to the IEEE 4-bus test feeder shown by Fig. 6. Four
practice winding connections of a step-down transformer with
unbalanced loads were considered. Standard 30° connections
are assumed for Wye-Delta and Delta-Wye banks. The line-
to-line infinite bus-source voltages are equal to [12.47.£0°
12.47£-120°  12.47.2120°]" kV. The obtained voltages for
each phase of buses 2, 3 and 4 are as given by Table 2 and
Table 3 which show that our results are in agreement with
those given by both IEEE [23] and GridLAB-D. It is to be
noted that this version of GridLAB-D doesn’t support the
Wye-Delta and ground Wye-Delta configurations. As shown
by (19) and (33), the voltages of the various nodes are
calculated with respect to that of the ground taken as
reference. Thereby one don’t need to update the transformer
primary voltage when there is a zero-sequence components.

3 4

@ I 2500ft
Infinite bus

Fig. 6. IEEE4 bus test feeder

2
i 20001t !

Load

Table 2. IEEE 4-bus test feeder voltages comparison (IEEE results)

Connection | Node ID V' [Volt/°deg] V2 [VoltP°deg] V% [Volt/deg]
IEEE Proposed method IEEE Proposed method IEEE Proposed method
2 7164/-0.1 7163.72/-0.14 7110/-120.2 | 7110.47/-120.18 7082/119.3 7082.05/119.26
gY-gY 3 2305/-2.3 2305.53/-2.26 2255/-123.6 | 2254.71/-123.62 | 2203/114.18 2202.91/114.79
4 2175/-4.1 2175.02/-4.12 1930/-126.8 1929.82/-126.79 1833/102.8 1832.86/102.85
2 12350/29.6 12350.22/29.60 12314/-90.4 12313.83/-90.39 | 12333/149.8 12332.68/149.75
D-gY 3 2290/-32.4 2290.34/-32.39 2261/-153.8 | 2261.65/-153.81 2214/85.2 2214.05/85.18
4 2157/-34.2 2156.90/-34.24 1936/-157.0 1936.16/~157.03 1849/73.4 1849.59/73.39
2 7112/-0.2 7111.14/-0.20 7144/-1204 | 7143.62/-120.43 7112/119.5 7111.11/119.54
Y-D 3 3896/-2.8 3896.39/-2.82 3972/-123.8 3972.17/123.82 3874/115.7 3875.16/115.70
4 3425/-5.8 3425.54/-5.76 3646/—130.3 | 3646.38/-130.27 3298/108.6 3297.76/108.58
2 7113/-0.2 7111.1/-0.2 3896/-2.8 3896.4/-2.82 3425/-5.8 3425.5/-5.76
gY-D 3 7144/-120.4 7143.6/-120.4 3972/-123.8 3972.2/-123.82 3646/—130.3 3646.4/-130.28
4 7111/119.5 7111.1/119.54 3875/115.7 3875.2/115.7 3298/108.6 3297.8/108.58
2 12341/29.8 12341.02/29.81 12370/-90.5 12370.28/-90.48 12302/149.5 12301.78/149.55
D-D 3 3902/27.2 3901.86/27.20 3972/-93.9 3972.54/-93.91 3871/145.7 3871.49/145.74
4 3431/24.3 3430.79/24.28 3647/-100.4 | 3647.53/-100.36 3294/138.6 3293.82/138.62
o={p o @} ={{ag, bg, cg} or {ab, bc, ca}}; a, b, c: phases, g: ground
Table 3. IEEE 4-bus test feeder voltages comparison (GridLAB-D results)
Connection | Node ID VP [Volt/deg] V%2 [VoltP°deg] V%3 [Volt/°deg]
Proposed method GridLab-D Proposed method GridLab-D Proposed method GridLab-D
2 7163.72/-0.14 7163.7/-0.14 | 7110.47/-120.18 | 7110.5/~120.18 | 7082.05/119.26 7082/119.26
gY-gY 3 2305.53/-2.26 2305.5/-2.26 | 2254.71/-123.62 | 2254.7/-123.62 | 2202.91/114.79 | 2202.8/114.79
4 2175.02/-4.12 2175/4.12 1929.82/-126.79 | 1929.8/-126.8 1832.86/102.85 | 1832.7/102.85
2 12350.22/29.60 12350/29.6 12313.83/-90.39 12314/-90.4 12332.68/149.75 12333/149.8
D-gY 3 2290.34/-32.39 | 2290.3/-32.39 | 2261.65/-153.81 | 2261.65/-135.8 2214.05/85.18 2213.9/85.2
4 2156.90/-34.24 | 2156.9/-34.24 | 1936.16/~157.03 | 1936.1/~157.0 1849.59/73.39 1849.4/73.4
2 7111.14/-0.20 CHTC 7143.62/-120.43 CHTC 7111.11/119.54 CHTC
Y-D 3 3896.39/-2.82 CHTC 3972.17/123.82 CHTC 3875.16/115.70 CHTC
4 3425.54/-5.76 CHTC 3646.38/-130.27 CHTC 3297.76/108.58 CHTC
2 7111.1/-0.2 CHTC 3896.4/-2.82 CHTC 3425.5/-5.76 CHTC
gY-D 3 7143.6/-120.4 CHTC 3972.2/-123.82 CHTC 3646.4/-130.28 CHTC
4 7111.1/119.54 CHTC 3875.2/115.7 CHTC 3297.8/108.58 CHTC
2 12341.02/29.81 12341/29.8 12370.28/-90.48 | 12370.3/-90.5 | 12301.78/149.55 | 12301.7/149.5
D-D 3 3901.86/27.20 3901.8/27.2 3972.54/-93.91 3972.5/-93.9 3871.49/145.74 3871.5/145.7
4 3430.79/24.28 3430.7/24.3 3647.53/-100.36 | 3647.5/-100.4 3293.82/138.62 3293.8/138.6
o={p @ @} =1{{ag, bg, cg} or {ab, bc, ca}}; a, b, c: phases, g: ground; CHTC — cannot handle this configuration
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Second test network. The second network considered
is the IEEE 13-bus test system which originally contains
variety of components such as cables and lines with various
configurations and only one transformer at node 633. As
shown by Fig. 7, this test system has been modified by
excluding the regulator at substation and the distributed load
on line 632-671. A second transformer has been added to the
line 671-680. The results given by the proposed method have
been compared to those obtained using GridLAB-D
program. The results in Table 4 validate the proposed
method and demonstrate its good level of accuracy.

