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EnekmpuyHi mawuHu ma anapamu
UDC 621.313.13

V.A. Volkov, N.L. Antonov

https://doi.org/10.20998/2074-272X.2024.5.01

Refined calculation of energy modes of a frequency-regulated induction motor

Purpose. To obtain analytical dependencies for the precise calculation of the stator current of a frequency-regulated three-phase short-
circuited induction motor and to estimate the components of its main electrical power losses, which are spent on the transportation
magnetic power losses (to the magnetization circuit) and additional power losses (through the motor air gap), as well as with using the
obtained refined dependencies to research the electromagnetic processes and energy modes of the frequency-regulated induction motor
when its speed and load change. Methodology. The method of generalized vectors is used for the refined calculation of the
electromagnetic processes and energy modes of the frequency-regulated induction motor. Results. Based on the catalog data and
parameters of the induction motor’s equivalent replacement circuit, also the specified values of its useful rotational torque and speed,
refined analytical dependencies were obtained for the calculation of the main electromagnetic power losses of the frequency-regulated
induction motor, which take into account the influence of all types of power losses, which present in it, aswell as— power losses spent on
transporting magnetic losses (to the magnetization circuit) and additional losses (through the air gap of the motor). With the help of the
obtained dependencies, the energy modes (including main power consumption and electromagnetic power losses, efficiency factor,
power factor) of the frequency-regulated induction motor in the driving and generator modes of its operation in relation to the first (at
speeds not higher than the nominal) and the second (at speeds above the nominal) speed control zones for the operating ranges of the
motor useful rotational torque and speed changes were calculated. Originality. A refined analytical calculation dependence has been
obtained for determining the active projection of the generalized stator current vector of a frequency-regulated induction motor, which
takes into account the presence of additional power losses and the component of electrical losses caused by the transportation of
additional power lossesthrough the air gap of the motor; an analytical dependenceis also proposed for determining the increment of the
mentioned active projection, which is due to the transportation of magnetic power losses to the motor magnetization circuit. Practical
value. Analytical calculation dependencies are proposed for the quantitative assessment of errors (as a percentage of mentioned values)
in steady-state modes for determining the main electromagnetic power losses of the frequency-regulated induction motor, caused by the
absence (in comparison with relevant studies from known publications) of taking into account additional and magnetic power losses, as
well as— the influence of electrical component losses caused by the transportation of the mentioned power losses through the air gap or
to the magnetization circuit of the motor, respectively. References 16, tables 5, figures 2.

Key words: induction motor, frequency regulation, electromagnetic power losses, steady-state energy modes.

Mema. Ompumamuy aHanimuyni 3anejiCHOCMi ONsl YIMOUHEHO20 PO3PAXYHKY CHMAMOPHO20 CHPYMY YACHOMHO-Pecyib08aAHO20
MpuhasHo2o KOpomKO3AMKHEHO20 ACUHXPOHHO20 OBUSYHA | OYIHUMU CKAA006I 1020 OCHOBHUX ENeKMPUUHUX 8MPAI NOMYHCHOCMI,
KOMpI  GUKIUKAHI MPAHCNOPMYSAHHAM MacHImHux empam nomyosicuocmi (00 KoHmypy HamacHiuy8anus) i 000amKOGUX 6mpam
nomyoicnocmi (uepe3 nOGIMpSAHUL NPOMIJICOK OBUSYHA), & MAKOIC OOCTEOUMU 3 BUKOPUCHIAHHAM OMPUMAHUX YIMOUHEHUX 3ANeHCHOCMEl
yCmaneHi eneKmpoMazHimui npoyecu i eHepeemuyHi pedcuMu UacmomHo-pecyib08aH020 ACUHXPOHHO20 OBUSYHA NPU 3MiHi 11020
weuoxkocmi ma Hasanmadicenns. Memooonozia. Ilpu ymouneHomy pO3pPAXYHKY eNeKMmpOMASHIMHUX NpoYecie ma eHepeemuyHux
DENHCUMIE UACTNOMHO-DERYTIbOBAHO20 ACUHXPOHHO20 OBUSYHA 3ACHIOCOBAHO MemO0 Y3a2anbHeHux eekmopie. Pesynomamu. Buxooauu 3
KAMAnod#CHux Oanux ma Nnapamempie exgianeHmnoi cxemu 30aMiueHHs ACUHXPOHHO20 OBUSYHA, 4 MAKONC 3A0AHUX 3HAYEHb U020
KOPUCHO20 00epmM06020 MOMEHNYy ma WEUOKOCHI, OMPUMAHT Ol PO3PAXYHKY OCHOSHUX eleKMPOMASHIMHUX SMPAm NOMYHCHOCHI
YACMOMHO-PE2YIbOSAH020  ACUHXPOHHO20 OBUSYHA YMOYHEHI AHANIMUYHI 3ANeNHCHOCMI, 6 AKUX 6PAXO8YEMbCS 6NIUE YCIX BuUdi6
NPUCYMHIX Y HbOMY 6MPAm NOMYAHCHOCME, A MAKOIC — 6MPAm NOMYICHOCMI, WO SUKTUKAHT MPAHCROPMYBAHHAM MAZHIMHUX 6Mpam
(0o Kkommypy mamacmivysanmns) ma oodamxosux empam (uepe3 NOGIMPAHUNL NPOMINCOK OBUSYHA). 3a OONOMO20I0 OMPUMAHUX
sanedxcnocmeti Oyau pospaxosani enepzemudni pescumu (Y momy Yucii — OCHOBHI CNOJICUBAHA NOMYIICHICIb MA eNeKMpPOMASHIMHI
eMpamu NOMYACHOCMI, Koeiyichm Kopuchoi Oil, Koepiyicnm nOmydCHOCMI) YaCMOMHO-Pe2ylbO8AHO20 ACUHXPOHHO20 OBUSYHA NPU
OBUSYHEBOMY MA 2EHEPAMOPHOMY PENHCUMAX U020 pobomu cmocosHo hepuioi (npu weuOKOCmsX He euuje HOMIHAILHOL) i Opyeoi (npu
WBUOKOCSX GULYe HOMIHAILHOL) 30H Pe2ylo8ants WeUOKocmi Ot poOoyux Oianazonie 3MIHU KOPUCHO20 00EPmMO8020 MOMEHMY i
weuoxkocmi osucyna. Haykoea noeusna. Ompumano ymouneny ananimuuny po3paxyHKo8Y 3aiedCHICMb O GU3HAYEHHS! AKMUGHOT
npoexyii’ y3a2anbHeno20 8eKmopa CmamopHo2o CMpPYMy HACHOMHO-Pe2yIb08aAH020 ACUHXPOHHO20 OBUSYHA, 8 KOMPOI 8pAX08YEmbCs
HAABHICMb 68 HbOMY O000AMKOBUX 6MPAM NOMYICHOCMI MA CKIA0080I eNeKMpudHUX 8mMpam, siKa GUKIUKAHA MPAHCHOPMYBAHHAM
000amKoBUX 6Mpam ROMYICHOCMI Uepe3 NOGIMPAHULE NPOMIJICOK OBUSYHA, AKOJIC 3aNPONOHOBAHA AHANIMUYHA 3ANEHCHICIb OISl
BUHAYCHHS NPUPOWEHHS BKA3AHOI AKMUGHOI NpoeKyii, sike 00yMOBNeHO MPAHCHOPMYBAHHAM MASHIMHUX 6MPAM NOMYICHOCMI 00
KOHmMYpY HamacHiyyeanus deucyna. Ilpakmuuna yinnicms. 3anponoHoéamo aHarimuuui pospaxyHKosi 3aNeiCHOCMI O KilbKiCHOT
OYIHKU 8 YCMANEHUX pexcumax noxubok (y 6iocomrax 6i0 ymouHeHUXx 3HA4eHb) W00 BUSHAUEHHS OCHOBHUX eeKMPOMASHINHUX 6Mpant
NOMYHCHOCHI HACIMONHO-PECYIbOBAHO20 ACUHXPOHHO20 08UYHA, OOYMOBNEHUX NPU POPAXYHKY YUx empam eiocymuicmio (8 NOPi6HAHHI
3 BIONOGIOHUMU OOCTIONCEHHAMU 3 BIOOMUX NYONIKAYIN) YPAXyEaHHs 000AMKOGUX [ MASHINMHUX 6MPAM NOMYICHOCMI, A MAKOIC — GNIUBY
eeKMPULHUX CKIA008UX 6MPAM, GUKTUKAHUX MPAHCHOPIMYBAHHAM 32A0AHUX 6MPA NOMYICHOCHI Yepe3 NOSIMPAHUL NPOMIJNICOK abo
00 KOHMYpPY HaAMA2HIYY8anHs 08ueyHa 6ionosiono. biomn. 16, Tabm. 5, puc. 2.

Knrouoei cnosa: acCHHXpOHHU ABUTYH, YACTOTHE PeryJIlOBaHHS, eJIEKTPOMArHiTHi BTPaTH MOTYKHOCTI, yCTaJeHi eHepreTH4Hi
PeXKUMH.

Introduction. As a result of the widespread industrial
implementation of frequency-regulated (f-r) short-circuited
induction motors (IMs) in various branches of the economy
today and due to the observed increase in the price of
electric energy, the task of precise definition has become
very relevant and practically in demand (including with the
use of modern powerful computing means) of
instantaneous energy indicators (power losses and their
components, consumed power, efficiency) for the above
motors in the operating ranges of changes in their speed
and load. Only by solving this task will it become possible

to develop and further implement energy-efficient control
(which ensures the minimization of power losses or energy
consumption) for the specified motors.

Despite the existing considerable number of well-
known publications devoted to the calculation and
research of the energy modes of the f-r IMs, all of them
do not fully take into account the presence of all
components of power losses, which are actually present in
a real induction motor. In particular, in the monographs
[1, 2], an idealized representation of the f-r IM is

© V.A. Volkov, N.L. Antonov

Enexkmpomexnika i Enexmpomexanixa, 2024, Ne 5

3



considered, in which magnetic and additional motor
power losses are not taken into account at all. In
monographs [3—7] and well-known articles [8, 9], only
additional motor power losses are not taken into account
when calculating and researching energy modes of the
IM; moreover, when assessing the impact of magnetic
power losses, the component of electrical losses caused
by them is also taken into account, which is spent on
transporting magnetic power losses to the magnetization
circuit of the motor. In contrast to the publications listed
above, in the article [10], which investigates the energy
modes of the f-r IM in start-braking modes, at the same
time, all existing (including magnetic and additional)
motor power losses are taken into account in the
calculations; however, this does not take into account
components of electrical losses spent on transporting
magnetic and additional power losses to the
magnetization circuit or through the motor air gap.

In contrast to all previous publications, in the article
[11], devoted to the study of the energy modes of the f-r IM
during acceleration and braking, all types of power losses
present in it (including magnetic and additional) are
simultaneously taken into account, as well as the component
of electrical losses is taken into account which is spent on
transporting magnetic power losses to the magnetization
circuit; however, this does not take into account the
component of electrical losses spent on transporting
additional power losses through the air gap of the motor.

Known publications [12, 13] present calculation
analytical dependencies for determining additional IM
power losses, which in the nominal mode of operation of
the motor make up 0.5 % of its input power consumption,
and in modes different from the nominal, are characterized
by their change in proportion to the second degree of
module of the generalized motor stator current vector.

According to the monograph [4], additional IM
power losses are created by the joint action of two
components: «no load stray losses» and «load stray
losses». Known methods discussed in [14, 15] are used
for the experimental determination of these components.
Permissible values of additional power losses for
induction motors are set by International Standards:
IEEE112 — for the USA; IEC34-2 — for Europe and IEC37
— for Japan [16].

It follows from the conducted analysis that at present
there are no refined analytical dependencies for the
calculation and study of the energy modes of the f-r IMs,
which would simultaneously take into account all types of
power losses (electrical in the stator and rotor windings,
mechanical, magnetic and additional) of the motor and all
components of its electrical losses in the stator winding
(which are spent on the creation of electromagnetic torque
and motor power and the aforementioned transportation
of magnetic and additional motor power losses). Also,
currently there are no analytical dependencies for the
refined calculation of the stator current, which take into
account the influence of these components of the stator
current, which are spent on transporting magnetic and
additional power losses to the magnetization circuit or
through the air gap of the IM.

The goal of the article. To obtain analytical
dependencies for the refined calculation of the stator
current of a frequency-regulated three-phase short-
circuited induction motor and to estimate the components
of its electrical power losses, which are spent on the

transportation of magnetic power losses (to the
magnetization circuit) and additional power losses
(through the air gap of the motor), as well as to
investigate with using the obtained refined dependencies,
the steady-state electromagnetic processes and energy
modes of the frequency-regulated induction motor with
changes in its speed and load.

Obtained results. During the calculations and
studies, the assumption was made:

a) the three-phase stator winding of the motor is
symmetrical,;

b) the air gap of the motor is the same along the
entire inner circuit of the stator;

c) the magnetization curve of steel is linear (that is,
the value of the internal inductances of the motor does not
depend on the currents);

d) the internal parameters of the induction motor
(inductances and active resistances brought to its calculated
operating temperature [12]) were considered unchanged;

e) the main (caused by the first harmonic
components of the phase stator currents) power losses of
the f-r IM are taken into account, which include the
following loss components [12]:

- electrical AP, in the three-phase stator winding;

- electrical AP, in short-circuited rotor winding;

- magnetic AP;; (in the steel of the stator and rotor core);

- mechanical AP,y (spent on friction in bearings and
self-ventilation);

- additional AP, (caused by pulsations of magnetic
flux density in the teeth of the stator and rotor).

In order to further simplify the analytical
dependencies describing the electromechanical and energy
parameters of the f-r IM mode, we will use the method of
generalized vectors [1] and the relative system of units
generally accepted for AC electric machines [4, 10, 11].

Mentioned electrical (in stator AP, and rotor AP,
windings), magnetic AP;,, mechanical AP, and additional
AP,y types of main power losses, as well as main
electromagnetic AP, and total AP,, IM power losses (which
will be called simply «losses» below) are determined from
known analytical dependencies [1, 10, 11]:

2 2 2
AR =R 15, AR, =8 Ty =k 'Rr'llZys
) )
AP;. = AR '(ij/lpmn) (w llwln)ﬂs

1r.n
2 2
ARy ~AFqn '(Isllsn) =Ryq-l5, =0 -0,
_ AF’ad.n

0.005-P
ARy n :—2n’ Rud

"n I52n ’
2
ABpech = ARnechn '(w/ wn) >
AP, =AP,+ AP, + AP, + AR,
APm = APem + Apmech’ kr = Lm/(Lm + LGr )v

where R, is the active resistance of the IM phase stator
winding; R, is the equivalent (reduced to the three-phase
winding) phase active resistance of the short-circuited rotor
winding of the motor; Iy and |y, are, respectively, the
instantaneous and nominal value of the module of the
generalized vector of the IM stator current (and in the
adopted relative system of units: |, = 1 pu [4]); k. is the
coupling factor of the rotor [1]; L, and L, are the
magnetization inductance and dissipation inductance of the
IM rotor, respectively; Ry is the equivalent active resistance

(M
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to take into account additional motor losses [10, 11]; P, and
7, are the nominal values of the useful power on the motor
shaft and its efficiency, respectively; @, and @y, are the
current and nominal value of the angular frequency of
rotation of the IM stator magnetic field, respectively (and, in
the adopted relative system of units: @y, = 1 pu [10, 11]); @
and @, are the current and nominal value of the angular
frequency of rotation (speed) of the rotor of the motor,
respectively; APy, AP,q, and APy .q, are the nominal values
(inherent in the nominal operating mode of the IM) of
magnetic, additional and mechanical losses of the motor,
respectively; /s, is the component of the active projection |
of the generalized stator current vector | (on the imaginary
axis «y» of the rotational orthogonal coordinate system
(ROCS) «x-y», connected by the real axis «x» to the
generalized rotor flux linkage vector ¥ of the motor), which
creates the electromagnetic torque and -electromagnetic
power in the air gap of the f-r IM; ¥, and ¥, are,
respectively, the current and nominal value of the module of
the generalized vector of the magnetic (in the air gap) flux
@, of the IM; A is the coefficient that takes into account the
changes in magnetic losses AP, of the f-r IM from the
angular frequency @, of the stator magnetic field (for general
industrial IMs: 4 = 1.3 [10-12]); Ty, and S are the current
values of the electromagnetic torque (created by the motor in
the air gap) and the absolute slip of the f-r IM, respectively.

The instantaneous value of the module @,, of the
generalized magnetic flux vector is determined from
known dependencies [10]:

2 2
Dy =[P + Dy @

Dy =K, '(Tr + Lcrlsx)a cDmy =k - LcrIIEy
where @y, and @, are the projections of the generalized
magnetic flux vector @, on the «x-y» axis of the ROCS,
oriented with its real «x» axis along the generalized vector
of the rotor flux linkage ¥; ¥ is the current value of the
module of the generalized flux linkage vector of the rotor
¥ of the motor; L, is the dissipation inductance of the
IM rotor.

The energy balance of the f-r IM is characterized by
the following known dependencies [12]:

Pl = PC.S+APi1‘+ P...:

em >
Pem :Ape‘r + Pmech;

3)

Pmech =APmech +APyq + P2,

AR+ = Fem — Prech>
where: P; and P, are the main consumed and
electromagnetic (transmitted through the IM air gap)
power of the motor, respectively; Pyen and P, are the
main mechanical and useful shaft power of the motor,
respectively.

The relationship between energy values and torques

created in the f-r IM is described by well-known relations [12]:

Pmech = 'Tem =w- (T + ATmech)+ APad;
P2 =0T, Pem =W 'Tem = I:’1 _Ape.s _Apir;
@1Tem =AR ; + @Tems ATechn = APnechn /wn;

ATiech = ARnech/@ = ATechn * (w /o )’

where T is the useful torque of the f-r IM transmitted to
the working mechanism (equal to the static torque T of
the drive applied to the motor shaft in steady-state
conditions); ATyen and ATenn are, respectively, the

“4)

instantaneous and nominal value of the mechanical losses
of the IM torque; (T + AT neenn) 1S the motor torque.