EGSO

646 645 632 633 % 634
611 684 671 675
652
680

Fig. 7. IEEE 13-bus test feeders

Table 4. Voltages results of IEEE 13-bus test feeder

Node ID VP [Volt/°deg] V%2 [Volt/°deg] V% [Volt/°deg]
Proposed method GridLab-D Proposed method GridLab-D Proposed method GridLab-D
650 2401.8/0.0 2401.8/0.0 2401.8/-120 2401.8/-120 2401.8/120 2401.8/120
632 2286.2/-2.06 2286.2/-2.06 2335.7/-122.09 2335.7/-122.09 2306.9/118.29 2306.9/118.29
671 2201.5/-4.98 2201.6/-4.98 2341.7/-122.68 2341.7/-122.68 2200.6/116.91 2200.6/116.91
680 256.36/-34.02 256.36/-34.02 259.07/-152.76 259.07/-152.76 262.62/86.09 262.62/86.09
633 2277.8/-2.15 2278.4/-2.14 2330.2/-122.13 2330.8/~122.14 2301.3/118.27 2300.2/118.29
634 255.67/-2.93 255.73/-2.92 263.4/-122.65 263.48/-122.67 260/117.74 259.86/117.75
645 - - 2301.3/-122.28 2301.2/-122.28 2315.2/118.18 2315.1/118.18
646 — — 2290.4/-122.35 2290.3/-122.36 2318/118.15 2317.8/118.15
675 2181.6/-5.15 2181.6/-5.15 2344.4/-122.78 2344.4/-122.78 2191.7/117.02 2191.7/117.02
684 2197.4/—4.99 2197.5/-4.99 — — 2195.7/116.8 2195.7/116.8
611 — — - — 2190.9/116.64 2190.9/116.63
652 2180.5/-4.99 2180.3/-5.01 - - - -
— missed phases

Third test network. The third test feeder is the
IEEE 37-bus network where voltage regulator and
distributed load are discarded. As shown by Fig. 8, this
network includes four down-step transformers located at
nodes 702, 703, 709 and 737.

_— T
v 724
™m

12 4707
, ® 701
2 " M 704
. ' 720
705 702

}TM

79 4TI

%%_ﬂ'm; i
T3

™

® 706

» 725
$ 730

732 708
» o9 2731

» 73 K1:]
710 § 734
T4 I'MIJ
735 n—%% & d -
BT k& i T

Fig. 8. IEEE 37-bus test feeders

Voltage profiles given by both proposed method and
GridLAB-D are shown by Fig. 9,a,b. Figure 9,a shows
voltage-profiles for nodes located at transformers
primary-sides, the line-to-line voltage magnitudes of
which is between 4.55 kV and 4.58 kV. Figure 9,b, on the
other hand, gives voltage-profiles for nodes located at
transformers secondary-sides whose line-to-line voltage
magnitudes are between 360 V and 480 V. These figures
show that the voltage profile obtained by the proposed
method agree with that given by GridLAB-D.
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3 wof-d- <a...| O Ueca Proposed method -
% . i | < UbcProposed method
3 [ + 1 | 4 Ust,+ Uea, +Ubc GridLAB-D
I " " . .
a 'm--r-ﬁ--:--. e T
2 N P P
] |¢¢.' [ Pl H
=] i - SN A
R RSO CI SRR L LT Y IV NRL L 108
SRR FIACISSPOR LI I INRETTIN:
S wobbbd el T P L gL 70.822000
e T R A A & N R K
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Fig. 9. Proposed method and GridLAB-D voltage profiles for
IEEE 37-bus: a — voltages of nodes situated before transformers;
b —voltages of nodes situated at transformers secondary side
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Conclusions. In this paper, the well-known matrices
bus injection to branch current and branch current to bus
voltage have been modified and led to new matrices. The
latter support all practical transformer models and
configuration types. No assumptions are made using these
new matrices. One can use either real values or per-unit
system for the network parameters. Based on an elaborate
flowchart of topological matrix construction, the proposed
power flow method is validated by comparing the results
obtained with those given by the GridLAB-D program for
three IEEE test systems. It has been shown that the
proposed method is efficient, can handle different
distribution components and can be extended to large and
complex balanced and unbalanced distribution networks.
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G. Srinivasan, V. Mahesh Kumar Reddy, P. Venkatesh, E. Parimalasundar

Reactive power optimization in distribution systems considering load levels
for economic benefit maximization

Introduction. The need for electrical energy has been increased sharply due to hasty growth in industrials, social and economic
improvements. From the previous studies, it has been agreed that almost 13 % of the total power generated is wasted as heat loss at
distribution level. It has been extensively recognized that the node voltage profile along the distribution system can be enhanced under
steady state power transfer controlled by proper reactive power compensation. Capacitors have been acknowledged as reactive power
compensating device in distribution systems to achieve technical and economical benefits. Novelty of this work is the application of
Archimedes optimization algorithm for reactive power optimization in distribution systems so as to obtain an improved solution and also
a real 94-bus Portuguese network and modified 12-bus network has been taken and validated for three different load levels which are
totally new. Purpose of the proposed work is to maximize the economic benefit by reducing the power loss and capacitor purchase cost
at three different load conditions subject to satisfaction of equality and inequality constraints. Methods. The economic benefit has been
validated using Archimedes optimization algorithm for three load levels considering three distribution systems. Results. The
computational outcomes indicated the competence of the proposed methodology in comparison with the previously published works in
power loss minimization, bus voltage enhancement and more economical benefit and proved that the proposed methodology performs
well compared to other methods in the literature. References 17, tables 6, figures 6.

Key words: reactive power compensation, distribution system, power loss minimization, economic benefit, Archimedes
optimization algorithm.

Bcemyn. [lompeba 6 enexmpoenepzii pisko 3pocia uepe3 cmpimke 3pOCMAHHA NPOMUCTIOBOCI, COYIANLHUX A eKOHOMIYHUX NoainuieHs. 3
nonepeonix docniodicenb 6y0 cmanoeineno, wjo matidice 13 % yciei enexkmpoenepeii, wo uUpoOOIAEMbCS, BUMPAYAEMbCA MAPHO Y BUTAOI
empam menua Ha pieHi po3nooiny. 3a2anbHOBUIHAHO, WO NPoinL Hanpyau 8Y31a 63008 PO3NOOLILYOL cucmeMu Modce Oymu NOTNueHUl
npu nepeoaui NOMYNHCHOCMI 8 peNCUMi, WO BCMAHOBUBCS, KEPOBAHOI BIONOGIOHON KOMNEHCAYIEND PeaKmueHoOi NOMYNCHOCHII.
Konoencamopu 6ynu 6usHaHi sIK NpUCMpoi KOMREHCAYii peakmueHoi NONYI’CHOCME 8 PONOOLIbYUX CUCIEMAX OISl OOCACHEHHS MEXHIUHUX
ma exonomiunux nepesae. Hoeusna yiei pobomu nonsieae y 3acmocyeanmi aneopummy onmumizayii Apxiveoa ons onmumizayii peaxmugHoi
NOMYHCHOCTI 8 PO3NOOLNLYUUX CUCEMAX 3 MEMOI0 OMPUMAHHS NOKPAWEHO20 DIlUeHHs, d MAaKodc OYI0 63AMO ma NePesipeno peanbhy
nopmy2anscoKy mepesicy 3 94 wiunamu ma Moougikosary mepexcy 3 12 wunamu 01 mpoox pisHux pieHie HABAHMANCEHHS. SKI AOCONIOMHO
Hosi. Mema 3anponoHo8anoi pobomu noiseac 6 momy, wjod MAaKCUMI3y8amu eKOHOMIUHULL eeKm 3a PAXyHOK SHUMICEHHS 6mpanm
nomysicHocmi ma 8apmocmi Kynieii KOHOeHcamopa 3a mpboX PI3HUX PedCUMI8 HABAHMAJICEHH 3ad YMOSU OOMPUMAHH 00MediceHb
pisHocmi ma HepieHocmi. Memoou. Exonomiunuii egpexm 6y10 niomeepoiceHo 3 BUKOPUCIAHHAM aeopummy onmumizayii Apxivmeoa ons
MpbOX pIGHIE HABAHMAICEHHA 3 YPAXYBAHHAM MPbOX cucmem po3nodiny. Pesynbmamu pospaxyuxie nokazanu KomnemeHmHicmo
3aNPONOHOBAHOT MEMOOON02IT NOPIGHAHO 3 paHiuie OnyOIIKOSAHUMU POOOMAaMU @ 2auy3i MIHIMI3aYIl 6mpam NOMYHICHOCH, NIOGUUEHHS.
Hanpyau Ha wuHi ma Oinbuoi eKOHOMIYHOT 8U200U, A MAKOIIC D0BENU, WO 3ANPONOHOBAHA MEMOOON0RIs 0Ope NPAYIOE NOPIGHAHO 3 THUUMU
memoodamu 6 nimepanmypi. bion. 17, Tabn. 6, puc. 6.

Knrouosi cnosa: koMmneHcanisi peakTUHBHOI NOTY>KHOCTi, po3NoJijibua cucreMa, MiHiMi3aliss BTpaT noTy:KHOCTi, €eKOHOMiYHH
edexT, AJIrOPUTM onTHMi3anii ApximMena.

Problem definition. Now-a-days modern distribution
systems (DSs) are becoming large and difficult causing
reactive currents to raise losses result in increased ratings for
distribution components. The power loss and the reduction in
bus voltages in the DS are disturbing the whole power
system performance which can be effectively controlled by
proper position and sizing of reactive power compensating
device thereby reduction in economical loss.