Speed ni[rpm] and angular frequency of rotation
an[pu] of the magnetic field of the stator, speed n[rpm] and
angular frequency of rotation @{pu] of the rotor, absolute slip
Slpu] of the f-r IM are found from known expressions [12]:

60- f 60- f n
my[rpm]=——; nj, =——; @) =—;
% % Nin , (5)
0= n ; Anf[rpm]=n;, —n; f= An = -,
In Nin
where f, and f, 50 Hz are, respectively, the

instantaneous and nominal value of the frequency of the
main harmonics of the phase stator voltages (or currents)
of the f-r IM; Z, is the number of motor pole pairs.
According to [1, 2], the instantaneous value of the
torque (T + ATeen) Of the idealized f-r IM (which does
not take into account magnetic and additional power
losses) is determined as:
T+AT pech =P lig O T+AT pech =K l1y, (6)

where @, and ¥ are the modules of the generalized vectors
of the magnetic (in the air gap) flux ¥, and flux linkage of
the motor rotor ¥, respectively; |4 is the active (torque-
generating) projection of the generalized vector of the stator
current |, of the f-r IM on the imaginary axis «g» of the
ROCS «d-g», which is oriented with the real axis «d» in the
direction of the generalized vector of the magnetic flux @,;
Iy is the active (torque-generating) projection of the
generalized vector of the stator current || of the idealized IM
on the imaginary axis «y» of the ROCS «x-y», which is
oriented with the real axis «x» in the direction of the
generalized vector of the rotor flux linkage ¥.

At the first stage of research for a real (non-
idealized) f-r IM through the magnetizing |, and active
projections lgy, /5y, 11y of the generalized vectors I, Zi5,
Iy of the stator current (on the «x» and «y» axis of the
ROCS « x-y», which is oriented with the real axis «Xx»
along the generalized rotor flux linkage vector ¥) we
give the calculation relationships for the modules I, 75,

I,y of these vectors in the form:
[i2 2 .
iy = |sx+|12y’
2 2. _ : .
Ily:1’|5x+|1ya Il_lsx+Jlly’ (7)

s = st+j|12y; ls = lsx+j|sy;

2 2,
ISX+ISy,

ISy:|12y+AISy; Ilzy:|1y+A|1y.

In (7), the generalized vectors I and |, are
mathematically formed from the generalized vector | of
the stator current of the real f-r IM, if the active projection
Iy of this vector does not take into account the increment
Algy or simultaneously two increments Alg, and Aly,
respectively; the value of the active projection |, is found
from the second relation in (6) through the value of the
torque T + ATyen and the module ¥ of the generalized
flux linkage vector of the motor rotor. The indicated
increments Alg, and Al,y are caused by the transportation
(transmission) of magnetic AP;; and additional AP,4 losses
to the magnetization circuit or through the air gap of this
motor, respectively. Figure 1 shows a diagram illustrating
the distribution, according to the relations in (7), of the
increments Alg, Al of the stator current between the
active projections |y, /5, and Al,, of the generalized
vectors |, Lz and || of the f-r IM, respectively.

Enexkmpomexnika i Enexmpomexanixa, 2024, Ne 5



(creates electromagnetic

creates rotation
torque Tep) (

total consumed
( o torque T+AT een)

active projection
of the stator current
of the f-r IM)

(ensures transportation
of losses AP; )

(ensures transportation of
losses AP,q)

Fig. 1. Diagram of the distribution of increments Aly, and Al
of the stator current between the active projections lgy, /fizy, 1y
of the generalized vectors |y, 15 , | in the real f-r IM
(the purpose of the projections and their increments is indicated

in parentheses)

Based on the second and last relations in (1), we obtain,
similarly to the second relation from (6), the calculation
expressions (through the active projection /s, of the
generalized stator current vector [js, the module ¥ of the
generalized rotor flux linkage vector ¥ and the active
resistance R, of the rotor winding) to find the value of the
electromagnetic torque T, created in the air gap of the f-r IM

Tem = kryjr|12y7 (®)

as well as the absolute slip £ and the angular frequency of
rotation @, of the stator magnetic field:
B=AP. /Tem =kRlizy and w;=0+p. (9)

At the second stage, we obtain an analytical
dependence for determining the active projection /s, of the
generalized stator current vector iz of the f-r IM. Before
that, we recall that the increment Alg, which is part of the
active projection |y, of the generalized stator current vector
I, is caused by the transport of magnetic power losses to
the magnetization circuit of the motor (where these losses
are dissipated in the stator core [4, 12]). As a result, the
specified increment Alg, of the stator current does not
physically affect, according to (4), the electromagnetic
power P, transmitted through the IM air gap (and,
therefore, it also does not affect the mechanical power Py
and the additional losses AP,q included in it).

Therefore, in order to increase the accuracy of the
determination of the additional losses of the f-r IM, we
will below calculate them (in contrast to the known
calculation relationship from (1) for them [12, 13]) in a
different way, excluding the mentioned increment Alg,
from the composition of the module |y of the stator
current. Namely, it is proportional to the second degree of
the module /iy of the generalized vector /i of the stator
current from the following expressions:

* 2 * 2 2 N
ARy =Ry -lix = Rad'(lsx+|12y)’

2 (10
* o Al:)ad.n _ AF>ad.n _ Is.n ( )
Rad - 2 2 - 2 - Rad : [
st.n + IlE y.n IIZ.n 1Zn

through the value of the specified module /5,
magnetizing |y and active /5, projections of the
generalized vector fjz on the ROCS «x-y» axis. In (10),
R .q is the refined value of the equivalent (intended for the
calculation of additional losses) active resistance of the
motor, which is calculated from the nominal (i.e.,
corresponding to the nominal IM mode) values of
additional losses AP,q,, as well as of the module 75,
magnetizing |y, and active projection of the generalized
115y vector of the stator current /5, of the motor.
Substituting the expression for the electromagnetic
torque T, from (8) and the expression (10) for additional

losses into the first relation from (4), we convert this
relation to the following dependence:

* 2 2
a)'(kr?/rllZy): w'(T +ATmech)+ Rud '(I sx T IlZy)’ 1
which, in turn, we reduce by equivalent transformations to
the form of an algebraic equation of the second order:

12 12
Radll):y_a)krylrIIZy +a)'(T+ATmech)+ I:eadlsx =0.(12)

The solution of (12) is the following analytical
dependence:

sy :(krylr/zR:d)'{w_

w2
_ wz _(ZRadJ .|:a)'(T+ATmech)+ [ 2 :|
k%, R 5"

It allows to determine the value of the active
projection /5, of the generalized vector of the stator current
of the f-r IM through the instantaneous values of the
parameters of the motor mode: the speed @ of the rotor, the
torque (T+ AT, ech), the module ¥ of the generalized vector
of the flux linkage of the rotor and the magnetizing
projection |, of the generalized stator current vector.

We determined from the second relation from (6) the
active projection |, of the stator current and based on the
obtained dependence (13) and the last relation from (7),
we find for the real IM the increment Al as part of the
active projection A/, of the generalized stator current
vector /s from the expression:

051 (13)

A|1y=|12y—|1y; (14)
caused by the transport of additional power losses AP,
through the motor air gap.

Thus, a refined analytical calculation dependence
(13) was obtained for determining the active projection
15y of the generalized stator current vector Iz of the f-r
IM and expressions in the form of: formula (14) and the
last relation from formula (7), — for finding the increment
Al of the active projection |, of the stator current. With
the help of this increment, the effect of the electrical
component of losses, which 1is caused by the
transportation of additional power losses through the air
gap of the motor, is taken into account.

At the third stage, we obtain an analytical
calculation dependence for determining the increment
Algy, which is caused by the transport of magnetic losses
AP,y to the magnetization circuit of the motor and is part
of the active projection |, of the generalized vector of the
stator current | of the real f-r IM.

From [4], the classical method of determining the
specified increment Al of the active projection I (on the
«@» axis of the «d-g» ROCS, which is oriented with the real
axis «d» along the generalized magnetic flux vector @, of
the IM) is known, in which this projection is founded based
on of the energy balance between the additional electric
power supplied to the magnetizing circuit of the motor and
equal to the product E,Alg, and the magnetic losses AP; ,,
which are dissipated in the stator core:

Em-Algq =AP;,» 15)
where E,, is the instantaneous value of the module of the
generalized magnetizing electromotive force vector E,.

From (15), the instantaneous increment Aly, of the
active projection |y, of the IM stator current is determined
in the form:

Algq =AP; /By, =Apir/wlq§m,where E, =09, .(16)

6
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In another (known from [11]) method, the
aforementioned increment Aly, of the stator current
(caused by the transport of magnetic power losses to the
magnetization circuit of the f-r IM) is proposed to be
determined in the form of the increment Al of the active
projection |y, of the generalized motor stator current
vector after being added to the motor shaft of the static
fictitious torque Ty According to the first relation in (6),
the indicated increment Al of the active projection of the
stator current is founded in the form:

Algg=Te/ Dy 17)

After equating the increments Al calculated from (16)
and (17), we determine the required value of the fictitious
torque Ty, taking into account the third relation in (1):

A-1
D @
Tf:APir/a)lePir_n~£®mj ——, (19
m.n @ 1p

in which, in the second method, the value of the
increment Al of the active projection of the stator current
is calculated, which is completely identical to the first
(classical) method.

Let’s pay attention to the well-known simplification
of vector automatic control systems and calculation of
energy modes of the f-r IMs when using for them ROCS
«x-y», which is oriented with the real axis «X» along the
generalized vector of flux linkage of the rotor [2, 3, 10].
Taking this into account, the second method (using the
fictitious torque) is more appropriate in practice. With this
method, increment Alg, of the active projection |y, of the
stator current (on the «y» axis of the «x-y» ROCS, which
is connected by the real «x» axis to the direction of the
generalized rotor flux linkage vector %) is determined
after substituting expression (18) in the second relation
from (6) in the form:

2 -
Al = T APy ( in J “’lﬂ . (19)
krsyr krylr y’mn D1n

Thus, a theoretical justification of the refined
analytical dependence (19) is given for determining the
increment Al, caused by the transport of magnetic power
losses to the motor magnetization circuit, which is part of
the active projection |y, of the generalized stator current
vector | of the f-r IM.

It should be noted that the very form of the
previously obtained active projection /i3, of the stator
current of the calculation dependence (13) indicates that
in the range of very low values of the motor speeds w it is
possible to reach a negative value in the radical
expression of this dependence. In particular, as shown by
the researches of the AT250L.4U2 motor, negative values
in the subdued expression of dependence (13) occur at
speeds: @ < (0.02 — 0.03)w,. This situation is explained,
obviously, by the impossibility of applying in practice the
known mathematical expression from (1) or the one
proposed from the relation from (10) for calculating
additional losses AP,y of the f-r IM in the range of very
low motor speeds. Therefore, in order to find a refined
calculation dependence for the active projection /5, of the
stator current in this low speed range of the f-r IM, it is
necessary to preliminary obtain (on the basis of additional
experimental studies or recommendations of electrical
machine designers) a refined analytical calculation
dependence AP, = f (L, /sy, @) for additional power
losses of the f-r IM in relation to its low speed range.

At the fourth stage, setting the values of the speed @
and the useful torque T, from the previously obtained
calculation dependencies, let’s calculate for the f-r IM
AT250L4U2 (which is characterized by the nominal
parameters and basic values presented in Table 1) the
electromagnetic and energy processes of this motor in the
motor (at T > 0) and generator (at T < 0) steady-state modes
for the first (when n < n,) and the second (when n > n,)
speed zones. The results of these calculations are shown in
Table 2, 3.

Table 1
Nominal parameters of the f-r IM AT250L4U2 and its basic
values for the relative system of units

1. Nominal parameters, dimensions Value
Useful power, kW 120
Active linear stator voltage, V 400
Active phase stator current, A 202.5
Stator voltage frequency, Hz 50
Number of pole pairs 2
Slip, % 1.5
Maximum speed, rpm 4000
Efficiency, % 94
Power factor 091
Multiplicity of the maximum torque 3.5
Multiplicity of the starting torque 3.5
Connection of phase stator windings Y
Electrical power losses in the stator winding, kW 2.625
Electrical power losses in the rotor winding, kW 1.849
Magnetic power losses, kW 1.800
Additional power losses, kW 0.638
Mechanical power losses, kW 0.748
Module @, of the generalized magnetic flux vector, pu | 0.9562
Modulus ¥ of the generalized rotor flux linkage 0.9574
vector, pu
Useful torque T, pu 0.8684

II. Parameters of the «T»-shaped substitution circuit
Active resistance of the phase stator winding, pu 0.01871
Equivalent resistance of the phase rotor winding, pu 0.01569
Active resistance of the magnetization circuit, pu 71.3
Magnetization inductance, pu 2.6421
Dissipation inductance of the stator winding, pu 0.06850
Dissipation inductance of the rotor winding, pu 0.07633

II1. Base values for the relative system of units:
- for voltage, V 326.6
- for current, A 286.4
- for active and inductive resistance, Q2 1.1404
- for power, kW 140.296
- for torque, N-m 893.15
- for magnetic flux and flux linkage, Wb 1.0396
- for inductances, mH 3.630
- for angular frequency of rotation, rad/s 157.08
- for time, ms 3.183

The reliability of the performed calculations of
electromagnetic processes and energy modes is confirmed
by comparing their values with the corresponding values
calculated in the MATLAB software package (the relative
deviation does not exceed 0.2 %).

From the analysis of the computational data given in
Table 2, 3, it was found that in the motor mode of
operation of the f-r IM at equal speeds n and the same (by
absolute value) useful torques T of the motor, the values
of the modules of the stator current | and stator voltage
U, of the motor exceed their corresponding values in the
generator mode of operation.
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Table 2

Results of the refined calculation in the first speed zone at steady-state motor (at T > 0 ) and generator (at T < 0) modes of
electromagnetic and energy quantities for the f-r IM AT250L4U2 depending on the speed and relative useful torque T/T,

T Is SUm * I:)1 U s
n T |7 An @1 | = | AP | AP, | AP | ARy | APpeen | AR 5 n cosp

Tn Isn y/mn e Pln sn

rpm — — rpm pu — kW | kW | kW | kW kW kW — % — —
0.5 10.566 | 11.32 {0.993| 0.998 | 0.842|0.467 | 1.775 | 0.205 | 0.748 | 3.289 | 0.502 [93.70| 0.825 |0.977

1 1 22.55 1 1 2.625|1.853 | 1.800 | 0.638 | 0.748 | 6.916 | 1.000 [ 94.00 | 0.910 1

1.5 | 1.459 | 33.83 | 1.008 | 1.003 |5.585|4.170 | 1.829 | 1.358 | 0.748 1294 | 1.517 19293 | 0.921 | 1.028
14775 2 | 1.986| 45.17 | 1.015| 1.008 | 9.739 | 7.431 | 1.865 | 2.368 | 0.748 | 21.40 | 2.054 | 91.55| 0.915 | 1.061
—0.5]0.531 | -10.98 | 0.978 | 0.998 | 0.739 | 0.439 | 1.740 | 0.180 | 0.748 | 3.098 | —0.440 | 93.59 | —0.798 | 0.945
—1 10.954|-22.05|0.970 1 2387 | 1.771 | 1.730 | 0.581 | 0.748 | 6.468 | —0.884 | 93.99 | —0.900 | 0.937
—1.5(1.400 | —33.07 | 0.963 | 1.003 | 5.147 | 3.984 | 1.724 | 1.252 | 0.748 12.11 | —1.309 | 92.86 | —0.912 | 0.937
-2 | 1.852 | —44.04 | 0.956 | 1.008 | 9.004 | 7.066 | 1.722 | 2.190 | 0.748 1998 | —1.718 | 91.36 | —0.904 | 0.933
0.5 10563 | 11.27 [0.674| 0.998 | 0.832|0.462 | 1.073 | 0.202 | 0.342 |2.570 | 0.340 |93.55| 0.825 | 0.666
1 10.998 | 22.53 |0.682 1 2.613(1.849|1.093 | 0.636 | 0342 |6.192 | 0.687 |92.67| 0.911 |0.687
1.5 | 1.459 | 33.88 [0.689| 1.003 |5.588 |4.180 | 1.117 | 1.359 | 0.342 12.24 | 1.052 |90.71 | 0.923 |0.711
1000 2 | 1.930| 4530 |0.697| 1.008 |9.781|7.476| 1.144 | 2.379 | 0.342 | 20.78 | 1.437 | 88.55| 0.917 | 0.739
—0.5(0.534 | -11.03 | 0.659 | 0.998 | 0.749 | 0.443 | 1.043 | 0.182 | 0.342 | 2.417 | -0.297 | 93.48 | —-0.798 | 0.635
-1 [0.956 | —22.07 | 0.652 1 2399 |1.774 | 1.032 | 0.583 | 0.342 | 5.788 | —0.589 | 92.59 | —0.898 | 0.624
—1.5|1.400 | -33.03 | 0.645 | 1.003 |5.148 | 3.975| 1.023 | 1.252 | 0.342 11.40 | —0.863 | 90.45 | —0.910 | 0.617
—2 | 1.849|-43.92 10.637 | 1.007 | 8972 |7.028 | 1.017 | 2.182 | 0.342 19.20 | —1.120 | 88.04 | —0.901 | 0.612
0.5 10561 | 11.27 [0.341| 0.998 | 0.827 | 0.463 | 0.442 | 0.201 | 0.086 1.933 | 0.174 | 91.19| 0.829 | 0.341
1 1.001 | 22.66 |0.348 1 2.629 | 1.870 | 0.457 | 0.639 | 0.086 | 5.595 | 0.362 |87.84| 0.916 | 0.360
1.5 [ 1.471 | 34.21 | 0.356 | 1.003 | 5.676 | 4.263 | 0.473 | 1.380 | 0.086 11.79 | 0.570 |83.75| 0.928 | 0.380
500 2 [1.954| 46.93 |0.364 | 1.008 | 10.03 | 7.686 | 0.492 | 2.438 | 0.086 | 20.64 | 0.798 |79.71 | 0.923 | 0.402
—0.5(0.536 | —11.03 | 0.326 | 0.998 | 0.754 | 0.443 | 0.417 | 0.183 | 0.086 1.797 | —0.145 1 91.01 | —0.793 | 0.310
-1 10.957|-21.96 | 0.319 1 2.388 | 1.756 | 0.407 | 0.581 | 0.086 | 5.131 | —0.278 | 87.29 | —0.892 | 0.297
—-1.5(1.391|-32.74 1 0.312 | 1.003 | 5.078 | 3.905| 0.397 | 1.235 | 0.086 10.62 | —0.394 | 82.53 | —0.901 | 0.286
-2 [1.829 | -43.39|0.304 | 1.007 | 8.783|9.859| 0.389 | 2.136 | 0.086 18.17 | —0.494 | 77.60 | —0.889 | 0.276
0.5 [0.568 | 11.52 |0.108 | 0.998 | 0.846 | 0.483 | 0.099 | 0.206 | 0.008 1.634 | 0.061 | 78.85| 0.851 |0.114
1 1.033 | 23.53 [0.116 1 2.801|2.017| 0.109 | 0.681 | 0.008 | 5.608 | 0.139 |68.48| 0.932 |0.132
1.5 | 1.551 | 36.23 |0.124] 1.004 | 6.313 | 4.782 | 0.121 | 1.535 | 0.008 12.75 | 0.243 | 5890 | 0.944 |0.151
150 2 |2.110] 49.76 |0.133| 1.010 | 11.69|9.020 | 0.134 | 2.842 | 0.008 | 23.68 | 0.376 | 50.71 | 0.941 |0.142
—0.5]0.531 | -10.81 | 0.093 | 0.998 | 0.739 | 0.426 | 0.082 | 0.180 | 0.008 1.426 | —0.037 | 76.57 | —0.757 | 0.083
-1 10.930 | -21.27 | 0.086 1 2.268 | 1.648 | 0.074 | 0.552 | 0.008 | 4.542 | —0.060 | 62.72 | —0.849 | 0.069
—1.5(1.337 | -31.34 | 0.079 | 1.003 | 4.689 | 3.577 | 0.067 | 1.140 | 0.008 | 9.474 | —0.069 | 48.16 | —0.831 | 0.056
-2 | 1.736 | —41.05 [ 0.726 | 1.006 | 7.909 | 6.138 | 0.060 | 1.923 | 0.008 16.03 | —0.065 | 34.21 | —0.754 | 0.045

Moreover, by using vector control [2, 3], constant
values of the rotor flux linkage module ¥ and the
magnetizing projection | of the generalized stator current
vector (equal to their nominal values ¥, = 0.9574 pu and
lsxn = 0.288 pu) were set for the f-r IM in the first zone:

V,=¥.,=const; |, =l,,=const, (20)

and in the second zone, the values of the module ¥ the
generalized rotor flux linkage vector and the magnetizing
projection |y, of the generalized stator current vector
changed inversely proportional to the angular frequency
of rotation @, of the IM stator magnetic field [10]:
V. =¥ /0q; 2D
According to the results of the calculations for the
steady-state motor mode (at T > 0), Fig. 2 presents
constructed (relative to the considered IM AT250L4U2)
graphical dependencies of the following energy
quantities: Iy/lg, Ug/Ug, P1/P,, 7, cose, AP’ /AP o —
functions of change in speed n and relative torque T/T, of
the f-r IM. Moreover, in the mentioned quantities, which
are given in the form of fractions, the instantaneous value
of the quantity is indicated in the numerator, and the value
(indicated by the additional index «n») of this quantity
corresponding to the nominal mode of operation of the
motor is indicated in the denominator.

lsx =lsxn/@1-

In steady-stable modes, the values of the efficiency
1, the power factor cose and the module U of the
generalized vector of the stator voltage of the f-r IM were
determined from known dependencies [1, 12]:
st:Rs'st_wl'La'lsy;

Usy:RS~Isy+a)1~Lg~st+a)1-kr-¥’r;

Ug = 1/USZX +U52y; cosQ = cos(@U - @I);

I
6y =sign (1 )-arcsin [%J + % Ji—sign (1)) (22)

S
U
Oy =sign (U o )-arcsin (i] +Z. [1 —sign (Ugy )],
Us ) 2
Lo =LostkLors n=Py/Py;
1, 1 20; 2
)| V)" 520

SX —

where L, is the total dissipation inductance of the motor;
sign( ) is the mathematical operation for determining the
sign of an algebraic value shown in parentheses.

Based on the analysis of graphical dependencies in
Fig. 2, let’s compare the values shown on these graphs for
the first and second speed control zones in relation to the
f-r IM operating in motor mode:

1, U, 20;

-1, I <0;

8
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Table 3

Results of the refined calculation in the second speed zone at steady-state motor (at T > 0 ) and generator (at T < 0) modes of
electromagnetic and energy quantities for the f-r IM AT250L4U2 depending on the speed n and relative useful torque T/T,

T Is l‘ym * Pl Us
n e — An @ ylr e a— APc,s APc,r API r Apad Apmech AP. —_— n cos@

Tn Isn Symn em Pln sn

pm | — — rpm pu pu — kW | kW | kW | kW kW kW — % — —
0.5 |0.687| 20.65 [1.347(0.711 | 0.742 [ 1.238 [0.856 | 1.459 | 0.301 | 1.371 | 3.854| 0.677 [93.96| 0.904 |0.993

1 1.318| 41.95 [1.3610.703 | 0.739 |4.560|3.459| 1.469 | 1.109| 1.371 10.60 | 1.366 |93.14| 0916 |1.030

1.5 [1.980| 64.35 [1.376]|0.696| 0.740 | 10.29|7.964 | 1.494 | 2.501 | 1.371 |22.24| 2.094 [91.16| 0.888 |1.084

2000 2 12.665| 87.96 [1.392]|0.688| 0.745 | 18.64 | 14.55| 1.537 | 4.533 | 1.371 |39.26| 2.863 |88.88 | 0.845 |1.156
-0.5 {0.631|-19.05|1.321]0.725| 0.757 | 1.046 |0.758 | 1.479 [ 0.255| 1.371 | 3.538 | -0.598193.96|-0.889 [ 0.969

-1 |1.212|-37.62|1.308(0.732| 0.768 [3.857(3.012| 1.505 |0.938| 1.371 |9.311|-1.189(93.42(-0.912]0.979

—1.5 [1.791 | -55.42|1.296|0.739| 0.782 | 8.422 | 6.656 | 1.541 [ 2.048 | 1.371 18.67 [ —1.752191.78 | -0.890 | 1.000

-2 12.360|-72.51[1.285[0.745| 0.798 [ 14.62|11.60| 1.586 [3.556| 1.371 | 31.36|-2.289{89.92|-0.855|1.031

0.5 |10.835] 32.59 [1.688(0.567| 0.594 [1.830|1.357|1.254|0.445| 2.142 | 4.887 | 0.850 [93.53| 0.919 |1.008

1 1.646| 66.51 [1.711|0.560| 0.596 | 7.108 | 5.505| 1.287 | 1.729 | 2.142 | 15.63 | 1.730 [91.95| 0.883 | 1.084

1.5 |12.493| 102.7 | 1.735[0.552| 0.606 | 16.32[12.76 | 1.353 |3.969 | 2.142 | 34.41| 2.672 [89.29| 0.813 |1.199

2500 2 3378 | 141.5 |1.761]0.544| 0.624 129.95|23.52| 1.461 | 7.284 | 2.142 | 62.21 | 3.685 |86.32| 0.734 |1.353
-0.5 [0.760 | —29.49 | 1.647 | 0.581 | 0.608 | 1.517|1.168 | 1.274 [ 0.369 | 2.142 | 4.327 | -0.745|93.63|-0.913 [ 0.976

-1 |1.493|-58.05[1.628[0.588 | 0.624 [5.850(4.632| 1.318 [ 1.423| 2.142 | 13.22|-1.470{92.43|-0.887 |1.011

-1.5 {2.211|-85.18 | 1.610]0.595| 0.643 | 12.8310.20 | 1.381 | 3.121 | 2.142 |27.53 |-2.153|90.26|-0.829 | 1.069

-2 |2911|-111.0[1.593(0.601 | 0.666 [22.25|17.69|1.462 |5.411| 2.142 | 46.82|-2.798 | 87.94|-0.764|1.145

0.25 |0.524| 23.87 [2.016|0.475| 0.496 (0.720(0.511| 1.102 | 0.175| 3.084 | 2.508| 0.521 {91.59| 0.911 |0.993

0.5 10996| 47.41 [2.032(0.471| 0.497 {2.602|1.984|1.116 |0.633| 3.084 | 6.334| 1.028 [92.82| 0.909 |1.033

1 1.985| 97.25 [2.065]|0.464| 0.507 | 10.35|8.080| 1.186 | 2.516 | 3.084 |22.13| 2.106 [90.62| 0.822 |1.174

3000 1.5 |3.026| 151.2 [2.101[0.456| 0.529 {24.03 | 18.87 | 1.323 | 5.843 | 3.084 | 50.06 | 3.279 [87.31| 0.711 | 1.388
—0.25(0.454 | -20.83|1.986|0.482| 0.503 |10.541|0.401|1.112|0.132| 3.084 |2.186|—-0.436|91.35|-0.897|0.973

—0.5 [0.896 | —42.07|1.972|0.486| 0.511 |2.108 | 1.658 | 1.134 | 0.513 | 3.084 |5.413 |—-0.888]93.03|-0.910 [0.991

-1 |1.774|-82.58 [ 1.945(0.492 | 0.531 [ 8.261 [6.566| 1.205 |2.009 | 3.084 | 18.04 |—1.743{91.33|—-0.837|1.068

-1.5 [2.626 | —120.7{1.920]0.499 | 0.558 | 18.10|14.40| 1.310 [ 4.403 | 3.084 | 38.22|-2.540|88.70|-0.742|1.185

0.25 | 0.689| 43.38 [2.696|0.355| 0.374 |1.246|0.9441 0912 | 0.303 | 5.483 |3.405| 0.706 {90.14| 0.913 |1.021

0.5 |1.334| 86.10 [2.724(0.352| 0.380 [4.674(3.639| 0.957 | 1.137| 5.483 | 10.41| 1.397 [91.09| 0.843 |1.130

0.75 [2.002| 131.0 [2.754|0.348 | 0.394 |10.52 |8.243| 1.042 | 2.558 | 5.483 |22.36| 2.127 [89.75| 0.748 | 1.293

4000 1 2.691| 1784 [2.786(0.344| 0.414 {19.01 [14.94| 1.170 |4.623 | 5.483 |39.74| 2.899 [87.78 | 0.653 |1.502
-0.2510.577 | -36.19 | 2.643 [ 0.362 | 0.380 | 0.873[0.683(0.919 [0.212| 5.483 | 2.688 | —0.572|89.94|-0.914 | 0.988

-0.5 [1.171-73.39|2.618|0.366 | 0.392 |3.602 |2.864 | 0.965 | 0.876 | 5.483 | 8.306 |—1.165|91.51|-0.859|1.053
—0.75[1.756 | -109.1 1 2.594 | 0.369 | 0.408 | 8.089|6.440| 1.035|1.967| 5.483 | 17.53 |-1.728 |90.55|-0.776 | 1.155

-1 |2.327|-143.3(2.571{0.372| 0.428 {1422 (11.32|1.126 | 3.458 | 5.483 | 30.12|-2.266 | 89.04 | -0.692 | 1.280
- with the same wvalues of the torque T, the circuited f-r IM (which simultaneously takes into account:

corresponding values of the module | of the generalized
stator current vector and the electromagnetic power losses
AP, in the first speed zone (when n < n,) are significantly
smaller than in the second zone (when n> n,);

- extreme (maximum) values are characteristic of
graphic dependencies for the efficiency 7 and the power
factor cos@ of the f-r IM in the first and second zones;

- values of motor efficiency 7 with increasing speed: in
the first zone — increase, while in the second zone — decrease;

- the optimal value of the motor torque
(corresponding to the maximum value of the efficiency)
with increasing speed: in the first zone — it increases,
while in the second zone — on the contrary, it decreases.

At the fifth stage, we quantitatively estimate the
possible errors regarding the main (caused by the first
harmonic components of the phase stator voltages and
currents) electromagnetic losses AP.,, if additional and
magnetic power losses, as well as components of
electrical losses caused by the transport of these power
losses through the air gap or to the magnetization circuit
of the motor were not taken into account (as, for example,
in well-known publications [1-11]).

The calculated analytical dependence for the main
electromagnetic power losses (MEPL) AP, of the short-

all types of power losses present in the motor, as well as
the above-mentioned electrical components of losses
associated with the mentioned transportation of additional
and magnetic power losses) obtained based on the
diagram in Fig. 1 and formulas (1), (10), (13), (14), (19) is
refined and has the following form:

APE =R -[Iszx (1 +A1y, +A|Sy)2]+APir +

2 2 * 2 2 (23)
V2R (1, + A1 )2 RG24 (1, 4l )2

In this dependence: the first term is the calculation

relation for the main electrical power losses in the stator
winding (which take into account, according to (23), the
magnetizing | and active |, projections of the generalized
stator current vector J;, as well as the increments Alg, and
Alyy of the stator current, caused by the transportation of
magnetic and additional losses; the second term is the
magnetic losses AP; ,, which are calculated from (1); the
third term is the calculation relation for the main electrical
losses in the rotor winding (calculated through the active
projection |,y of the stator current and the increment Al pf
the stator current, which is calculated from (14) and is
caused by the transport of additional power losses through
the air gap of the motor), and the fourth one is the
additional motor power losses AP,, calculated from (10).
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Fig. 2. Graphical dependencies illustrating the change in the motor mode of operation in the first (a) and second (b) speed zones of:
the modules of the generalized vectors of the stator current l¢/l, and voltage Uy/Uy,, the efficiency 7 and the power factor cose,
the main electromagnetic power losses AP’ /AP ..., and the main consumed active power P,/P,, — for the f-r IM AT250L4U2

depending on the useful torque T/T,, (at speeds n equal to 75, 150, 500, 1000 and 1477.5 rpm for the first zone,
or 2000, 2500, 3000 and 4000 rpm for the second zone)

75
0

The importance of obtaining for practice the
proposed dependence (23) for the refined calculation of
MEPL AP, is explained by the direct effect of these
power losses on motor heating (as a result, the use of this
dependence can warn the designers of f-r induction
electric drives about motor overheating during operation).

The values of MEPL, which are calculated from
inaccurate dependencies (in which there is no taking into

account of at least one type of motor power losses, or at
least one of the electrical components spent on transporting
additional or magnetic losses), are denoted without an
asterisk from above in the form: AP.,i, APens, APens,
APy 4 or AP, 5. Based on (23) and the accepted notation,
we obtain calculation dependencies for determining errors
in the calculation of the MEPL of the f-r IM:

10
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B 2
APs, = AP, —AP,.. | =R [(l y +Al, +Al)

_(Ily +A|8y)2]+ kERr'[(Ily +AIly)2 _Ilzyl
— in relation to the dependence for AP, ;, which is obtained
from (23) when Al,, = 0 and does not take into account the
electrical component of losses caused by the transportation
of additional power losses through the air gap of the motor
(according to [11]);

* 2
AP, =APL. —AP,. , = RS.[(lly + ALy Al ) - |12y]+ 29)

+k3Rr~[(|1y+A|1y)2—|12y],
— in relation to the dependence for AP, ,, which is obtained
from (23) when Al;, = 0, Alg, = 0 and does not take into
account the components of electrical losses due to the
transportation of additional losses through the air gap and of
magnetic power losses to the motor magnetization circuit
(according to [10]);

* * 2 2
APs3 = AR, — AR, 3 = AR5 + Ry '(l sX +|12y):
- RS-[(I1y+AI1y FALG P (1 +Alsy)2]+

+kr2Rr'[(|ly +A|1y)z _Ilzy]+ R:d '(lszx +|122y)’
— in relation to the dependence for APg,;, which is
obtained from (23) when Al,, = 0, R.a = 0 and does not
take into account additional losses and the electrical
component of losses caused by their transportation
through the air gap of the motor (according to [3-9]);

(29

(26)

* 2
APy = AP — APy 4 =R |1y + a1, +al, P12 |+ o

+kr2Rr [(I ly +A|1y)2 - |12y]+ R:d(l 52x +1 IZZy):
— in relation to the dependence for AP.,4, which is
obtained from (23) when Iy, = 0, Al = 0, R. =0 and
does not take into account additional losses, as well as
components of electrical losses due to the transportation
of magnetic and additional power losses;

APSS = AP:m _APem.S = AP64 +AP;, =

-R -[(I1y+AI1y+Alsy)2—llzy]+APir+

+kr2Rr '[(Ily +A|1y)2 _Ilzy]+ R:d(lszx + Ilz):y)

— in relation to the dependence for AP, s, which is obtained
from (23) when Aly, = 0, Al,y = 0, R ,4=0, AP;, = 0 and does
not take into account magnetic and additional losses, as well
as components of electrical losses for their transportation to
the magnetization circuit or through the air gap of the motor,
respectively (which, as is known, is characteristic of the
idealized representation of the IM [1, 2]).

Results of calculations carried out by (24) — (28) of
absolute values of errors APs;, APsy, APs3, APss, APss, as
well as relative values of these errors APgs/AP o,
APs/AP ¢y APs/AP . APsy/AP o 1 APss/AP o, are given
in Table 4, 5, from the analysis of which it follows that:

Table 4

(28

Calculated ratios of electromagnetic and energy quantities, as well as absolute values of errors
APs1, APs;, APs3, APs4, APss for the f-r IM AT250L4U2 in the first speed zone (when n <n,)

s s Hiz AIsy AIly APs 1 | APs»