It is widely recognized that installation of shunt
capacitors reduces a portion of power loss of the DS, which
in turn increase the overall efficacy of the power delivery.
The other benefits such as sub-station power factor
improvement, better power flow control; enhancement in bus
voltage profile; system stability improvement; reduction in
total kVA demand and feeder capacity release can be
possible only when the capacitors are located at optimal
locations with appropriate capacity [1]. Hence optimal
capacitor placement problem is a complex, combinatorial,
mixed integer and non-linear programming problem with a
non-differential objective function due to the fact that the
costs of the capacitor varies in discrete manner. Selection of
appropriate nodes and determination of optimal capacitor
sizing are the two main steps to obtain the best result in
capacitor allocation problem.

Related past publications. Polar bear optimization
algorithm (PBOA) as optimization method, optimal

allocation and sizing of capacitors has been presented in [2].
Application of Clonal Selection Algorithm (CSA) for
optimal capacitor placement problem has been presented in
[3]. Loss sensitivity constant based optimization of capacitor
allocation problem using analytical method has been
proposed in [4]. Water cycle algorithm (WCA) and grey
wolf optimizer (GWO) as optimization tools, optimal
capacitor placement and sizing has been analyzed in [5]. Six
test systems were considered to prove the efficacy of the
proposed method. Optimal reactive power optimization in
radial DS using Weight Factor based Improved Salp Swarm
Algorithm (ISSA-WF) has been reported in [6]. In [3-6] was
discussed reactive power optimization considering 3 load
levels. Py, reduction cost and capacitor investment cost are
taken as objective function [2-6]. Reduction in Py, Ofoss
and voltage stability maximization as objective, optimal
allocation and sizing of real and reactive power
compensation devices using CSA as optimization tool has
been performed in [7]. P, reduction, voltage stability
maximization, profit maximization as objective, allocation of
capacitors using Loss Sensitivity Factor (LSF) has been
presented in [8]. CSA has been utilized to find out the
necessary sizing. Chu and Beasley Genetic Algorithm
(CBGA) as optimization method, reduction in P, and
capacitor cost as objective, reactive power compensation
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using capacitors has been suggested in [9]. Py, reduction as
objective, optimal allocation of capacitors using Mixed-
Integer Second-Order Cone Programming (MI-SOCP) has
been done in [10]. P, minimization, voltage stability
enhancement and capacitor cost reduction as objective,
optimal location of capacitors using LSF has been done in
[11]. Appropriate sizing of capacitors are done by Modified
Teaching Learning Based Optimization (MTLBO)
algorithm. Reactive power compensation in radial DS using
Particle Swarm Optimization (PSO) and Dice Game
Optimizer has been presented in [12]. However it is to be
noted that the reactive power compensation using PSO (4
nodes) exceeds the total maximum reactive power demand
of the DS taken for evaluation.

Proposed work. In this study, Archimedes
Optimization Algorithm (AOA) which is powerful in solving
wide range of optimization problems has been engaged to
solve the objective function due to its merits such as good
convergence acceleration, lower plainly of stuck in local
optima, accelerated process in getting excellent solutions and
has higher feasibility and efficiency in producing global
optima. Capacitor sizes in discrete steps are taken for
validation. No sensitivity factor (based on loss or voltage) has
been utilized to select the most appropriate buses for reactive
power compensation. Single objective function comprising
capacitor purchase cost with cost based Py, reduction has
been evaluated under three load levels subject to maintain all
the constraints within its permissible limits. The proposed
method has been tested and evaluated with the help of the
modified 12-bus test system, standard IEEE 33 bus system
and 94-bus Portuguese DSs using MATLAB coding.

The purpose and contribution of this work is to
yield a better solution for reactive power compensation.
Taking into consideration the above published studies, the
contributions of this work include:

1. Suggestion of futuristic AOA to solve the objective
function (with decreased / increased load demand);

2. Utilizing a new modified 12-bus test system for
reactive power optimization;

3. Considering 3 load levels for capacitor allocation
and sizing for 94-bus Portuguese DS.

Problem of statement. The objective function is to
obtain maximum economic benefits by optimal placement
and sizing of shunt capacitors in the radial DS while
satisfying both system equality and inequality constraints.

Objective function is:

TCN
[Kc x ZQC(Z)J
Minimize = ( !

Kp_x(1pES ~TPAY )’

where K¢ is the cost of capacitor (discrete), $; Oc, is the
capacity of capacitor at /™ node, kVAr; TCN is the
number of capacitor nodes; Kp,; is the cost of real power
loss, $; TPy, is the total real power loss, kW; AO means
after optimization; BO means before optimization.
Subject to equality constraints:
TCN

Ous = 2.0p + 2. 0c(1) - TO/S =0, )
l

()

where Qs is the reactive power from main source, kVAr;
Op is the reactive power demand, kVAr; TQ; . is the total
reactive power loss, kVAr.

Inequality constraints are:

02 < Qo) <CEf) ®
Vér)lm <V < V(?)lax : 4)
TCN
o
ZQC(Z) = (ZQD +TQ£0SS )» (5)
/
where V; is the voltage at "™ node (p.u);
TNB
TPposs = ZPLoss(m, m+l)
m=0
and
2 2
B+ O

PLoss(m, m+1) = X R(m, m+1) s

Z
where R, is the resistance of the branch m; P, is the real
power of the branch m, kW; Q,, is the reactive power of
the branch m, kVAr; TNB is the total number of branches.