APs3 | ARs4 | APss

* *

I
Tn IlZ Il I1 Isn I sn APem APem

* * £

APs;
AP, | ARy, | AP,

APs, | APs3 | APsy4 | APss

% % % %

% % % kW | kW | kW | kW | kW

1.021]1.024(1.002| 1.370 | 0.153 | 0.210 | 1.258

6.341 | 7.389 | 60.31 | 0.007 | 0.041 | 0.209 | 0.243 | 1.983

1 |1.013]1.018|1.005|1.378 | 0.484 | 0.624 | 1.614

9.855 | 10.84 | 35.88 | 0.043 | 0.112 | 0.682 | 0.750 | 2.481

1.009]1.017[1.007| 1.391 | 1.037 | 1.069 | 1.866

11.64 | 12.44 | 25.78 | 0.138 | 0.242 | 1.507 | 1.610 | 3.336

2 |1.007[1.017|1.010|1.407 | 1.815 | 1.508 | 2.156

1477.5

12.71 | 13.35 | 21.42 | 0.323 | 0.462 | 2.720 | 2.858 | 4.584

0.97910.977[0.998] 1.363 | 0.146 |-0.201 | -1.250

6.019 | 4.970 | 62.19 |-0.006{—0.039] 0.187 | 0.154 | 1.927

—1 10.987]0.98210.995|1.366 | 0.464 |-0.619 | —1.640

8.850 | 7.830 | 35.59 [-0.040[-0.106| 0.573 | 0.507 | 2.302

0.991[0.984(0.993]1.371 | 0.992 |-1.065 | —1.890

9.756 | 8.931 | 23.99 |-0.129|-0.229| 1.181 | 1.081 | 2.905

0.993]0.984|0.991]1.380| 1.728 |-1.501 | -2.173

9.918 | 9.246 | 18.54 |-0.300|-0.434| 1.982 | 1.848 | 3.704

1.019]1.022|1.004| 1.220 | 0.224 | 0.391 | 1.576

8.177 | 9.362 | 49.95 | 0.010 | 0.041 | 0.210 | 0.241 | 1.284

1 [1.012]1.019]1.007]1.229]0.713 | 1.026 | 2.007

11.32 | 12.30 | 28.98 | 0.064 | 0.124 | 0.701 | 0.762 | 1.794

1.008]1.019]1.011| 1.241 | 1.535 | 1.672 | 2.422

12.88 | 13.63 | 22.00 | 0.205 | 0.297 | 1.577 | 1.669 | 2.694

2 11.007]1.021|1.014|1.257|2.698 | 2.308 | 2.904

1000

13.91 | 14.51 | 19.42 | 0.480 | 0.603 | 2.891 | 3.014 | 4.034

0.981[0.97810.997]|1.212 | 0.217 | -0.386 | -1.591

7.648 | 6.443 | 50.79 |-0.009|-0.038] 0.185 | 0.156 | 1.228

-1 [0.988]0.98110.993|1.212 | 0.687 |-1.027 | -2.044

9.574 | 8.558 | 27.40 |-0.060|-0.118] 0.554 | 0.495 | 1.586

0.99210.982(0.990| 1.216 | 1.463 |-1.670|-2.449

9.800 | 9.021 | 18.78 |-0.190{-0.279| 1.117 | 1.028 | 2.140

0.994[0.980(0.987] 1.222 | 2.540 |-2.296 | -2.916

9.527 | 8.906 | 14.82 |-0.441[-0.560| 1.829 | 1.710 | 2.846

1.015]1.023]1.007| 0.994 | 0.448 | 1.036 | 2.311

11.40 | 12.67 | 34.28 | 0.020 | 0.045 | 0.220 | 0.245 | 0.663

1 [1.010]1.024]|1.014|1.005 | 1.441 | 2.294 | 3.179

13.80 | 14.69 | 21.97 | 0.128 | 0.178 | 0.772 | 0.822 | 1.229

1.007]1.028]1.021|1.018 | 3.129 | 3.550 | 4.187

1541 | 16.04 | 1942 | 0419 [ 0.494 | 1.817 | 1.892 | 2.290

2 11.005]1.034|1.029|1.035| 5.544 | 4.803 | 5.296

500

16.80 | 17.30 | 19.19 | 0.991 | 1.093 | 3.469 | 3.570 | 3.960

0.985[0.978[0.993] 0.981 | 0.434 |-1.042 | -2.363

9.755 | 8.434 | 32.98 |-0.019{-0.043] 0.175 | 0.152 | 0.593

-1 10.990[0.977|0.987]0.978 | 1.361 |-2.296 | -3.224

9.552 | 8.624 | 17.48 |-0.118]—-0.165] 0.490 | 0.443 | 0.897

0.993]0.97410.980]| 0.977 | 2.877 | -3.517 | —4.191

8.592 | 7918 | 12.34 |-0.373|-0.445] 0.912 | 0.841 | 1.309

0.995[0.969[0.974]1 0.979 | 4.961 | 4.816]-5.242

7.485 | 6.959 | 9.626 |—0.857[-0.952]| 1.360 | 1.264 | 1.749

1.011]1.035]1.024|0.704 | 1.542 | 4.248 | 5.311

16.90 | 17.96 | 22.96 | 0.069 | 0.087 | 0.276 | 0.294 | 0.375

1 [1.007[1.058]1.051]0.722|5.148 | 8.318 | 8.951

20.62 | 21.26 | 22.57 | 0.466 | 0.502 | 1.157 | 1.192 | 1.266

1.005]1.085[1.080| 0.743 | 11.65 | 12.57 | 13.00

24.82 | 25.25 | 25.76 | 1.603 | 1.658 | 3.165 | 3.219 | 3.285

2 |1.004[1.117]1.113]0.769 | 21.62 | 16.99 | 17.31

150

29.23 | 29.55 | 29.79 | 4.025 | 4.100 | 6.922 | 6.998 | 7.056

0.989]0.968(0.978] 0.673 | 1.407 |-4.229|-5.376

8.991 | 7.845 | 14.70 |-0.060[-0.077| 0.128 | 0.112 | 0.210

—1 10.993]0.95210.958] 0.659 | 4.282 | -8.055 | -8.764

4.583 | 3.874 | 6.210 |-0.366|-0.398| 0.208 | 0.176 | 0.282

0.995[0.935[0.940| 0.647 | 8.818 |-11.84—12.34

0.636 | 0.135 | 1.342 |-1.122|-1.169] 0.060 | 0.013 | 0.127

0.996]0.919]0.922] 0.635 | 14.84 |-15.58 | -15.97

—3.170

—3.558 | —2.794 | -2.497|-2.559|-0.508 |-0.570|—0.448
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Table 5

Calculated ratios of electromagnetic and energy quantities, as well as absolute values of errors
APs;1, APs,, APs3, APs4, APjss for the f-r IM AT250L4U2 in the second speed zone (when n > n)

s | Iz Algy Alyy | APs; | APs»

APs3 | APsy4 | APss

AP | AP

Il Il Isn Isn em

AP51 Apé'z AP53 AP54 AP55

AP | AP | AP

em em

rpm — — — % % % %

% % % kW kW | kW | kW | kW

1.016/1.019]1.003] 1.118 | 0.226 | 0.357 | 1.338

8.132 | 9.114 | 46.00 | 0.014 | 0.052 | 0.313]0.352|1.773

1.009(1.015]1.007] 1.125 | 0.853 | 0.978 | 1.695

11.54 | 12.26 | 2541 | 0.104 | 0.180 | 1.2231.299]2.692

1.006[1.016]1.010] 1.145 | 1.955 | 1.615 | 2.140

13.03 | 13.55 | 19.75 | 0.359 | 0.476 | 2.898 | 3.015|4.393

2000 1.004[1.018|1.014) 1.177 | 3.593 | 2.268 | 2.680

14.02 | 14.43 | 17.94 | 0.890 | 1.052 | 5.504 | 5.666 | 7.041

0.983]0.981[0.997]1.133 | 0.200 | -0.318 | -1.327

7.319 | 6.310 | 49.12 |-0.011|-0.047|0.259]0.223 | 1.738

| —_ o
’l—‘aNm'—lﬁlb—‘l_'

0.991]10.985[0.994|1.153 ] 0.718 | -0.871 | —1.655

9.666 | 8.882 | 25.83 |-0.081|-0.154|0.900 | 0.827 | 2.405

0.99410.985[0.992] 1.181 | 1.545 | -1.395 | -1.992

10.02 | 9.422 | 18.28 |-0.260|-0.372|1.870 | 1.759 | 3.411

0.99510.984[0.989]1.215 | 2.652 | —1.884 | —-2.369

9.878 | 9.394 | 14.93 |-0.591|-0.743|3.098 | 2.946 | 4.684

1.011/1.016]1.004] 0.961 | 0.338 | 0.528 | 1.363

9.671 | 10.51 | 35.34 | 0.026 | 0.067 | 0.4730.513 | 1.727

1 |1.006[1.014|1.008]|0.986 | 1.343 | 1.315 | 1.851

12.54 | 13.07 | 20.77 | 0.206 | 0.289 | 1.959|2.043 | 3.246

1.004[1.017]1.013]1.037 | 3.139 | 2.118 | 2.506

13.87 | 14.25 | 17.80 | 0.729 | 0.862 [4.7704.904 | 6.124

2500 2 |1.003]1.021[1.018|1.119 | 5.857 | 2.958 | 3.271

1490 | 1521 | 17.25 | 1.840 | 2.035 |9.271 | 9.465|10.73

0.988]0.98410.996] 0.976 | 0.286 | —0.464 | —1.349

8.508 | 7.623 | 37.95 [-0.020]|-0.058] 0.368 | 0.330 | 1.642

0.99310.986(0.993]1.010 | 1.079 |-1.146 | —1.746

10.05 | 9.451 | 20.02 |-0.152|-0.231|1.329|1.250| 2.647

0.99510.985[0.990] 1.058 | 2.331 | -1.769 | -2.219

9.982 | 9.531 | 15.00 |-0.487|—0.611|2.748 |2.624|4.130

0.996/0.983]0.987]1.120 | 3.991 | -2.351 | -2.721

9.608 | 9.238 | 12.73 |-1.101|-1.274|4.498 | 4.325|5.960

0.25 [1.016]1.018|1.002| 0.844 | 0.131 | 0.246 | 1.127

7.195 | 8.076 | 51.14 | 0.006 | 0.028 | 0.181 |0.203 | 1.283

0.5 |1.009(1.014[1.005|0.855 | 0.484 | 0.704 | 1.395

10.79 | 11.48 | 28.40 | 0.045 | 0.088 | 0.683|0.727 | 1.799

1 |1.005[1.015]|1.010|0.908 | 1.971 | 1.649 | 2.070

13.22 | 13.64 | 18.58 | 0.365 | 0.458 [2.924 |3.018 | 4.110

3000 1.5 [1.003]1.019]1.016| 1.014 | 4.670 | 2.628 | 2.944

14.53 | 14.85 | 17.18 | 1.316 | 1.474 | 7.275|7.434 | 8.599

—0.25]0.983]10.980{0.998| 0.852 | 0.104 | -0.194 | —1.086

6.213 | 5.321 | 57.10 |-0.004|-0.024|0.136 | 0.116 | 1.248

—0.5 10.991]0.986{0.996| 0.868 | 0.395 | -0.611 | —1.362

9.303 | 8.552 | 30.25 |-0.033|-0.074|0.504 | 0.463 | 1.637

-1 ]0.995]0.987]0.992|0.923 | 1.512 |-1.403 | —1.883

10.15 | 9.670 | 16.83 |-0.253|-0.340| 1.831 | 1.744 | 3.036

—1.5 10.996]0.984[0.988| 1.003 | 3.262 | 2.122 | —2.488

9.797 | 9.430 | 13.22 |-0.811|—-0.951|3.744 | 3.604 | 5.054

0.25 [1.010]1.014|1.003] 0.699 | 0.230 | 0.430 | 1.157

9.386 | 10.11 | 36.17 | 0.015 | 0.039 | 0.320|0.344 | 1.232

0.5 |1.006[1.012{1.007|0.733 | 0.880 | 1.052 | 1.539

12.14 | 12.63 | 21.34 | 0.110 | 0.160 | 1.264 | 1.315|2.221

0.75 [1.004]1.014|1.010] 0.798 | 2.007 | 1.677 | 2.047

13.33 | 13.70 | 17.99 | 0.375 | 0.458 | 2.981 | 3.063 | 4.022

4000 1 |1.003[{1.017|1.014]0.896 | 3.675 | 2.320 | 2.634

14.19 | 14.50 | 17.13 | 0.922 | 1.047 | 5.638 |5.762 | 6.807

—0.25]0.988]0.985[0.997| 0.704 | 0.165 | -0.329 | —1.115

7.976 | 7.190 | 42.18 |-0.009|—0.030|0.214 | 0.193 | 1.134

—0.5 10.99410.988[0.994| 0.739 | 0.667 | —0.886 | —1.436

10.08 | 9.528 | 21.70 |-0.074|-0.119|0.837 | 0.791 | 1.802

—0.75]10.996]0.987[0.992] 0.792 | 1.479 | -1.399 | —1.820

10.23 | 9.807 | 16.13 |-0.245|-0.319|1.793 | 1.719 | 2.828

-1 10.996]0.986]0.989| 0.863 | 2.573 | -1.882 | —2.236

9.993 | 9.639 | 13.73 |-0.567|-0.673|3.010]2.904 | 4.136

- due to taking into account the mentioned increment
Al,y, the accuracy of determining the module /5y of the
stator current in the motor mode of the fr IM (in
comparison with the module /7 of the stator current, in
which this increment is not taken into account) increases,
according to the relations /5//;, by (0.2 — 11.3) %, where
the largest values of these relations refer to low speeds and
increased values of the useful torque T, and smaller values
to increased speeds and reduced values of this torque T,

- according to the calculated values of the relationships
I/fs, as a result of taking into account the mentioned
increment Al the accuracy of the calculation of the module
I of the generalized vector of the stator current | in the
motor mode of the f-r IM increases by (0.3 —2.1) %;

- in the motor mode, in the first speed zone, the value
of increment Aly/lg, of the active projection of the stator
current of the f-r IM increases with an increase in speed n,
and in the second zone, on the contrary, they decrease;

- the relative errors APs/AP .., APs/AP'., and
APss/AP’ ., always have only positive values which indicates
the underestimated values of MEPL from (26) — (28):
AP 3<AP ¢y AP 4<AP o 1 APy s<AP o — in comparison
with their refined value AP o;

- at the same speed and equal (in absolute value)
values of the useful torque of the motor, the lowest values

in absolute value among all considered types of errors are
inherent, according to Table 4, 5, relative errors APs/AP o\
and APsy/AP ., (the algebraic signs of which are positive in
motor mode and negative in generator mode); as a result of
the latter, in the generator mode, the values of the
calculated power losses AP.,; and AP.,, exceed the
refined values of AP, MEPL calculated from (23);

- in the first and second speed zones in motor and
generator modes, the absolute value of all relative errors:
AP51/AP oiny AP35/ AP oy, AP53/AP ey APsy/AP o, APss/AP o,
— with a decrease in speed and an increase (by absolute
value) of the useful torque, of the f-r IM increases, which is
caused by the influence of the electrical loss component,
which is due to the transportation of additional power losses
through motor air gap.

We note that (despite the obtained identical type of
calculation dependencies for electromagnetic processes and
energy parameters of the real f-r IM mode in relation to the
motor and generator modes of its operation) with the same
absolute value, but with the opposite algebraic sign of the
values of the useful torque T, it is observed (according to the
calculated data from Tables 2 — 5) the difference in motor
and generator operating modes in the calculated values:
module | of the stator current, electromagnetic torque |Tep)|,
refined MEPL AP, calculation errors APs;, APs,, APss,
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APs4, APss and other motor mode parameters. This is
explained by the fact that: firstly, in the motor mode, the
directions of action of the useful torque T and the mechanical
losses of the torque AT, are opposite to each other (and in
the generator mode, they coincide); secondly, in the motor
mode, the algebraic sign of the component of the active
projection I |, of the generalized stator current vector
coincides with the signs of the increments Alyy, Alg, of the
stator current caused by the transportation of additional and
magnetic power losses (while in the generator mode, the
algebraic sign of the projection |, is opposite to the signs of
the specified increments Al and Aly).

The results of the research carried out in the article are
recommended to scientists and engineers who are engaged
in the research of electromagnetic and energy processes of
the f-r IMs and the design of energy-efficient control
(which ensures the minimization of electromagnetic power
losses or consumed active electric power) for these motors.

Conclusions. Analytical calculation dependencies
are obtained to determine the increments of the active
projection of the generalized stator current vector of the
frequency-regulated induction motor, caused by the
transportation of additional and magnetic power losses
through the air gap or to the magnetization circuit of the
motor, respectively. With the use of these dependencies,
refined calculations of the main electromagnetic power
losses, the main consumed active power, the efficiency
and the power factor of the mentioned motor in steady-
state motor and generator modes were performed.

Conflict of interest. The authors declare no conflict
of interest.
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EnekmpomexHi4yHi KoMrsiekcu ma cucmemu
UDC 621.3.013
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B. Nemouchi, S.E. Rezgui, H. Benalla, K. Nebti

Fractional-based iterative learning-optimal model predictive control of speed induction motor
regulation for electric vehicles application

Introduction. A new control strategy based on the combination of optimal model predictive control (OMPC) with fractional iterative
learning control (F-ILC) for speed regulation of an induction motor (IM) for electric vehicles (EVS) application is presented. OMPC
uses predictive models to optimize speed control actions by considering the dynamic behavior of the IM, when integrated with the F-
ILC, the system learns and refines the speed control iteratively based on previous iterations, adapting to the specific characteristics
of the IM and improving performance over time. The synergy between OMPC and F-ILC named F-ILC-OMPC enhances the
precision and adaptability of speed control for IMsin EVs application, and optimizes the energy efficiency and responsiveness under
varying driving conditions. The novelty lies in the conjunction of the OMPC with the ILC-based on the fractional calculus to
regulate the speed of IMs, which is original. Purpose. The new control strategy provides increased performance, robustness and
adaptability to changing operational conditions Methods. The mathematical development of a control law that mitigates the
disturbance and achieves accurate and efficient speed regulation. The effectiveness of the suggested control strategy was assessed
via simulations in MATLAB conducted on an IM system. Results. The results clearly show the benefits of the F-ILC-OMPC
methodol ogy in attaining accurate speed control, minimizing steady-state error and enhanced disturbance rejection. Practical value.
The main perspective lies in the development of a speed control strategy for IMs for EVs and the establishment of reliable and
efficient electrical systems using ILC-OMPC control. This research has the prospect of a subsequent implementation of these results
in experimental prototypes. References 24, tables 2, figures 9.

Key words: optimal model predictive control, iterative learning control, induction motor, speed control, electric vehicles.

Bemyn. Tlpeocmagneno Hogy cmpamezito KepyeanHs, AKka OA3VEMbCA HA NOEOHAHHI NPOSHO3HO20 KePYBAHHS ONMUMATLHOW MO0
(OMPC) 3 0po6osum imepamusnum nasuanenum kepysannsm (F-ILC) ons peeymosannsn weuoxocmi acunxponnozo dsueyna (AI]) ons
sacmocysanns 6 enexkmpomoo6inax. OMPC suxopucmogye npocnosui modeni 0ns onmumizayii' Oitl Kepy8anHs WUOKICIIO, 8Paxo8youu
ounamiuny nogedinky AJl. Ilpu inmeepayii 3 \LC na ocnosi Opobie cucmema sueuae ma G0OCKOHANIOE KEPYSAHHS UWBUOKICHIIO
imepamusHo Ha OCHOBI NONepeoHix Imepayiil, a0anmyuucs 00 KOHKPemHUX Xapakmepucmuk AJ] ma niosuwertss npooyKmusHoCmi 3
uacom. Cunepeis misic OMPC i F-ILC nio nazeoro F-ILC-OMPC nidsuwyye mounicmo i adanmusnicme pezynosans weuokocmi ons AJIJ
6 eNeKmpoOMOOGLIAX, A MAKOJNC ONMUMIZYE eHepeoepexmugHicms i yymausicmo 3a pisnux ymog pyxy. Hoeusna nonseac 6 noeonammi
OMPC 3 ILC Ha ocrosi dpobosozo uucienus ons pezynosants weuoxkocmi AL, wo € opueinanvnum. Ipusnauenna. Hosa cmpamezis
YIpasninKa 3abe3nedye niosuweHy NpoOyKMUSHICMb, HAOIIHICMb [ a0anmusHicms 00 MIHAUBUX YM08 ekcnayamayii. Memoou.
Mamemamuunuii po36UMOK 3aKOHY KepyBaHHs, KUl NOM AKUYE 30YpeHHs ma 00CA2ae MOYHO20 MA ehEeKMUSHO20 pe2yTo8aHHs.
weuokocmi. E¢pexmuenicmov 3anpononosanoi cmpamezii kepysauns 6yna oyinena 3a 0onomozor mooenrosarns y MATLAB, nposedenozo
Ha cucmemi AJ]. Pesynemamu. Pezynomamu uimko nokazyioms nepesazu memooonozii F-ILC-OMPC y docsienenni mournozco konmponio
WBUOKOCTE, MIHIMI3aYIl CMAayioHapHol ROMUIKU Ma NOKPAWeHo2o ycyHents nepeukoo. Illpakmuyuna yinnicms. OcHosHa nepcnekmusa
nonazae 6 po3poodyi cmpameeii pecynosanHa weuoxocmi AJ] ona enexmpomobinie i cmeopents HAOIHUX | ePeKMUBHUX eNeKMPULHUX
cucmenm 3 suxopucmannsm xepysanns |LC-OMPC. [ane docniodicenns mae nepcnekmugy noOaibio2o nposaodiCeH s Yux pe3yibmamie
6 excnepumenmanvHi npomomuny. biomn. 24, Tadmn. 2, puc. 9.

Knrwouosi crosa: onTuMaibHa MOJe]b NMPOTrHO3HOIO KepyBaHHs, iTepauiiiHe HaBYaJIbHe KepyBaHHs, ACHHXPOHHMIi IBUIYH,
KepPyBaHHA WBUAKICTIO, eJIEKTPOMOOii.

Abbreviations
DTC Direct Torque Control M Induction Motor
EV Electric Vehicle ILC Iterative Learning Control
FCS-PTC Finite Control Set-Predictive Torque Control MPC Model Predictive Control
F-ILC Fractional Iterative Learning Control OMPC Optimal Model Predictive Control
IFOC Indirect Field-Oriented Control SVM Space Vector Modulation

Introduction. EV is a vehicle that uses one or more
electric motors for propulsion. In contrast to traditional
vehicles that rely only on internal combustion drive fueled
by gasoline or diesel, EVs include reduced greenhouse
gas emissions, lower operating costs due to lower
maintenance and electricity costs compared with gasoline,
and the potential for using renewable energy sources to
charge batteries.

Several types of electric motors are commonly
employed in these vehicles. The choice of motor depends
on factors such as vehicle type, performance
requirements, and cost. IMs offer several advantages
when used in EVs, contributing to their widespread
adoption in the automotive industry. It has a simple and
robust design, and the simplicity of the IMs results in
lower maintenance requirements. In addition, IMs can

operate at high efficiency levels and are self-starting,
eliminating the need for additional starting mechanisms.

The motor’s driver (traction inverter and controller)
is a crucial component of an EV. It regulates the power
supplied to the electric motor based on the driver’s input
and other factors. It can adjust the voltage and current to
control the speed of the electric motor. Speed control is
part of a larger vehicle control system that manages
various aspects, including safety, stability, and efficiency.
This overarching system integrates inputs from multiple
sensors and subsystems to ensure a smooth and controlled
driving experience.

There are many methods for controlling the speed of
EVs that can be applied to a variety of electric motors.
One can site some of them, like the PID controller which

© B. Nemouchi, S.E. Rezgui, H. Benalla, K. Nebti
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involves proportional, integral and derivative components
to regulate the system. It helps in achieving the desired
speed regulation of EV motors [1].

In [2], authors proposed a back-stepping control
technique with SVM strategy for IM. A load torque
observer was designed to enhance speed tracking, and
system stability was studied using Lyapunov theory.

The authors [3] have used a model reference
adaptive system observer to ensure the continuity of the
drive of a permanent magnet synchronous motor and
improve its reliability by eliminating the speed sensor.
The performance and robustness of the system were tested
using real driving scenarios.

Other researchers have used the zeta converters in
improving the speed control of brushless DC motors for
small EVs. The goal was to develop EVs that reduce
emissions by utilizing renewable fuels. The study
proposed the use of a PI controller assisted by a hysteresis
current controller to regulate the motor’s speed [4].

The paper [5] presented a new approach for
estimating the speed of in-wheel EV with two
independent rear drives. This study focused on the use of
variable-speed IMs. The objective is to improve the
dynamic performance of the control system using type-1
and type-2 fuzzy logic controllers in a model reference
adaptive system.

The authors of [6] have developed and tested a DTC
control for EVs for a six-phase motor with adaptive speed
estimator, and extensive SVM.

Another DTC scheme with a predictive speed and flux
control of an IM for an EV was used in [7], authors proposed
also a sliding mode observer to accomplish a sensorless
estimation technique in aim to achieve efficient torque
control and higher efficiency. The design has included the
implementation of the sliding mode observer, with stator
currents transformation, and flux angle estimation.

The main work in [8] was the design of a speed-
sensorless control based on finite control set-predictive
torque control (FCS-PTC) in IM drive system. An
adaptive fading-based extended Kalman filter observer
was used to estimate the angular speed and the flux that
are required for the FCS-PTC algorithm. The load torque
is estimated to improve speed estimation performance,
and it is used in the feed-forward control loop to enhance
load disturbance rejection. It was shown that FCS-PTC
offers advantages such as easy implementation, handling
of nonlinearities, and inclusion of constraints.

The fractional PID controller is a type of control
system that extends the traditional PID controller by
introducing fractional-order calculus into the proportional,
integral, and derivative terms [9]. This type of controller
has attracted great interest from researchers thanks to its
advantages.

In [10] the authors address the issue of torque ripples
generated by a motor when using a PID controller, which
can lead to increased noise in the system. They proposed
a fractional-order-based PID control scheme that offers
faster tracking and reduces the magnitude of torque
ripples compared to traditional PID control. Authors of
[11] have applied a new controller for EV speed control
which was based on a fuzzy fractional-order PID
algorithm and the Ant Colony Optimization technique for

parameter’s tuning was used. The controller’s
performance was evaluated using the new European
driving cycle.

The goal of the paper is the design of a new
strategy for speed control of an IM using a combination of
OMPC and ILC. The objective is to achieve accurate and
efficient speed regulation of the motor in EVs application.
OMPC leverages predictive models to optimize speed
control actions, it provides a real-time optimization
approach that predicts future motor behavior and
generates control signals accordingly. When combined
with ILC, the system benefits from iterative learning,
enabling it to refine speed control based on previous
experiences, which enables the system to learn from
previous iterations and improve performance over time.
The ILC uses the error information from previous control
cycles to update the control inputs and reduce tracking
errors in subsequent iterations. The proposed control
strategy was evaluated through simulations of an IM
system. The results demonstrate the effectiveness of the
OMPC-ILC approach in achieving precise speed control
with reduced steady-state error and improved disturbance
rejection compared with other control methods.

IM model and theory of the control. The powertrain
of an EV is a system that propels the vehicle by converting
electrical energy from the battery into mechanical energy
for driving (Fig. 1). It typically consists of several key
components that work together to achieve efficient and
controlled vehicle movement [12, 13].

C) Speed ;:ontrol C)
Ibat \

PWM
Batt
attery Invereter |
T M\
FILC-OMPC — [FOC ]~

—p Q

F-PI
1
\
(j\ Current control

Fig. 1. EV powertrain
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IM Dbelongs to electric motors which are
predominant in EVs, thanks to its simplicity, reliability,
and robustness. The mathematical model of the motor’s
electric and mechanical dynamics is given by the
equations (1)—(4) [14]:

T
Vas = Rlgs + Ts — WePyss

. dpgs
Vs = Relgs + d_tq — WePds;
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Var = Reigr +Tdr_(a)e_a)r )(ﬂqs;
. do,
Vogr = Reigr +Tqr+(we_a’r )Q’qs;
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@ds = Lsids + Lmiars
Pgs = Lsigs + Lmigr:

@ @)
@ar = Llgr + Linlgss
Pqr = Ltigr + Livigs;
dQ
J—=Tgn-T| - TQ; 3
dt em L ( )
Tem = p((ﬂdsi gs — Pgslds )» 4)

where Vg, Vg, ig, ig, ¢4 and ¢q are the dg components of the
rotor (symbol «r») and stator (symbol «S») voltage,
current and flux linkage, respectively; L;, Ls, R, R; are the
rotor and stator self-inductances and resistances; p is the
pairs number of poles; @ is the angular speed; L, is the
magnetizing inductance; J is the motor moment inertia;
Q is the speed; Tey is the motor torque; T, is the load
torque; f is the viscous friction coefficient

Indirect field-oriented control. Also known as
vector control, it’s a popular control strategy used in the
field of electric motor control. The primary objective of
IFOC is to control the stator currents of a three-phase AC
IM in a manner that simplifies the control task. Speed
control is achieved by regulating the torque-producing
current based on the desired speed (Fig. 2).

- Y VY

PUWM
Inverter Z

I

Fig. 2. Block diagram of control strategy IFOC

— |

IFOC provides several advantages, including high
dynamic performance, efficient torque control, and the
ability to operate over a wide speed range. It is widely
used in applications where precise control of motor
performance is crucial, such as in EVs.

Iterative learning control. The control law within
the framework of ILC is presented as the mathematical
relationship or the algorithm that determines how to
adjust control inputs at each iteration to reduce errors and
enhance performance over time. The underlying objective
of this control law is to assimilate insights derived from
errors encountered in previous iterations and to make
adjustments to control inputs for a more efficient
convergence towards the desired performance. The PID-
type ILC control law is given as follows [15, 16]:

Uk (t)=Ui(t)+ K g (t) + Kij'ek(t)dt +Ka&lt), (5)
where Uy(t) is the control input at the current iteration;
Ui+1(1) is the control input at the next iteration; 1) is the
error between the desired and actual outputs at the current
iteration.

In (5), the control input for the next iteration Uy (t)
is modified based on the current control input Uy(t) and

the error g(t) observed in the current iteration. This
adjustment is scaled by the learning parameter (K, K; and
Kg) that determine the magnitude of the control input
adjustment. It is worth highlighting that the actual
structure of the control law may be more intricate and
could encompass additional terms or considerations
depending on the unique attributes of the system and the
task at hand. The selection of the learning (K,, K and Kg)
is pivotal and may necessitate tuning to attain optimal
performance in a specific application.

Optimal model predictive control. MPC is an
advanced control strategy used in various industries to
optimize the performance of dynamic systems. OMPC is
an extension of MPC that emphasizes finding an optimal
control policy while considering system constraints,
dynamic models, and performance objectives [17, 18].

These models are used to predict the future behavior
of the system based on current and past states and inputs.

The dual mode represents a control strategy that
relies on predictions using two distinct modes. The first
mode is applied when the system is distant from the
steady state, while the second mode comes into play as
the system approaches the desired operating point.

The control law can be elaborated as [17, 19]:

Uk=—KXk+Ck~K£nC; (6)

U =-KXi-K>ng, 7

where N, is the control horizon; Cy is the perturbations; Xy is

the state space model; K is the state feedback gain, it can be

determined by using the MATLAB command [K] = dlqr (A,

B, Q, R), where Q and R are the real symmetric matrices,
semi-positive definite, and positive definite, respectively.

The cost function is expressed as:

J= X-krskxk + CI)kSch—>k + ZX;SCXCak , (8)
where S, & and S are the parameters of the cost function
after solving using a standard Lyapunov identity to form
the predicted cost.

To ensure good performance and tracking of the
reference r, we propose setting (Yx = r), we added some
terms (Xg) and (Ug) at each step k, that express the desired

stable state as follows (X¢= X} +Xg) and (U= U} + Ug):

Y= CX ©)
X = AX; + BUg; (10)
Y. C o0|X
== = (1n
0 A-1 B Ug
-1
X cC o r
S = . (12)
Ug A-1 B 0
We define:
X My | r
Sl=| X (13)
Ug My [ O
Therefore, we have:
Xs=My-1; (14)
Us=M,-r. (15)
By substituting X and Ug into (6):
Uk — Us =KX~ Xs) + C (16)
U=-KX—KMy-r+My-r+Cyg 17)
So:
Uy =KX + (K My — My)-r + Cy, (18)

16

Enexkmpomexnixa i Enexmpomexanixa, 2024, Ne 5



where A, B, and C are the matrices that define the system
dynamics and relationships between state, input, and output:

X = AX +BU; 1)
Y =CX + DU,

where X is the state vector of dimension n; U is the system
input (or control) of dimension M Y is the system output of
dimension r; A is the state matrix (or evolution matrix) dim
[A(.)] = nxn; B is the input matrix dim [B (.)] = nxm; C is the
output matrix (or observation matrix) dim [C (.)] = rxn; D is
the feed forward matrix dim [D (.)] = rxm.

Design of the combination of F-ILC and OMPC
(F-ILC-OPMC). Now we will elaborate the proposed control
strategy for the speed control of an IM using the proposed
combination of OMPC and iterative learning control.

From the OMPC we substitute the control law
formulation of Uy determined in (15) into the ILC (5); so
one can find the new ILC control law as follows:

Uga(t)=a+8, (20)

where:
a=[-KX +(KMy-M,)-r+Ccl; 1)
ﬁ=Kp%@yHﬂI%ﬁﬁHKd@ﬁ) (22)

The second term of (20) named / constitutes the
PID-type ILC as defined in its original form in (5). In our
case, we propose a fractional order controller which is
FOP ID-type of ILC as it is illustrated in Fig. 3.

[
Fig. 3. Block diagram of the fractional control law F-ILC-OMPC

In standard PID controllers, the order of the terms is
restricted to integer values (1 for proportional, integral,
and derivative). However, fractional-order PID controllers
allow the use of fractional orders, which allow additional
degrees of freedom for tuning and optimizing control
systems [20].

In addition, the use of fractional orders allows more
flexibility in shaping the frequency response and adapting
the controller to specific system dynamics. For this
purpose, we use it in the ILC law control:

B {Kp +§+ dey}q((t),

where A, y are the fractional orders for the integral and
derivative terms, respectively; Sis the Laplace variable.
The full controller is depicted in Fig. 3.
Simulation and analysis. The regulation of the IM’s
speed relies on the subsequent closed-loop equations:

(23)

1 .
G(s)= R (24)
G
H(s)= Gl (25)

where H is the closed-loop speed; G is the open loop
speed transfer function.

In a state-space representation, a dynamic system is
described by a set of first-order differential or difference
equations, so that H is transformed in state-space and we
use A, B, and C to determine the control law.

The F-ILC-OMPC is injected in the speed loop of
the IFOC (Fig. 4). The IM parameters are reported in
Table 1 [21].

.‘I‘ | I

Fig. 4. Control loop of speed with F-ILC-OMPC and current

with F-PI
Table 1
IM’s parameters
Rated shaft power Py, kW 3
Line-to-line voltage V,, V 220/380
Rated speed Ny, rpm 1500
Pairs number of poles 2
Stator self-inductance Lg, mH 261
Rotor self-inductance L,;, mH 261
Magnetizing inductance Ly, mH 249
Stator resistance Rs, Q 2.3
Rotor resistance R, Q 1.55
Machine inertia J, kg-m’ 0.0076
Viscous friction coefficient f, kg-m*/s 0.0007

Performance assessment is conducted using
MATLAB simulations to illustrate the responses of the
rotor speed, electromagnetic torque and stator phase
current under the F-ILC-OMPC controller.

The system’s speed tracking response is examined
under the conditions of a multi-step speed references with
[400, 900, 1500, —1500] rpm at [0's, 0.5 s, 1 s, 1.5 s]. A
load torque of 7 N-m disturbs the system at time 0.7 s.

Figures 5, 6 show the pursuing curve of the actual
speed compared to its reference, in addition, the stability
of the system is tested when it’s disturbed by the
application of the resisting torque. With this scenario, it’s
clear that the system ensures a stable and efficient
tracking performance since the rise time is about 0.0243 s
and with an overshoot about only 0.33 %.

The behavior of the electromagnetic torque is shown
in Fig. 7. This curve shows a fast dynamic response
during the regulation process, the goal is typically to
ensure that the motor operates at the desired torque level
(7 N-m), and maintaining stability and efficiency.

The direct and quadratic components of the stator
currents of the IM (Fig. 8) refers to the controlled or
adjusted current flowing through the stator windings of the
motor during the test scenario. A simple two F-PI regulators
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was sufficient to achieve the desired stator currents
regulation and no sharp peaks was induced (Fig. 9).
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Fig. 5. Speed response of IM with F-ILC-OMPC controller
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The results obtained using our proposed method is
juxtaposed with other references in Table 2. Various
controllers were used for the control of -electrical

machines, and we have endeavored to make the
comparison as fair as possible.

Table 2

Comparison with other references
Rise |Overshoot, | Settling D1st4urb.a nee
Controller | .. o . rejection Ref.
time, s % time, s .
time, s

DTC-slide
mode NPC 0.9 10 2 - 7]
MFPCC 0.7 6 2 1 [22]
ASMC-
MPTC 0.25 - 0.3 0.4 [23]
FPIM-
OESW 0.38 2 0.5 - [24]
F-ILC- Proposed
OMPC 0.0243| 033 0.048 0.071 method

Conclusions. The proposed F-ILC-OMPC approach
was evaluated through simulations using an IM. The results
demonstrated that the combination of F-ILC and OMPC
yields higher speed control performance compared with
other control methods. It achieves faster response times,
better tracking accuracy and improved disturbance
rejection. As expected, OMPC with F-ILC strategy offers
an effective solution for the speed control of IMs and can
be exploited in EVs application. It leverages predictive
modeling, real-time optimization, and iterative learning to
achieve precise and efficient speed regulation in the
electrical motored system.

In summary, the combination of OMPC and F-ILC
offers a promising approach for speed control of IMs,
providing enhanced performance, robustness, and
adaptability to varying operating conditions.
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Experimental validation of fuzzy logic controller based on voltage perturbation algorithm
in battery storage photovoltaic system

Introduction. Solar photovoltaic (PV) has recently become very important especially in electrical power applications for countries with
high luminosity because it is an effectively unlimited available energy resource. Depending on solar radiation and temperature, the PV
generator has a non-linear characteristic with a maximum power point (MPP). The novelty is the efficiency improvement of a PV energy
module, it is necessary to track the MPP of the PV array regardless of temperature or irradiation circumstances. Purpose. This paper
presents the modeling and the digitally simulation under MATLAB/Smulink of a Fuzzy Logic Controller based on Voltage Perturbation
Algorithm (FLC-VPA) applied to PV battery charging system, which consists of PV module, DC-DC boost converter, MPP tracking
(MPPT) unit and battery storage. Methods. The DSP1104 is then used to experimentally implement this MPPT algorithm for real-time
driving. The obtained results show the high precision of the proposed FLC-VPA MPPT around the optimal point compared to the
conventional VPA under stable and changing meteorological conditions. Practical value. The experimental results approve the
effectiveness and validity of the proposed total control systemin the PV system. References 30, tables 3, figures 17.

Key words: maximum power point, fuzzy logic controller based on voltage perturbation algorithm, battery, boost converter.