Practical capacitors are available in standard capacities
which are the multiple integer values of the smallest size

denoted as Qg . The per kVATr cost of the capacitor changes

across its sizes which are available commercially. The
available capacitor sizes are typically taken as

OF™ =4x QL. ©)

Thus for each capacitor installation node, the sizes are 4
times that of capacitor size (i.¢) { 02,200,302, ...A02},
where 4 is an integer multiplier.

In this paper, recursive function and a linked-list data
structure designed power flow [13] has been used which
have advantages of solving power balance equation for radial
nature of DS, low X/R system and also the ability to update
easily to accommodate the reconfiguration technique and
embedded generation.

Solution methodology. In [14] proposes a
population based metaheuristic optimization algorithm
called AOA inspired by the law of physics called as
Archimedes’ principle. In order to find global optimal
solutions, AOA keeps a population of solutions and
examines a huge area. Hence this work considers AOA as
optimization tool to solve capacitor allocation problem
anticipates that AOA maintains a good balance between
exploration and exploitation. Similar to other population
based algorithms, AOA begins the search procedure with
initial Solution Vectors (SVs) with random volumes,
densities, and accelerations. Also each object is set with
its arbitrary location in fluid. During the evaluation
process, AOA updates the density and volume of every
object in every iteration and based on the condition of its
collision with any other adjacent object the acceleration is
being updated. The updated new solution vectors (density,
volume, acceleration) replace the existing positions. The
mathematical model of AOA is discussed below.

Process 1. Initialize the SVs randomly using (7):

oby = BLTM 4 [mnd X (BLI;*‘X — pLin )} d=123...,(7)
where ob, is the d™ object in a SV of N objects; BL™" and
BL™ are the minimum and maximum values of the

search agent respectively; rand is the M dimensional
vector randomly generates number between 0 and 1.
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Equation (8) indicates the acceleration initialization of
d" object. Estimate the object with the best fitness value:

acy = BLE?lin + lrand x (BLZ;lax - BL;™ )J (8)
Process 2. The volume and density for each object d

for the iteration IT+1 is updated using (9). Assign x”, de”"
vo” and ac”':

deé;TJrl = deér + |rand x (degt - deér)

)
voéﬂl = voéT + |rand x (vogt - voéT)

where vo” and de” are the volume and density connected
with the best object established so far; IT is the current
iteration.

Process 3. During the commencement of process in
AOA, collision between the objects occurs and drives the
objects towards the equilibrium state after a specified
period done by a transfer operator (TO), which changes
search from exploration to exploitation as given in (10).
The value of TO increases gradually towards 1:

TO = exp{%} ,

max

(10)

where TO is transfer operator.

In the same way, density decreasing factor g also
helps AOA in achieving global to local search with
respect to time using (11):

/T4l =exp{1T_ITmax:|_{ T }’
ITmaX ITmaX

where g'""! decreases with respect to time which gives the
capability to converge in previously recognized promising
value. To achieve a good balance between the exploration
and exploitation process, appropriate control of this
variable must be confirmed.

Process 4. As already discussed, collision between
the object occurs, if the value of TO is less than or equal
to 0.5. Select a Random Material (MR) and update
object’s acceleration for iteration /7 + 1 using (12):

(11)

T+1 _ deyp +voyg X acyp
ClCd =

2
deéTH « voéTH

(12)

where de;, voy and ac,; are the density, volume, and
acceleration of object d; acygr, deyr and voyy are the
acceleration, density, and volume of MR respectively. It
is significant to state that TO is less than or equal 0.5
conforms the exploration during one third of iterations.
However, if TO value is greater than 0.5 no collision
between objects occurs and hence update the object’s
acceleration for iteration /7+1 using (13):

2T+ — deP +voP" x ac”

deéTH % voéTH

) (13)

where ac” is the acceleration of the best object.
Process 5. To calculate the percentage of change,
normalize the acceleration using (14):

IT+1 Clcér-'—1 —ACp;i

+ min

acy_por =bx +k (14)
e ACmax ~ Cpmin ,

where b and £ are the range of normalization and set to 0.9
and 0.1, respectively. The left-hand side of (14) regulates
the % step that each agent will change. The value of
acceleration is high when the object d is far away from the
global optimum, which indicates that the object will be in
the exploration phase; or else, in exploitation phase. Under

normal case, the acceleration factor starts with larger value
and moves towards the lower value with time.

Process 6. If the object d is in exploration phase, the
updation has been done using (15) and if the object d is in
exploitation phase then updation has been done using (16)

P = B rand et x g xlvyna —7 ) (19
xfi”l = xétT + F'x Py xrand x acéTj,',lor X (16)
X gx (T X Xyand ~ xéTH)

where T increases with respect to time and directly
proportional to TO and is defined as 7= P; x TO; F is the
flag to change the direction of motion. The value of F is
+1 for P is less than or equal to 0.5, otherwise —1.
The value of P is calculated as:
P =2 Xrand — P,.
Below is the pseudo code for AOA [14].

Set the population size (N), total number of iterations (Itmax)
Fix the value for P;, P,,P; and Pyas 2, 6, 2 and 0.5 as
mentioned in [13 ].