Bemyn. Consuna gomoenexmpuuna (PV) enepeis ocmanniv uacom cmana 0yjice 6adlcaugoio, 0cobauso 6 enekmpoenepeemuyi 6
KpaiHax 3 6UCOKUM COHAYHUM OCBIMAEHHAM, OCKIIbKU 60HA € (PAKMUUHO HEOOMEMHCEHUM OOCTYNHUM €eHepeemUYHUM DeCcypPCOM.
3anesxcro 6i0 consuno2o sunpomintosants ma memnepamypu, PV eenepamop mae Heninitiny Xapakmepucmuxy 3 moyKko MAKCUMATbHOT
nomyococmi (MPP). Hosusnoro ¢ niosuwenns epexmugnocmi PV enepeemuunozo mooyist, wjo neobxiono giocmesicysamu MPP PV
bamapei nezanedcno 6i0 memnepamypu abo ymos onpominenns. Mema. YV yiti cmammi npedcmagneno mooenoganus ma yugpose
mooemosannst ¢ pamkax MATLAB/Smulink kommponepa neuimkoi nociku na ocnosi areopummy 36ypennst nanpyeu (FLC-VPA), wo
3acmocogyemvcsi 0o cucmemu 3apsoku PV 6amapeit, axa cxradaemovca 3 PV mooyns, DC-DC nideuwgysanvrozo nepemsoprosaua,
cucmemu MPP (MPPT) ma axymynsmopnoi 6amapei. Memoou. DSP1104 suxopucmogyemocst 01 ekcnepumenmanbhoi peanizayii
yvoeo MPPT aneopummy ons pescumy peanvhozo uacy. Ompumani pe3yabmamu nokazyioms 6UCoKy mounicms npononosarozo FLC-
VPA MPPT 6ina onmumansuoi mouxu nopisuano 3 mpaouyitinum VPA y cmabinbhux ma MiHIUSUX MemeoponoSiuHUx YMO8ax.
Ilpakmuuna yinnicme. Pesyniemamu eKcnepumenmis niomeepoxcyloms e@eKmueHicms ma OOIPYHMOBAHICMb  3anpONOHO8AHOL
cucmemu xoumpomnio y PV cucmenmi. bioin. 30, Tabm. 3, puc. 17.

Kniouosi crosa: ToUka MaKCHMAJIbHOI NMOTY:KHOCTi, KOHTPOJIepP HEYIiTKOI JIOTiKM HAa OCHOBi aJiropuTmy 30ypeHHs] HANIPYTH,
aKyMYJISITOP, MiABHIYBAJBHHUI IIEPeTBOPIOBAY.

Abbreviations

ANN Artificial Neural Network MPPT Maximum Power Point Tracking
FOCV Fractional Open-Circuit Voltage P&O Perturb and Observe
FSCC Fractional Short-Circuit Current PV Photovoltaic
FLC-VPA |Fuzzy Logic Controller based on Voltage Perturbation Algorithm PWM Pulse Width Modulated
FLC Fuzzy Logic Controller STC Standard Test Conditions
INC Incremental Conductivity VPA Voltage Perturbation Algorithm
MPP Maximum Power Point

Introduction. Renewable energies are an effective |, A o T e | P W
solution to eliminating greenhouse gas emissions. Among =P (V)%
the promising resources of production (wind, hydro and
so on), PV cells have become very important as they are 1 | 60

one of the most suitable and successful renewable sources
in the production of electricity due to its advantages such
as no fuel cost, and no noise; and because the solar cell is
a semiconductor device, it needs very little maintenance
and so on. 20

The PV module directly converts solar energy into
electricity. The output value of these PV modules varies
according to environmental conditions such as radiation and P A VA4
the temperature (Fig 1). The solar modules have distinctive Fig. 1. Current and power curves under 1000 W/m? and 25 °C
characteristics, including that the maximum value of the
available energy is available only in one operating point that
has a specific voltage and current, called the MPP, whose
position changes as a function of radiation and temperature
of the solar module so that the used load (Fig. 2).

The major drawback of PV systems is the relatively
expensive cost of this kind of energy. To get rid of this
problem, we must make the solar panels work at maximum
power to increase the energy efficiency of these systems.
This requires a tracking mechanism of this point so that the
maximum power is generated continuously.

40

MPPT enables us to control the operating point by
regulating the duty cycle converter circuit connected
between the PV generator and the load or battery storage.

Various MPPT methods have been developed and
executed: P&O [1], INC [2], FOCV [3] and FSCC [4].
The existing methods have one or more defects, such as
costly, difficult to achieve, plurality of sensors, high
complexity, easy to instability. The first two are used in
many PV systems more largely than others because of
their simple implementation.

© H. Bounechba, A. Boussaid, A. Bouzid
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Fig. 2. Current-Voltage (I-V) and Power-Voltage (P-V)
characteristics: a — temperature T = 25 °C and different levels of
irradiance G: b — at irradiance G = 1000 W/m? and different
temperatures T

When the control parameter is increased or decreased
to a small extent (step size) in the P&O method, a
disturbance occurs at the PV generator operating point. We
measure the PV external energy before and after the
disturbance, if there is an increase in the power, the
algorithm continues to perturb order in the same way; if it
is the other way around, the system will perturb in the
opposite way [5], and this algorithm can be described based
on the nature of the control variable you use [6]:

1) voltage — Voltage Perturbation Algorithm;
2) current — Current Perturbation Algorithm;
3) duty cycle— Duty Cycle Perturbation Algorithm.

To determine the unit operating point on both sides
of the MPP we derive the power from the voltage and
then approximate this point from the MPP by adjusting
the duty cycle. This method is called the INC method.

In the presence of uniform radiation the previous
two methods work effectively because there is only one
MPP in this case however, boot P&O and INC become
ineffective under rapid change in the atmosphere as well
as power fluctuations at the MPP [7-9].

FOCV and FSCC methods are simple methods for
obtaining maximum power, but they are inaccurate
because they give only an approximation of the constant
ratio between optimum voltage and open circuit voltage
or between optimum current and short circuit current for
the PV panel. This makes the efficiency of the PV system
weak and energy loss, especially that the MPP varies with
the level of radiation and temperature [10].

FLC and ANN are smart methods and techniques
that have recently been used in the literature [11-14].
ANN presents some drawbacks despite its good
performance, especially in the case of rapid fluctuations
in weather conditions. Hence, its robustness requires a
massive database [15]. The proposed FLC-VPA method is
better than MPPT methods used in a several applications
[16-20] because it is easy to design, robust and requires
no exact model.

The goal of the paper expressed in proposing a
fuzzy logic controller based on the principal of the well-
known voltage perturbation algorithm. The last-
mentioned algorithm uses a fixed step size, if it is taken to
large, the power perturbation increases. The main
contribution of this paper is the introduction of a FLC-

VPA that uses a variable step size to avoid the large time
response of VPA when the step size chosen too small.

PV module. To carry out the simulation and the
experimental part we chose the STP080S-80 12/Sb PV
module. The module is made up of 36 monocrystalline
silicon solar cells connected in series to produce a
maximum power of 80 W. Solar cells are typically studied
under STC, where the mean solar spectrum value is
AM1.5, and at an estimated irradiance of 1000 W/m?
with the cell temperature set as 25 °C.

The prototypical involves a current generator to
simulate the flow of incident light and a diode for the
polarization of cells (Fig. 3).

Fig. 3. Equivalent schematic of the PV cell

To account for physical phenomena at the cell level,
the model is supplemented with a series resistor R. The
behavior of a PV cell with a silicon based PN junction can
be characterized by the equation in statics [21]:

lov=loh—la. (1)

The diode current is given by:

la=1ls -{exp(q-—vp:ﬁ' "VJ—l}, @

where: ( is the electron charge (g = 1.602:10" C); k is
the Boltzmann constant (k = 1.38-:10 % J/K); A is the
diode ideality; |5 is the reverse diode saturation current;
Rs is the series resistance of the cell; T is the temperature, K;
Vo, |pv are the output voltage and current of the solar cell,
respectively.

The saturation current s varying with temperature,
which is described as:

3
(T (B (1)
el ol B o

lsc nom

I Sk >
V,
exp| q- oc_nom |_4
A-Kk-Toom
where |y, is the generated photo-current, which is primarily

determined by irradiance G and cell temperature T as
follows:

“

I'oh =1ph nom* [1 +a(T _Tnom)]; (%)

G . ©)

I ph_nom = Isc_nom ’ G
nom

where Gpon is the nominal irradiance; Tpom is the nominal
temperature; lg; nom is the nominal short circuit current; Voe nom
is the nominal open circuit voltage of PV panel at STCs.

The Suntech A STP080S-12/Bb PV panel was
utilized in the simulation, and the data for the PV module
can be seen in Table 1.
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Table 1
Parameter condition of STP080S-12/Bb PV module

Parameter Value
Maximum power P, W 80
Maximum voltage V.., V 17.5
Current at the maximum power | ., A | 4.58
Open circuit voltage Vo, V 21.9
Short circuit current I, A 4.95

The maximum voltage V., and maximum current | ,,,
to the MPP, the open circuit voltage V., the short circuit
current lg, and the slopes of the curves |-V near V. and Ig
are used to determine the ideal factor and series resistance
for a specific solar radiation and temperature [22].

DC/DC converter. A chopper is a DC/DC converter
that converts DC energy at one voltage (or current) level
to DC energy at a different voltage (or current).
Depending on the load voltage, numerous DC/DC
converters can be connected to the PV generator (buck,
boost and buck boost).

The employed structure of the DC-DC boost chopper
in this research is shown in Fig. 4, where S is the switch, L
is the boost inductor and C is the filter capacitor.

Fig. 4. Scheme of the boost converter

Equation (7) is the energy model of the used boost
converter:

S O T

where |, V, V,, |y and a are the input current, input
voltage, output voltage, output current and duty ratio of
boost converter, respectively. Because the output voltage
of a DC-DC boost converter is always higher than the
input voltage, it can be used to connect low module
voltages to high load/battery voltages [23].

By adjusting the switching duty cycle a, an IGBT
can boost the PV module’s output voltage:

Vo=V/(1-a). ®)

When the switch S is turned on, current travels from
the input source through the inductor L to the IGBT,
storing energy in the inductor as a result. The energy
stored in the inductor is released through the diode to the
C and the load when the switch S is turned off.

The boost converter specifications are shown in
Table 2.

Table 2
Boost converter parameters
600V, 41 A,
IGBT 1x IRGPC60K 15V at 125 °C
Schottky 150V, 8 A,

diode P GIBYW29-1509616 | g8 var150°C

L 2x LEYBOLD 56214 parallel | 0.011 mH, 2.5 A

C 2x REA series 47 uF, 400 V

Battery modeling. Batteries are complicated
electrochemical devices that use chemical bonds to store
electrical charge. Lead acid battery is generally used
storage component in PV system. There are several lead
battery models proposed, in this paper we have opted for
the Thevenin model used in [24] (Fig. 5).

Res 1
AAA——AAN -
Cbl
|
Cop Rbn§ Voo VBat
IBaLR R X

Fig. 5. Circuit diagram of the battery

The battery, on the other hand, is an energy storage
element whose energy is measured in kWh. When a
capacitor is used to mimic the battery unit, the following
factors can be considered:

®)

where Cyy, is the battery charge capacity; Ey is the energy
given by the manufacturer of the battery, kWh; Viux, Vinin
are the maximum and the minimum voltage of the battery
in open circuit respectively.

The circuit in Fig. 5 describes the characteristics of a
lead acid battery with a complete manner yet very simplified,
this circuit expresses the input equivalent impedance Z, by:

Zo(9)=Rgs— R, 0 ()
RbICbIS"r 1 RprbpS+ 1
where R, and C,, are the energy and voltage during
charging and discharging using the parallel circuit; the
resistance of Ry, is significant because the self-discharging
current of a battery is minimal.

VPA MPPT. VPA is one of the easier online
procedures can be realized by applying a disruption to the
reference voltage. According to the flowchart (Fig. 6) VPA
operates by periodically perturbing (increases or decreases)
the module terminal voltage and estimates the power
difference between the present and the past extracted power
from the PV source such us Vyp(n), lp(N) and Py(n) are
voltage, current and power of PV panel at n" iteration,
respectively.

I I I |

Fig. 6. Flow chart of the VPA MPPT

If the power difference is positive, the tracking is in
the right direction and the perturbation direction will keep
on (increase or decrease) in the next cycle.

However, the opposite perturbation direction will
occur at a negative power difference; similarly, the next
cycle is repeated until the MPP is tracked.
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The choice of the perturbation step value (AV,g)
applied to the system, is very important because it is the
responsible of oscillations and moreover the convergence
speed to the final response. If a large perturbation step is
used the algorithm will find the maximum value faster,
nevertheless the quantity of power loss caused by the
perturbation is high.

A modest perturbation step, on the other hand, can
lessen the power loss caused by the perturbation while
slowing down the system’s tracking speed. This
phenomenon is a term used to describe the trade-off
between tracking speed and tracking precision [25].

FLC-VPA MPPT controller. Fuzzy systems are
based on Lotfi Zadeh’s fuzzy set theory and related
techniques, which he pioneered in 1965. Because of their
simplicity and effectiveness for both linear and nonlinear
systems, they have been successfully applied in a variety
of domains including control systems engineering,
industrial automation, and optimization. FLCs which
don’t require the knowledge of an exact plant model, have
recently been introduced in the following of the MPP in
PV systems [26].

FLC-VPA method suggested in this research takes
advantage of the VPA’s simplicity as well as its ability to
reduce the FLC’s steady state oscillations. FLC-VPA
technique examines the properties of PV panels before
perturbing the operating voltage by an appropriate increment
(AVi¢) to adjust the PV power. The power variation (APp,)
might be in either a positive or negative direction.

The value of (AP,,) can be huge or tiny. From here,
the voltage variation (AV,g) is increased or lowered in a
small or large way in the direction that allows the power
Py to be increased until the optimum is reached.

FLC-VPA MPPT controller, like conventional FLC,
consists of 3 phases — fuzzification, rule processing unit
and defuzzification (Fig. 7). The triangular and
trapezoidal shapes were chosen for the fuzzy control
because they consume less hardware memory and have a
simpler parametric representation. The triangular version
of this procedure’s membership function assumes that
there is only one main fuzzy subset for each input [27].

2 Fuzzyfication [—¥ Inference |—# Defuzzification

SAPpv

SAVref

SAVpv
Fig. 7. Fuzzy controller structure

1. Fuzzfication. The fuzzy control requires that
variable used in describing the control rules has to be
expressed in terms of fuzzy set notations with linguistic
labels [28]. In this paper, the FLC-VPA MPPT method
has two input variables, namely APp(n), AV,(n), and one
output variable AV,«(N); at a sampling instant n, where the
variable APp,(N) and AV(n) are expressed as follows:

APy, = Pp(N) — Pp(n—1); (10)

AV, = V) ~ V(0 — 1); (11)
where Pp(n) and V(n) are the power and the voltage of
the PV module.

The fuzzy sets for both inputs and output are:
P (positive), N (negative), Z (zero), as shown in Fig. 8.

Fig. 8. Membership functions:
a—input AV,,; b—input AP,; C—output AV

2. Inference method. The inference method used to
determine the output of fuzzy logic controller. Several
inference methods are discussed in literature include
Compositional Rule of Inference, Generalized Modus
Ponens and Sugeno inference method [29].

In this study Mamdani’s inference method is
employed because it was the most common method used
in engineering application [30].

The composition operation is the method by which a
control output is generated, the commonly applied method
is MAX/MIN used in this article.

The membership function of every rule is given by
the MIN operator and MAX operator. The construction of
control rules to relate the fuzzy input to the fuzzy output
depends on the knowledge base of the system dynamics.
The control rules proposed is presented in Table 3. For
one example, control rule in Table 3 is expressed as
follows. «IF APy, is P and AV, is P THEN AV,g is P».
This implies that «IF the power change is positive, AND
the voltage variation is positive THEN the perturbation
step will increase in the next cycle».

Table 3
Control rules
AVo N z P
APy,
N P Z N
V4 N V4 P
P N Z P

3. Defuzzfication. After evaluating the rules, the
FLC-VPA’s final step is to compute the output, which is
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the perturbation step (AV,g) with the defuzzification
process.

The centroid approach, commonly known as the
Center of Gravity method, is employed in this paper,
because it has good averaging capabilities and gives
decent results. The crisp value of the control output AV,
is calculated as:

n
D WAV,
AV =121

n
B
J:

where n is the maximum number of effective rules; W, is
the weighting factor; V] is the value corresponding to AV«
membership function.

This adjustment is added to the previous control
voltage value to get the final control voltage:

V() = V(N — 1) + AV, (N). (13)

The terminal and reference voltages were measured
at each sample period, and the error € = (Vi — V,,) was
determined. FLC-VPA adjusts the reference voltage (V;e)
for MPPT as previously stated. This voltage is the
positive input (reference) to the PI controller, which
conducts steady-state voltage control.

To get the terminal voltage to the desired value, a
PWM generator is utilized to adjust the duty ratio of
the converter. FLC-VPA controller is implemented in
real-time for MPPT following the methods outlined
above.

Simulation results. A simulation of a solar panel
with 36 cells connected to a storage battery via a DC-DC
boost converter with MPPT algorithms is used in this
section. The DC input voltage is converted to the battery
voltage level using a DC-DC boost converter. This
research compares and contrasts the VPA and FLC-VPA
MPPT algorithms for tracking of maximum power. We
have combined the two improved methods shown above
in Fig. 9 to evaluate their efficiency.

(12)

{1}
\'[l;:lule bc-pe =
) Converter e
I Batteries
Iov | VPA, FLC-VPA |y, B
Algorithme ] Controller

Fig. 9. Block diagram of the PV battery charging system

a) Pl controller effectiveness. To improve the
efficiency of the PI controller, the two MPPT algorithms
studied in this paper was simulated under constant
irradiance 1000 W/m? and temperature 25 °C.

Figure 10 shows that for VPA or FLC-VPA MPPT
algorithms the PI loop provides overall system stability.

The error e in VPA is very large compared with the
error of FLC-VPA because of the voltage reference
perturbation.
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Fig. 10. PI controller efficiency for both controllers:
a— VPA; b-FLC-VPA

b) Irradiation influence. Figure 11 depicts the
simulation results by changing the solar irradiation
disturbance from 1000 W/m* to 600 W/m” at a constant
temperature of 25 °C. When the simulation is started, both
MPPT algorithms detect the maximum power available;
although the detection of the maximum power is taking
place, VPA and FLC-VPA generate the necessary control
signals for the operation power of PV module follows the
MPP with a minimum error.

The irradiation intensity abruptly rises to 600 W/m?®
at t = 0.2 s, causing a negative change, and the MPP
search process is initialized to look for a new MPP. After
determining the new MPP, the two MPPT algorithms
investigated in this study operate the PV module at the
new MPP.

G, kW/m? I, A

t,s t,s

Fig. 11. Variations in irradiance have an impact on the
management of both MPPT at a constant temperature of 25 °C

c¢) Temperature influence. We report in Fig. 12 the
response of the two algorithms to a random variation of
the temperature.

We note that for a quick variation of temperature,
between a minimal value of 15 °C and a maximum value of
25 °C; it’s clear that the algorithm which adapts better is
FLC-VPA. Thus, with this simulation tool, we have
highlighted the fact that for fast step changes in
temperature, the advantages of the FLC-VPA to the VPA
by achievement of the MPP which is carried out
instantaneously in the good direction without additional
oscillations when the MPP is reached. And what enhance
our study is that the power and the voltage of the PV
module follow the variation of temperature conversely
what is completely the opposite in the current PV module
witch stay constant under temperature variation.
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Fig. 12. The effect of temperature fluctuations on the control of
both MPPT at a fixed irradiance of 1000 W/m?

Experimental results. A prototype PV battery
charging system was created and tested for experimental
verification. In this study, a STP080S-12/Bb PV module
with a 30° and a maximum power of 80 W in standard
irradiance and temperature was used. To draw the I,(Vp)
and Pp(V,y) characteristics of STP080S-12/Bb module
the circuit shown in Fig. 13 is used.

Two batteries in series each one is determined by
nominal voltage of a battery (12 V) and battery capacity
(100 Ah) compose the energy storage component.

Fig. 13. Circuit measurement of |,(Vyy) and Pp(Vp,)
of STP080S-12/Bb module

The PV power system consists also of a DC-DC
boost converter, which has the parameters summarized in
Table 2 to step up the PV module voltage. Figure 14
depicts the synoptic diagram of this PV system.

PV Module

@

<
‘=
=
=
<]

FOTIT ADVASP

Boost converter Sensors

Fig. 14. Experimental setup of the PV battery charging system

The control platform for assessing MPPT algorithms
was a dSPACE 1104 controller board. Allowing
MATLAB/Simulink to communicate with real-world
hardware. This is accomplished by utilizing dSPACE

interface blocks’ input/output (I/0); the inputs are analog
to digital converter (ADC) and the outputs are digital to
analog converter (DAC). The voltage and current of the
PV module are used as inputs to the dSPACE 1104
interface for the MPPT algorithms proposed in this work,
and LEM sensors (LV25-P) and (LA25-P) are employed
for data processing.

On MATLAB/Simulink model the MPPT method
generate the reference voltage and is compared with the
sensed PV module voltage which gives the modulating
wave for the PWM after real-time simulation.

The output of the dSPACE 1104 is limited by 10 V,
so we utilized an amplifier circuit to boost the output
voltage to a level that could feed the IGBT (15 V). When
the pulses are augmented, they pass via an isolated circuit
that separates the power and control circuits. For noise
rejection from the module current and voltage feedback
signals, low pass filters are used.

The PV array’s nonlinear feature can be seen in the
current and power curves (see Fig. 1). As a result, an
MPPT algorithm must be implemented to force the
system to function at MPP all the time.

In this paper two MPPT algorithms are carried out,
therefore, to confirm the efficiency of the algorithms a
real time simulation using DSP1104 is used.

Figure 15 shows the current, power and voltage of
PV module under constant temperature and irradiance
using VPA with 0.5 V of perturbation step. In the solar
irradiation 779 W/m”, PV output current is ranging from
1.5 A to 4 A and the rate of change of the PV module
voltage is about 12 V results a PV power output perturbs
between 30 W and 51 W, all this perturbation creates
power loss in the PV system.

780,

4,
A

WA AR A AN A A

G, W/m’ o

[ ) (TR I

i
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i 2.03 G ‘l(’iJ‘V ‘Hﬂ\f”

ts t,s

Fig. 15. Real time simulation results using VPA under constant
irradiance and temperature

To reduce the perturbation, we can minimize the
perturbation step value but that can provoke a divergence
of the system after a few seconds of the beginning of the
real time simulation.

The system is working with an average power of
51 W, which corresponds to the maximum power of the
PV module under 780 W/m? and this power is practically
constant (Fig. 16). As a result, the system’s operation in
this state demonstrates the FLC-VPA method’s efficiency
tracking.

Comparison of MPPT algorithms. The boost
converter is turned on inactive mode at first. As a result,
the PV module is directly connected to the two 24 V
storage batteries. The operational voltage and current of
the PV module are 17.5 V and 1.9 A, respectively.
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Fig. 16. Real time simulation results using FLC-VPA
under constant irradiance and temperature

The irradiance measured is 473 W/m’, both of
algorithms optimize the PV system by make the PV module
offer the maximum power, but the FLC-VPA is better than
the VPA because this last present a very perturbed reference
voltage and that's clear in the error curve.

When the FLC-VPA method is employed, the PV
module power is 33.5 W, however when the VPA is
applied, the power is balanced between 25 W and 32.5 W,
resulting in significant power losses (Fig. 17). It should be
emphasized that the VPA controls the system using
oscillating signal responses, and hence may fail to achieve
the optimization goal described in the introduction. The
efficiency of the FLC-VPA system, as well as its ability to
operate at maximum power, is demonstrated in this study.

474,4

'[G, W/m? | P W‘ ——VPA |
I n T T R v
] N n i | AAAIAIASANA S WA NN\ SN N
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e ——VPA
——FLC-VPA

Viet, V ——VPA
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Fig. 17. Experimental results for both controllers showing
system responses to a PV panel

Conclusions. In this research, we combine the
traditional voltage perturbation algorithm with the fuzzy
logic controller in the field of energy development with
the goal of improvement the performance and maximizing
the efficiency of solar modules by allowing them to
operate at their maximum power. By incorporating the
advantages of both algorithms, this controller increased
the voltage perturbation algorithm's simplicity while also
eliminating the complexity of the original fuzzy logic
controller and ensuring the system's efficiency. The fuzzy
logic based on voltage perturbation controller's

effectiveness for system optimization is demonstrated
through simulation and experimental findings utilizing the
control system card dSPACE1104.
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Dspace implementation of real-time selective harmonics elimination technique
using modified carrier on three phase inverter

I ntroduction. In the contemporary world, alternative electrical energy has become an integral part of our daily existence, with the majority
of our eectrical materials, electronic devices, and industrial equipment relying on this energy source. Consequently, ensuring the quality of
the electrical Sgnal obtained is of paramount importancein the process of converting and distributing electrical energy. The improvement of
the output voltage inverter can be achieved through adjustments to the inverter structure or by refining the control strategy. The novelty of
the presented research lies in an innovative approach that employs real-time modulation for efficient control over the reduction of
harmonics, alongsde managing the fundamental component. This approach is applicable to both bipolar and unipolar configurations,
featuring quarter-wave and half-wave symmetries. Purpose. Employing this modulation strategy aims to enhance the durability of the
switching components and enhance the voltage output of the inverter. Methods. The methodol ogy is founded on a sine-sne modulation asits
foundational model. It constitutes an inventive pulse width modulation technique in which a reference sinusoidal waveform, operating at the
desired signal frequency, is compared to a modified carrier signal with an identical time period as the reference signal. Results. This paper
introduces a broader and more comprehensive approach, alongside specific solutions, for the control and mitigation of harmonics in three
phase voltage source inverters. The proposed method offers precise control over the reduction of harmonics and the fundamental
component, and it can be implemented in extensive power dectronic converters. Practical value. To assess the effectiveness of the given
control approach, we conducted smulations aswell as real-time implementation employing Dspace DS1104 controller board. The outcomes
were highly favorable, confirming the effectiveness and validity of the suggested control algorithm. References 15, tables 4, figures 7.

Key words: voltage source inverter, real-time harmonics control, pulse width modulation technique, Dspace DS1104.

Bcemyn. YV cyuacnomy ceimi anbmepramuena enekmpuuna enepeis cmana Hegio’ EMHOI0 YACMUHOIO HAWO20 NOBCAKOEHHO20 ICHY8aHMHS, i
Oinbuticms HAWIUX eNeKMPUYHUX Mamepianie, eneKmpoHHUX NPUCMPOI8 I NPOMUCI08020 O0ONAOHAHHA NOKIAOAIOMbCA HA Ye 0dicepeio
enepeii. Omoice, 3a6e3nedents AKOCMI OMPUMAHO20 eNIeKMPUUHO20 CUSHATY MAE Nepuioyepeose 3HAUeHHs 8 npoyeci nepemeopeHts ma
po3nodiny enekmpuuroi enepeii. Ilokpawents uxioHoi Hanpyau iHeepmopa modice Oymu O0CAZHYMO ULIAXOM KOPUSYBAHHA CIPYKIYpU
ineepmopa abo edockonanenns cmpamezii kepysanns. Hoeusna npeocmasnenoco 0ocuiodcents nonsieae 8 iHHoOBayiliHoMy nioxoot, siKutl
BUKOPUCIOBYE MOOVIAYIIO 8 PeanbHOMY 4aci Ol epeKmueHo20 KOHMPOMIO HAO 3MEHUEHHAM 2APMOHIK, NOPAO 3 KePYBAHHAM OCHOBHOIO
xomnonenmoio. Lleii nioxio 3acmocosHuil sk 00 GINONAPHUX, MAK | 00 OOHONOJSPHUX KOHDI2ypayiil, wo Maioms YeepmbXeUibo8y ma
Haniexeuosy cumempiio. Mema. 3acmocysanns yiei’ cmpamezii MoOyIAyii CnpsMosane Ha NIOBUWYEHHST O0B208IYHOCTE KOMYMAYIIHUX
KOMNOHeHmi6 i niosuwjenHs euxionoi nanpyzu ineepmopa. Memoou. Memooonoziss 6azyemovca HA CUHYCOIOHIU MOOYIAYITl AK 6Aa308ill
MmoOeri. Bin signse coboio Memoo wupomHo-imnyibCHoi MOOYIAYIT 3a GUHAX000M, Y SIKIll ONOPHA CUHYCOI0ANbHA hopMa X6ulli, Wo npayioe
Ha 6adcamitl 4acmomi CUSHATLY, NOPIBHIOEMbCA 3 MOOUGDIKOBAHUM HECYHUM CUSHATIOM 3 I0eHMUYHUM NEPIOOOM HACy, WO Ui ONOPHULL CUSHAT.
Pesynomamu. [Jn cmammsa npedcmaenac wupuuil i KOMNIEKCHUU nioxio, nopao i3 KOHKpemHUMU pilleHHAMU, Ol KOHMPOIO ma
NOM' SIKWleHHs 2apMOHIK Y mpu@azHux ineepmopax odicepen Hanpyeu. 3anponoHoanuii Memoo NpONnoHye MoOYHuli KOHMpOTb HAO
3MEeHWeHHAM 2APMOHIK | OCHOBHOI CKIA00601, I 6il MOdice Gymu peanizo8aHuil y NOMYICHUX e1eKmpoHHUX nepemeopiosayax. Ilpakmuuna
yinnicmo. [1Jo6 oyinumu edpexmusricmo 0aHo20 nioXo0y 00 YNPAHiHHsL, MU NPOGENU MOOCTIOBAHHS, A MAKOIC Peanizayilo 6 peanbHOMY
yaci 3 euxopucmannsm niamu koumponepa Dpace DSL104. Peszynomamu 6y 0ysice CRpusimausumu, niOmeepoxcyiouu eqoeKmueHicms i
8ANIOHICINb 3ANPONOHOBAH020 anzopummy konmponio. bion. 15, Tabmn. 4, puc. 7.

Kniouosi cnosa: iHBepTOP MKepeiia HANPYIH, KOHTPOJb FAPMOHIK Y peajbHOMY Yaci, MeTOJ IMPOTHO-iMIYJILCHOI MO IS,
Dspace DS1104.

Abbreviations
FFT Fast Fourier Transform RTHC Real-Time Harmonics Control
GA Genetic Algorithm RTI Real-Time Implementation
PWM Pulse Width Modulation SHE-PWM |Selective Harmonic Elimination Pulse Width Modulation
RTHE Real-Time Harmonic Elimination SPWM Sinusoidal Pulse Width Modulation

Introduction. Harmonics and the frequency at comparison of a sinusoidal reference with the triangular

which switches operate present notable difficulties within
power systems overall, with switching converters being
particularly affected [1]. To tackle this issue, two
commonly used approaches are the widely recognized
SPWM and SHE-PWM [2-5].

SHE-PWM, regarded as a substitute for the SPWM
approach, has been extensively studied and explored over
time. When compared to SPWM and SHE-PWM provides
enhanced control over the lower order harmonic and
results in a reduced switching frequency, consequently
prolonging the converter’s operational lifespan [6].
Another significant distinction between the two
methodologies lies in the manner in which the angles of
switching are computed. Within the SPWM technique,
angles are continuously produced in real-time through the

carrier. In SHE-PWM, the computations are carried out
offline, rendering its implementation less resource-
intensive. The primary difficulty linked with SHE-PWM
lies in the resolution of the resulting system of nonlinear
equations [6]. To simplify these equations, prior and
contemporary  studies have relied on essential
assumptions that enforce quarter-wave symmetry on the
output waveform [2, 3].

SHE-PWM involves a two-step procedure. In the
first phase, the switching instants are determined by
solving a system of nonlinear algebraic transcendental
equations [7], which can be accomplished using various
algorithms like the commonly used iterative method,
elimination theory, and a range of optimization
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approaches, involving GAs and particle swarm
optimization techniques. During the second phase, the
computed switching instants are stored in a lookup table
for real-time retrieval [7]. In practice look-up tables are
electronic memories, there capacities depend on the
number of harmonics desired to be eliminated and the
sampling time of the modulation index. In recent times,
numerous studies have put forward various SHE-PWM
methods that eliminate the need for storing switching
angles in memory, as discussed in references [7, 8]. The
approaches introduced in references [9, 10] are regarded
as significant advancements in the concept of RTHE.

The goal of the paper is analysis, simulation and
implementation RTHC method on three phase inverter,
this method permits the removal of chosen harmonics
while also simplifying the generation and comparison of
the modified sine carrier and a sinusoidal reference.

Subject of investigations. This paper presents an
innovative method for managing and reducing harmonics
within switching converters, known as RTHE. It is
introduced as an alternate approach to SHE-PWM [11, 12].
This approach employs a modulation strategy that utilizes
an altered sine carrier waveform, which is contrasted with a
typical sine wave, rather than the more common triangular
carrier wave [12]. As a result, RTHC streamlines the
process of generating and comparing modified sine carrier
and the reference sinusoid modulation signals, allowing for
quick and precise execution without any precision-related
concerns.

In pursuit of this objective, the switching instants are
calculated by solving nonlinear algebraic transcendental
equations with the use of any optimization algorithm (this
paper employs GA). Then these computed angles are
applied to produce the required sine carrier wave,
resulting in a sine-sine modulation.

Sine-sine PWM. Figure 1,a shows the electrical
circuit of a three phase inverter, where the input voltage is
denoted as vy and 6 electronic switches. To generate a
PWM signal, two sinusoidal waveforms are employed: a
reference sinusoid denoted as Vi = m-sin(2-zf-t + 7) and
a sinusoidal carrier labeled as Vg = my-sink-(2:-7z+f-t) as
shown in Fig. 1,b juxtaposed with (rather than a
sinusoidal reference and a triangular carrier as in
traditional SPWM). The PWM waveform that emerges
from this contrast is shown in Fig. 1,c with a maximum
amplitude of r = 1, a fixed value of k=9 and a frequency
f = 50 Hz. The constant k signifies the relationship
between the carrier frequency and the reference signal
frequency. A generalized method to compute the
intersection points, as presented in Fig. 1,b,c, in the
context of sine-sine PWM, involves solving (1). The
angles of intersection ¢ are represented in radians for the
values of k=5,9,13,17,21,25,...,n,n+4:

iz : { _k—l}
o=, I=/1:— .
(k+(=D") 2

0<o >§, k=5,9,13,17,21...n,n+4.

(1

Table 1 illustrates instances of intersection points in
a sine-sine PWM signal for various K values ranging from
5to 21.
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Fig. 1. Sine-sine PWM: a— electrical circuit of three phase
inverter; b — sine-wave comparison; ¢ — produced PWM
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Table 1
Points of intersection present in a sine-sine PWM signal
k=5 k=9 | k=13 | k=17 | k=21
[ 4 '8 w12 16 20
[ 3 5 'l 9 w11
?s * 378 4 3716 3720
A * 275 2747 279 2711
[ * * 5712 5416 4
@ * * 347 3 3711
] * * * 7716 7720
» * * * 479 4711
% * * * * 97720
P10 * * * * 511

RTHE theory. The PWM signal depicted in Fig. 1,c
exhibits both quarter-wave and half-wave symmetrical
properties. To suppress N harmonics and regulate the
fundamental component, (N+1) angles need to be
calculated during each quarter period of the waveform.

To accomplish this objective, we will need to solve a
system of transcendental equations using the Fourier
series decomposition method:

N-+1 .
I} =1+2- ) (=1)' cos(g; —a)—M =0;
i=1
N+1 .
Ingt =142 > (=)' cos(N +1)(¢ — ;) =0,
i=1
fork=2(N+ 1)+ 1 and M = zm / 4, where m is the
modulation index (usually 0 < m < 1). The term ¢ is
referred to as the perturbation angle and is denoted in
radians. To ascertain the appropriate perturbation angles
values ¢ for any combination of m and kK, it is essential to

2
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solve the set of transcendental equations as described
in (2). This can be accomplished by employing various
computational techniques, as introduced earlier.

In this study, we have employed the established GA
algorithm. The fundamental procedures of GA are
elaborated in [13]. A specific method for resolving the
system of equations in (2) involves the minimization of
the following constrained objective function:

2 02,2 2
Fﬁn¢h,a$“.aNH)=0501Jz,b,_wlNH), (3)
where the constraint is defined by:
0o - <@ - <@3—a3 < <Ny —ang <72 (4)
The perturbation angles’ numerical values for
m; = 0.8 can be found in Table 2, where k=9 and 13.

Table 2
Numerical values of ¢;
2 k=9 k=13
o 0.1999 0.1341
a0 0.2051 0.1477
o 0.4634 0.3071
oy 0.3791 0.2899
Qs 0 0.4847
7 0 0.4153

To obtain the intended PWM signal, it is essential to
establish a modified carrier signal using the perturbation
angles computed through the minimization of (3). The
carrier signal in question should have the capability to
produce a PWM waveform that displays attributes of both
odd and quarter-wave symmetries. It is expected to cross
the horizontal axis (time axis) at the point 7and 27 [14].

The altered carrier signal takes on the subsequent
expression:

f(0)= A -sin(k; -0)+ Ay -sin(ky - 0)+---, (5)
where A and k; represent unidentified parameters.

The given formulation of f(£) in this manuscript is
characterized as follows:

f@)=Y,, CA, C=sinG-0), (6

where G is the fixed value, 8 = ¢ — ¢ and @ is the odd
number within the range of [3, K].

Thus, the sole remaining unidentified parameters
comprise A. This transforms the system into a set of

f(6)=sin6 +7), 6 =9 -4,
i =1,2,3,4f0rq1 =3,Q2 :5,q3 =7,q4 =9.

In general kK=n: =3, §;=5, &= 7,..., Q.2 = N
(for quarter-wave symmetry).