Initialize the population, random positions, densities,
acceleration and volumes using (7) and (8)

Evaluate the initial population and select the one with the best
fitness function value

Set the iteration count IT=1

while (IT < IT,,,,) do

for each search agent ‘d’ do

Update density and volume of each object using (9)

Update TO and ‘g’ using eqn. (10) and (11) respectively

if TO <0.5 then (Exploration phase)

update the acceleration using (12) and normalize acceleration
using (14)

update the position using (15)

else (Exploitation phase)

update acceleration using (13) and normalize acceleration using
(14)

update direction flag ‘F’ using (17)

update the position using (16)

end if

end for

evaluate each object and select the one with the best fitness
function value

set IT =IT+1

end while

return object with the best fitness value

end of procedure

0]

Test parameters, results and discussions. To prove
the usefulness of the proposed optimization algorithm
(AOA), in minimizing the P, with enhancement in bus
voltage and maximizing the economic benefit, 3 radial
power DSs such as modified 12-bus, IEEE 33-bus and
Portuguese 94-bus DS have been considered in this work.
The single-line diagrams of all the test systems before
optimization (BO) are shown in Fig. 1-3.

Power
Flow 1 2 3 4 5 6 7 8 9 10 11 12
R

F T T Trrrrrorid

Slack Bus
Fig. 1. Indian 11 kV, 12-bus system (BO)

For all the test cases, bus number 1 has been
considered as substation bus/slack bus whose bus voltage is
fixed as 1 p.u. The remaining buses are considered as load
buses and capacitor will be installed in any of the potential
load nodes that require compensation.
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Fig. 3. Real 94-bus Portugal test system (BO)

In this work, maximum number of nodes for capacitor
installation is limited to 3 for all the test systems. The
algorithm parameters details such as agent size and number
of iterations are selected as 800 and 100 respectively. The
variables used to calculate the net savings per annum are
power loss cost $168/kW/year and the cost data pertaining
to commercially available capacitor sizes ($/kVAr) used in
this work has been taken from [9]. Table 1 reveals the
parameter results pertaining to BO.

Modified 12-bus test system. First radial test system
is a modified 12-bus single feeder Indian DS which has 12
nodes and 11 branches. Further details of this DS can be
found in [15, 16]. However, similar to [17], the loads on
each bus are multiplied by five (both active and reactive
power). The base kV and base MVA are 11 kV and 100
MVA respectively.

Table 2 reveals the results obtained by the proposed
method under 3 load levels After Optimization (AO).
Verifying Table 1 and 2, it is obvious that the power loss has
reduced between 47.5 % and 61.5 % by injecting 86.4087 %,
93.5 % and 854276 % of the total (Op + Orosso)
respectively. The minimum bus voltage has enhanced by
5.1522 %, 11.832 % and 32.273 % respectively at bus
number 12. Considering the cost factor, the change in power
loss cost (APp,;) cost is $12561.2424, $37174.77 and
$112947.93 respectively. Thus the total economical benefit
is found to be between 47 % and 61 % compared to BO.

Table 1

Parameter details of test systems under 3 different load levels — BO

Load level|Load demand, kVA| Pross T ] Orosss K<VA |Bus voltage, p.u.|Cost of Pp e, $

Modified 12-bus DS

50 % 1087.5 +j 1012.5 | 153.0848 +j 59.2462 0.8443 (12) 25718.2464

75 % 1631.2 +j 1518.8 | 420.1375 +j 161.9583 | 0.7387 (12) 70583.1

100 % 2175+ 2025 1090.7 +j 416.8654 0.5689 (12) 183237.6

IEEE 33-bus test DS

50 % 1857.5+j 1150 48.7903 + 33.0487 0.9540 (18) 8196.7704

100 % 3715 +j 2300 211 +j143.135 0.9038 (18) 35448

160 % 5944 +j 3680 |603.4843 +j410.2165| 0.8360 (18) 101385.362

Real 94-bus Portuguese DS

50 % [2398.5+j1161.95| 79.6036 +j 110.9393 0.9299 (33) 13373.405

100 % 4797 +j2323.9 [361.67636 +j 503.7688| 0.85413 (33) 60761.63

160 % |7675.2+j3718.24 1155.5+j1595.2 0.7242 (33) 194124

Table 2
Performance of AOA — modified 12 bus system — all the 3 load levels
Parameter details 50 % load levels | 75 % load levels | 100 % load levels
P (AO), kKW 78.3155 198.8591 418.3909
P, reduction, % 48.842 52.6681 61.64
300 (4) 450 (4) 900 (5)
Capacitor nodes, kVAr 300 (7) 600 (7) 600 (8)
300 (10) 450 (10) 450 (10)

Vigins P-U 0.8878 0.8261 0.7525
Py, cost (AO), $/year 13157.004 33408.3288 70289.6712
Cost of capacitor, $/(kVAr-year) 315 359.7 410.55
Net savings, $ 12246.242 36815.0712 112537.3788
Economic benefit, % 47.61694 52.1585 61.4161

Figure 4 shows the graph of the bus voltages before
and after optimization. From Fig. 4, it is visible that
drastic fall in voltages are evidenced from bus number 1
to 5 and 7 to 9 compared to other buses both BO and AO.

Two ways of comparison (IEEE 33-bus) have been
given from Tables 3 to 5 — one based on P, reduction
and the other based on economic benefits.

IEEE 33-bus test system. The next DS is a renowned
system which has 33 nodes, 32 main branches and 5 looping
branches as shown in the Fig. 2. The details pertaining to
IEEE 33-bus can be taken from [10]. The base kV and base
MVA of this test system are 12.66 kV and 100 MVA
respectively. For this DS the comparison have been shown in
2 ways. First one based on Py, reduction alone and second
one based on P, as well as economic benefit.
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Fig. 4. Bus voltage — modified 12 bus — all load levels

From Tables 3 to 5, it is obvious that the P;,, has
reduced by around 32.1 %, 34.4 % and 36.945 % respectively
after optimal reactive power support of 77.543 %, 83.03 %

ok OO ON =

BUS NUMBER

6 7 8

and 86.174 % of the total (Op + Oposu0), at 3 optimal
nodes considering 3 load levels. The bus voltage has
enhanced by 1.4465 %, 3 % and 6.746 % respectively.
The change in the P, cost is found to be $2630.93,
$12194.112 and $37456.858 and the net annual financial
benefits are between 28 % and 36.5 %.

Tables 3-5 discuss the comparison between AOA and
other methods in the literature for 50 %, 100 % and 160 %
load levels individually [2-10]. Considering 50 % load level
and from Table 3, AOA achieves better performance
compared to [2-5] in terms of Pp, reduction and economic
benefit. Taken into consideration the cost factor, AOA
achieves more than 1 % compared to [5]. However, AOA
equals ISSA-WF. Considering 100 % load level and from
Table 4, AOA achieves better performance in terms of Py

reduction and net economic benefit compared to [2, 6-10].
From Table 4, it is witnessed that the difference in Py,

reduction and economic benefit are minuscule compared to
[6, 9, 10]. Finally, under 160 % load level and from Table 5,
the performance of AOA is better than [3-6].

Table 3
Performance of AOA — IEEE 33 bus — 50 % load — Py, and economic based comparison
Parameter details PBOA [2] CSA [3] Analytical [4] GWO [5] | WCA [5] | ISSA-WF [6] AOA
P (AO)/ 48.7868 / 32.0895/ 33.04/ 3242/ 3243/ 33.13/ 33.13/
P, (BO), kW 35.03134 47.0709 47 47.07 47.07 48.7903 48.7903
P, reduction, % 28.195 31.8273 29.8 31.12 31.1 32.097 32.097
. . 125 (13) 150 (12) 300 (14) 300 (5) 300 (5) 300 (6) 300 (6)
Cﬁ{’,"j:;}ﬁf);‘:: 72 (28) 100(24) 250 (30) 150 (12) | 150 (12) 150 (14) 150 (14)
162 (29) 600 (30) 170 (32) 300 (29) | 300 (29) 450 (30) 450 (30)
V i P-U 0.966 0.9678 (18) 0.9734 (18) 0.9694 (18) | 0.9687(18) | 0.9678 (18) [0.9678 (18)
P, cost (AO), $ — - — 5446.56 5448.24 5565.84 5565.84
Cost of capacitor,
$/(kV Ar-year) - - - 285 285 293.85 293.85
Net savings, $ — - - 2176.2 2174.52 2337.08 2337.08
Economic benefit, % - - - 27.52 27.49856 28.5122 28.5122
Table 4
Performance of AOA — IEEE 33 bus — 100 % load — P, and economic based comparison
Parameter details PBOA [2] CSA [7] CSA[8] | CBGA [9] |ISSA-WF[6]| MI-SOCP [10] | AOA
Pross (AO) / 135.1018 / 138.54/ 138.65/ 138.416/ 138.511/ 138.416/ 138.416 /
P, (BO), kKW 202.6774 210.99 210.99 211 211 210.987 211
P, s reduction, % 33.33 34.338 34.286 344 34.355 34.395 34.4
Capacitor size, 318 (6) 495(11) 450 (11) 450 (12) | 450 (12) 450 (12) 450 (12)
oV Ar/odes 294 (13) 500(24) 400 (24) 450 (24) | 600 (24) 450 (24) 450 (24)
709 (29) 946(30) 950 (30) 1050 (30) 1050 (30) 1050 (30) 1050 (30)
V i P-U 0.9365 (18) 0.9321 (18) | 0.9321 (13) 0.93 (18) ]0.93093 (18) - 0.9309 (18)
Py, cost (AO), $ — — — 23253.888 | 23269.9 23253.888 | 23253.888
Cost of capacitor,
$/(kV Ar-year) - - - 467.10 485.25 467.10 467.10
Net savings, $ — - - 11727.012 11692.9 11692.9 11727.012
Economic benefit, % — — — 33.0823 32.9861 32.98607 33.0823
Table 5
Performance of AOA — IEEE 33 bus — 160 % load — P, and economic based comparison
Parameter details CSA [3] Analytical [4] GWO [5] WCA [5] ISSA-WF [6] AOA
Pross (AO) / 393.2709 / 384/ 364.82/ 368.56 / 381.1067 / 380.5268 /
P, (BO), KW 575.3682 575.36 575.36 575.36 603.4843 603.4843
P, reduction, % 31.64883 33.21 36.5927 35.943 36.849 36.945
. . 550 (12) 840 (14) 1200 (5) 1050 (5) 600 (13) 600 (12)
Cﬁ{’,fgﬁf);‘:: 100 (24) 650 (30) 450 (13) 600 (12) 1050 (24) 1050 (24)
1050 (30) 520 (32) 1200 (29) 1050 (29) 1650 (30) 1650 (30)
V in> P-U 0.8528 (18) 0.9 0.8982 (18) 0.8982 (18) 0.8924 (18) 0.8921 (18)
P, cost (AO), $ - — 61289.76 61918.08 64025.926 63928.5024
Cost of capacitor,
$/(kV Ar-year) - - 521.85 610.8 689.85 689.85
Net savings, $ — — 34848.87 34131.6 36669.5844 36767
Economic benefit, % — — 36.0529 35.3108 36.16852 36.2646
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Figure 5 reveals the bus voltage profiles of IEEE 33
bus test system under three different load levels. From
Fig. 5 it is evident that bus voltage has improved well in
all the load buses.

IEEE 33 BUS SYSTEM

o
w©
S

——50% LOAD (BO)
——50% LOAD (AO)
——100% LOAD (BO)
——100% LOAD (AO)

BUS VOLTAGE PROFILE (p.u.)
o
=

Portuguese 94-bus test system. Final test system
taken for evaluation is a real 94-bus Portuguese DS which
has 94 nodes, 93 branches and 22 laterals. The base kV and
base MVA of this test system are 15 kV and 100 MVA
respectively. The line and load data for this real test system
can be viewed in [11].

From Table 6 it is observable that the P;,, has
reduced between 21 % to 34 % after reactive power
injection of above 95 % of the total (Op + Qpross40)), at 3
optimal nodes considering 3 load levels. The difference in
bus voltage enhancement is found to be between 3 % and
16.75 %. The change in power loss cost (APp,) after
reactive power compensation is $2854.488, $15871.296
and $65333.352 respectively considering 3 load levels.
Thus the net annual economic benefit is found to be
between 19 % and 33.3 %. By comparing the Pp,0)

os4r —123'-2 tg:g 5333 ] with [11], AOA achieves better performance.
0.82 _— Figure 6 shows the graph of the bus voltages before
1 4 7 10 13 16 19 22 25 28 31 33 . . .
BUS NUMBER and after compensation. From Fig. 6, it is observable that
Fig. 5. Bus voltage — IEEE 33-bus — all load levels enhancement of bus voltage is better in all the buses.
Table 6
Performance of AOA — Portugal 94-bus — all load levels — P;,,, based comparison
. AOA
Parameter details | GA [11]| PSO [11]| TLBO [11]) MTLBO [11] o505 an 0 571609, Toad levels | 160% load levels
P (AO)/ 279.1/ | 301.5/ 27898/ 269.91/ 62.613/ 268.386 / 766.611/
P, (BO), kKW 362.858 | 362.858 362.858 362.858 79.6036 362.8578 1155.5
P, reduction, % 23 16.91 23.1 25.63 21.3444 26.035 33.6555
450 (65) | 650 (58) | 800 (39) 850 (58)
Capacitor size, | 450 (73) | 450 (73) | 450 (72) | 400 (72) ‘1‘28 823 ;gg 88; 1920000((1250))
kVAr/nodes 600 (84) | 450 (84) | 500 (83) 500 (84) 450 (57) 900 (58) 1500 (57
250 (87) | 300 (90) | 300 (90) 250 (89)
Viins P-U 0.9094 | 0.9124 0.9039 0.9065 0.9584 0.9065 0.8454
P, cost (AO), $ 46888.8 | 50652 46868.64 45344.88 10518.984 45088.848 128790.648
Cost of capacitor,
SV Areycan) - - - - 302.7 578.7 670.2
Net savings, $ — — — — 2551.788 15292.596 64663.152
Economic benefit, % — - — — 19.08106 25.16818 33.31023
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Fig. 6. Bus voltage — Portugal 94-bus — all load levels

Conclusions. In this paper, a new powerful swarm
intelligence algorithm has been utilized to solve the cost
based objective function which is the combination of
power loss P, cost with capacitor investment cost so as
to get more economic benefits under 3 different load
levels. The merits of adopting Archimedes optimization
algorithm for this problem have already been discussed.
The proposed method has been successfully applied to a

new modified 12-bus, standard IEEE 33-bus test system
and a real 94-bus Portuguese test systems. Following are
the key points which are worth noted:

1. No sensitivity factor based optimal node selection for
reactive power compensation has been adopted in this paper.

2. Considering modified 12-bus system, an overall P,
reduction (under 3 load levels) of around 49 % to 62 % with
economical benefit of 47.6 %, 52 % and 61.4 % have been
observed. Regarding standard IEEE 33 bus system, the
overall P, reduction is found to be between 32 % and 37 %
with economical benefit of 28.5 % to 36.246 % have been
witnessed. Finally, considering practical 94-bus test system,
the P, reduction under 3 load levels are seemed to be
between 21 % to 34 % with economical benefit of 19 % to
33.3 % are evidenced.

3. Considering the standard IEEE 33-bus system and
94-bus real Portuguese system, the performance has been
analyzed and compared to the recent methods presented in
the literature. It is obvious that the difference in Py
reduction and economic benefit achieved by the proposed
method are found to be better and significant. Hence
Archimedes optimization algorithm has been recommended
to be another strong and efficient method to solve capacitor
allocation problem in terms of Pj,, reduction, bus voltage
enrichment and economic benefit.
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