The suggested approach can be succinctly outlined
via a sequence of 5 steps, outlined as follows:

1st step: select the modulation index my and define
the quantity of harmonics N to be regulated based on the
K’s value;

2nd step: employ the GA algorithm to solve the non-
linear algebraic transcendental equations (2) and ascertain
the perturbation angles «;

3rd step: utilize the calculated perturbation angles ¢
to derive and solve the set of linear equations in A,
employing (7);

4th step: create the intended modified carrier by
inputting the numerical values of A (calculated in 3rd step)
and @} into (7); and

5th step: generate the PWM waveform.

Results and discussion. To evaluate the
effectiveness of the suggested method, this section unveils
the outcomes under the scenario where all harmonics until
the 11th, 13th, and 17th orders are regulated in three
phase inverters.

To derive the modulation signal (&, f(€)), which
represents the modified carrier waveform, it is imperative
to compute the A; values by solving a set of linear
equations. Before this, the ¢ perturbation angles are
calculated by solving the nonlinear transcendental
equations through the use of the GA. The resultant values
are documented in Table 2.

The numeric values of the points of intersection &
and the associated modulation signal f(€) for m; = 0.8 and
different values of k; specifically 9 and 13, can be found
in Table 3. Substituting the values of (4, f(4)) into (7)
results in a set of linear equations for A corresponding to
each k value.

The solutions for A; with K values of 9 and 13, are
detailed in Table 4. Subsequently, by replacing the g and
A values into (7), the modified carrier is derived, leading
to the generation of the PWM waveform.

Table 3
linear equations that can be solved easily using standard Coordinates of intersection points
techniques. Compared to [14, 15], the determination of k=9 K=13
the new points of intersection & is performed exclusively @, rad f(8) 8, rad f(8)
over a quarter of a cycle. 0.1782 —0.1772 0.1276 -0.1272
As an illustration, let’s take the case with k= 9. The 0.4434 —0.4290 0.3010 —-0.2964
set of algebraic equations for deriving the parameters A 0.6995 —0.6438 0.4782 -0.4601
can be expressed as: 0.9008 —0.7838 0.6076 —0.5708
f(61) = Asin(q6)) + Ay sin(a6,) + - - 0.8242 ~0.7340
* * 0.9310 —0.8022
+ Ag sin(0z 6, ) + Ay sin(Q, 6, );
A3. (@36) Al (946)) Table 4
f(6,) = Asin(q;6,) + Ay sin(0,6,) + Computed values of A
+ Ay sin(gz 6, ) + A, sin(046, ); o k=9 k=13
_ . . A —0.8027 —0.8524
f (93) = Al Sln(q193)+ A2 Sln(q293) + A 0.5035 0.6133
+ A sin(z65) + Ay sin(q4 65 ); A —0.2283 —0.3638
£(64) = Asin(c104) + Ay sin(0p6y) + ~ nee fao
. . s —0.0559
+ Ag sin(G364) + Ay sin(046y), A 0 0.0099
where
30 Enexmpomexnixa i Enexmpomexanixa, 2024, Mo 5



The modified carrier, the output voltage waveform
and its corresponding FFT are depicted in Figs. 24,
respectively, for a frequency f= 50 Hz.

It is important to highlight that in a three phase
voltage system, the corresponding phase shifts are 0,
—27/3 and 27/3, respectively. Consequently, for the
alignment of our system voltages in phase:

e The reference sinusoid exhibit phase shifts of 0,
—27/3 and 277/3, respectively;

e the modified carrier exhibit phase shifts of 7,
—0-27/3+m and -2 7/3+ 7, respectively.

Simulation results. To showcase the effectiveness
of a three phase inverter under various Kk values
(specifically, k = 9 and k = 13), custom carrier signals
were generated. These custom carrier signals, along with
their corresponding output voltage waveforms and
resulting harmonic spectra, were simulated over a
duration of 0.02 s. The simulations were carried out at a
50 Hz frequency and a DC input voltage of V4= 100 V.

As depicted by the simulation outcomes, the suggested
approach has been effectively employed across various kK
values. The outcomes of the simulation distinctly
demonstrate that the modified carrier possesses half-and also
quarter wave symmetry. As depicted in Fig. 2, the output
voltages along with their corresponding harmonics spectra
for the three phase inverter are illustrated in Fig. 3, 4,
respectively. In conclusion the harmonic spectra provide
clear evidence of the complete elimination of all fundamental
frequency harmonics.

, Amplitude a  Amplitude b

Fig. 2. The modified carrier, a sinusoidal reference
in three phase inverter: a—k=9; b— k=13
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Fig. 3. Implementation of RTHE:
a— the phase-neutral output voltage waveform and FFT
corresponding for k= 9; b — line-to-line output voltage
waveform and FFT corresponding for k=9
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Fig. 4. Implementation of RTHE:
a — the phase-neutral output voltage waveform and FFT
corresponding for kK= 13; b — line-to-line output voltage
waveform and FFT corresponding for k=13

Experimental evaluation. The practical execution
of the experiment was realized using the Dspace DS1104.
Figure 5 depicts the experimental prototype of the system;
its purpose was to confirm the validity of the simulation
results. The model comprises a DC power supply, Dspace
1104 for producing gating signals to control the switching
devices and three phase inverter consists of 6 MOSFET
IRF840 switches controlled by driver circuits

Fig. 5. Experimental prototype of the system

Figures 6,a-C show the experimental output voltage
wave forms of the inverter, the phase-neutral voltage and
the line-line voltage and their associated harmonic
spectrum respectively. We note clearly that the harmonics
5th, 7th and 11th have been effectively eradicated.

Figures 7,a-C show the experimental output voltage
wave forms of the inverter, the phase-neutral voltage and the
line-line voltage and their associated harmonic spectrum
respectively. We note clearly that the harmonics 5th, 7th,
11th, 13th and 17th have been effectively eradicated.

Figures 6, 7 illustrate congruence between the
experimental results and simulations, providing compelling
evidence to confirm the effectiveness of the proposed
approach. The success in eliminating the specified harmonics
clearly attests to the effectiveness of the suggested method.
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Fig. 6. Experimental implementation of RTHE:
a— the phase-neutral output voltage waveform for k=9;
b — line-to-line output voltage waveform for k= 9;
C — harmonic spectrum
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Fig. 7. Experimental implementation of RTHE:
a — the phase-neutral output voltage waveform for k= 13;
b — line-to-line output voltage waveform for k= 13;
€ — harmonic spectrum

Conclusions.

1. This paper discusses a novel real-time
implementation of SHE-PWM to eliminate the unwanted
harmonics in the output voltage waveform of three phase
inverter. This novel approach, known as RTHC, employs
an alternative modulation strategy that streamlines the
carrier generation process and facilitates the comparison
between the carrier and the reference.

2. The suggested method commences by introducing a
novel formula for the modified carrier waveform, resulting
in a set of linear algebraic equations. To calculate the
perturbation angles, the GA method is utilized. The
perturbation angles have a crucial role in shaping the
modified carrier. The proposed approach guarantees
comprehensive control over both the elimination of
harmonics and the fundamental component.

3. To evaluate the efficacy of the technique simulation
and real-time hard ware implementations have been
carried out. The simulation and experimental outcomes
are highly satisfactory, conclusively demonstrating the
soundness of the suggested approach. Presently, efforts
are ongoing to develop solutions for the modified carrier
waveform applicable across a broad spectrum in multi-
level inverters.
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Wild horse optimization algorithm implementation in 7-level packed U-cell multilevel inverter
to mitigate total harmonic distortion

Introduction. Multilevel inverters (MLIs) are a popular industrial and, more especially, renewable energy application solution. Thisis
because of its appetite for filters, low distortion class, and capacity to provide a multilayer output voltage that resembles a pure sine
waveform. The novelty is in applying the wild horse optimization algorithm (WHOA) to adjust the sinusoidal pulse width modulation
(SPWM) technique by producing the optimal reference signal parametersin a new multilevel inverter architecture known as the packed
U-cell multilevel inverter (PUC-MLI). Purpose. This study helps with the idea of new inverter architecture and a modified pulse width
modulation (MPWM) method to make the multilevel inverter smaller, cheaper, and with less total harmonic distortion (THD). Methods.
We use the proposed approach to control a 7-level, single-phase PUC-MLI. The WHOA is used to discover the optimal parameters of
the additional reference sine signal after being compared with SPWWM to evaluate its performance in harmonic reduction. The
simulation’s outcome was validated by building a PUC-MLI prototype. Results. Experimental results and simulations validate the
effectiveness of the suggested approach. The WHOA-improved MPWM approach achieves a significant reduction in THD on the PUC-
MLI output voltage, as indicated by the results. Practical value. THD in MLI output voltage will be reduced without spending any cost.
The suggested solution works with many MLI topol ogies with varying output voltage levels. References 20, tables 6, figures 12.

Key words: packed U-cell multilevel inverter, total harmonic distortion, modified pulse width modulation, wild horse
optimization algorithm.

Bcemyn. Bazamopisuesi ineepmopu (MLIS) € nonyasprum piwiennam 0ns 3acmocy8antst y npoMUcio8ocnii md, 0CoOnu6o, y 6iOHOGIBAHUX
Oocepenax eHepeii. Lle nos'szano 3 tioco nompe6oro y Qinempax, HU3bKUM KIACOM CROMBOPEHb Ma 30dmHiCmIo 3abe3newyeamu
bazamowaposy 8uxiony Hanpyzy, wo nazadye uucmui curycoioansnuti cuenan. Hosusna nonseace y 3acmocysani aneopummy onmumizayii
«ukoeo kons» (WHOA) o nanawmyeannss memoody cunycoioansoi wupomno-imnyiscroi mooyusayii (SPWM) wusixom cmeopenns
ONMUMATIbHUX NAPAMEMPI6 ONOPHO2O CUSHATY 8 HOBILL apXimeKkmypi, 8i00Moi K ynaxkosanuli 6acamopienesuli ineegpmop U-nodionozo muny
(PUC-MLI). Mema. Ile oocnioscennss donomaeae peanizyéamu ioeio HO80I apximekmypu iHéepmopa ma MOOUQIKOBAHO20 Memooy
wupommno-imnynscnoi mooysyii (MPWM), wo dossonsie spobumu b6azamopienesduil iH8epmop MeHUUM, OCUCEUIUM § 3 MEHUIUM 3a2ATbHUM
2apmoniunum cnomeopennsim (THD). Memoou. Mu suxopucmogyemo 3anpononosanuti nioxio Ois KepyeanHs T-pigneeum 0OHOpazHUM
PUC-MLI. WHOA suxopucmosyemvcs 0151 BUSHAYEHHA ONMUMATbHUX NApamempie 000amK08020 emalOHHO20 CUHYCOIOATIbHO20 CUSHATY
nicia nopieuanna 3i SPWM ona oyinku 1ioeo egexmugrocmi 3HUdNCEHHA 2apMoHIK. Pesynsmamu molentosanus Oyau niomeepoxtceHi
cmeopenmsam npomomuny PUC-MLI. Pesynomamu. Excnepumenmanvhi pe3ynismamu ma MoOemo8anHs NiOmMeepodicyiontb epexmueHicms
3anpononosarnozo nioxooy. Yoocxonanenuii WHOA nioxio MPWM 0o3ssonsie docsemu snaunozo suudicenns THD euxionoi nanpyeu PUC-
MLI, npo wo ceiouame pesyromamu. Ilpaxmuuna winnwicms. THD euxionoi nanpyeu MLl 6yoe suusiceno 6e3 6yov-skux eumpam.
Ipononosane piwenns npayioe 3 bazamoma mononozismu MLI 3 pisnumu piensamu euxionoi nanpyeu. bion. 20, Tadm. 6, puc. 12.

Kniouosi cnosa. ynaxkopanuii 0araropisHeBmii inBepTop U-cell, moBHe rapmoHiuHe cniOTBOpeHHs, MOAN(iIKOBAHA IHMPOTHO-
iMIyJbCcHA MoayJIsilisl, AITOPUTM ONTUMI3aLIl «IMKOI0 KOHSD».

Abbreviations

CHB Cascaded H-bridge PUC Packed U-cell
FFT Fast Fourier Transform PUC-MLI |Packed U-cell Multilevel Inverter
FLC Flying Capacitor PWM Pulse Width Modulation
MPWM Modified Pulse Width Modulation SPWM Sinusoidal Pulse Width Modulation
MLI Multilevel Inverter THD Total Harmonic Distortion
NPC Neutral Point Clamped WHOA Wild Horse Optimization Algorithm

Introduction. Afghanistan, one of the least systems can maximize their energy conversion capacities

developed nations, has serious economic problems.
Industry is essential to its growth, but the lack of power
impedes development because of an imbalance between
supply and demand. Afghanistan has a lot of solar
potential, so the government is pursuing a 2000 MW
renewable energy initiative as a solution to this. By
allowing the establishment of factories in isolated
locations without long transmission lines, solar energy
may stimulate the local economy. The factory needs
electricity in the AC range. Inverters are devices that
change DC voltage into AC voltage. The application of
inverters is wide; however, it can be used where DC
power is a supplier and AC power is the consumer; for
instance, it can be used for renewable energy applications.
Grid-connected or standalone systems widely use MLIs as
voltage converters to provide AC loads with power from
renewable energy sources such as wind turbines and solar
panels [1]. High-efficiency power conversion systems
achieve exceptional performance by minimizing THD and
reducing conduction losses during switching; these

and achieve improved overall efficiency and performance
by regulating these elements properly [2].

Because the MLI can generate output waveforms
with lower THD and higher quality, they are becoming
more and more popular. Electrical loads in the AC output
voltage require a sinusoidal waveform. All the same, MLI
may provide an output voltage that looks like a staircase
and is almost exactly like a sine wave. The generation of
switching patterns results in an output voltage from the
staircase that is not a perfect sine wave. The staircase sine
wave contains harmonics. Researchers have developed
other MLI variants, including PUC-MLI, FLC MLI and
CHB MLI to address this problem [3]. The complex
structure of MLI circuits has led some academics to
recommend reducing the number of components in them
[4]. Even still, the PUC-MLI architecture necessitates a
low quantity of devices in order to provide a high output
voltage among MLIs [5] that will address the size and
cost of construction of MLI issues.
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The efficient control of switching patterns to reduce the
THD of the output voltage is a major area of active study in
MLISs, in addition to the exploration of topological solutions
[6]. Space vector modulation [7], selective harmonic
elimination, PWM [8] are some of the methods that have
been suggested to reduce THD in MLI. Lower-order
harmonic suppression in the straight-line output voltage of
MLIs has been the explicit focus of several reported
modulation techniques [9]. It is also standard practice to use
injection techniques that include the modulated signal’s
integration of several reference signals [10].

In order to reduce THD in MLI, several studies have
suggested novel injection techniques. The third harmonic
injection space vector PWM [11], the third harmonic
injection PWM [12], and the generalized discontinuous
PWM [13] are a few instances of distinct PWM
approaches. Each strategy significantly impacts the THD
value of the output voltage.

Recently, researchers have optimized the THD of
the output voltage in MLI by applying meta-heuristic
methods in modulation approaches. Particle swarm
optimization was used in [14] to improve the design of
grid-connected  photovoltaic systems. The whale
optimization algorithm has been used in PUC-MLI to
reduce the THD of the output voltage of MLI; the result is
presented only in MATLAB simulation [15], and the
researcher modified the switching pattern of MLI in order
to reduce the THD in [16] focused on using evolutionary
algorithms to get rid of harmonics in PUC-MLI. The
result was presented through the simulation only as well;
in another study, the researcher analyzed the THD of
CHB MLI [17], and in another study, the grey wolf
optimizer was used to improve the switching sequence of
the NPC MLI in order to reduce the THD. They
succeeded in reducing THD from 31.42 % to 26.44 %
[18]. However, they used a grey wolf optimizer to
optimize only 2 parameters of the injected signal, which
are amplitude and phase shafted angle. Unfortunately, no
studies have been done on the use of WHOA in PUC-MLI
injection technique optimization, where the simulation
result is confirmed by building a prototype PUC-MLI.

The goal of the paper. Utilizing the WHOA to
optimize injection procedures in PUC-MLI has yet to be
the subject of any study. This research aims to improve all
parameters of the injected sine signal and lower THD in
PUC-MLI by presenting a novel method that uses the
WHOA. We will build and test a prototype PUC-MLI to
verify the efficacy of the suggested approach. This will
validate the simulation results and show how the WHOA
will be used in practice to optimise switching patterns in
PUC-MLTI’s switches.

Subject of investigations. The application of WHOA
to optimize the injected signal parameters (amplitude,
frequency and phase shifted angle) for a 7-level PUC-MLI is
the focus of the study. Building a prototype, PUC-MLI will
be used to validate the modelling outcome.

Methodology. Packed U-cell multilevel inverter.
An electronic device or circuit that changes DC voltage
into AC voltage is known as an inverter. Conventional
inverters often offer 3 output voltage levels: zero, negative
and positive states of output voltages (—Vy and +Vg). An
MLI is a type of special inverter that can simultaneously

produce different voltage and current levels. Table 1
shows the number of devices required by different types
of inverters (NPC, FLC, CHB) and PUC-MLI to achieve
7 output voltage levels.

Table 1
The number of devices corresponding to various categories of MLIs
Components FLC | NPC | CHB PUC
IGBTs 24 24 12 6
Capacitors 30 6 3 2
Clamping diodes 0 20 0 0
Total component 54 50 15 8

The PUC-MLI architecture requires only 8 devices to
generate 7 output levels. By comparison, the NPC needs 50
devices, the FLC needs 54 and the CHB needs 15. Because
of the U-shaped architecture of each unit, the inverter is
called a «packed U-cell». Depending on the number of
voltage sources (capacitors) and switches utilized, the
voltage levels in the packed U-cell design may change.
First presented the recommended inverter in 2010, which
was then improved upon in 2022 [19]. The PUC-MLI
design, which produces 7 output voltage levels by using 2
DC voltage sources and 6 switches, is shown in Fig. 1.

o

O
Fig. 1. PUC-MLI design

Table 2 states that this study suggests building a
single-phase PUC-MLI structure with 8 output voltage
states, which is constructed based on a sequence of
connections between cells. As a precaution against DC
bus short circuits, switches S4, S5 and S6 in Table 2
function in reverse relative to S1, S2 and S3. Even though
the PUC may produce different voltage levels from
different DC sources, in order to achieve maximum
output voltage (Vap), the second DC bus amplitude must
be one-third of the first (V, = 3V,). Va has 7 voltage
levels as a result of this configuration: 0, £V,, +2V,, +3V,.

Enexkmpomexnika i Enexmpomexanixa, 2024, Ne 5

Table 2
PUC-MLI produces voltage levels
S1 S2 S3 S4 S5 S6 Vap
1 0 0 0 1 1 \A
1 0 1 0 1 0 V-V,
1 1 0 0 0 1 V,
1 1 1 0 0 0 0
0 0 0 1 1 1 0
0 0 1 1 1 0 -V,
0 1 0 1 0 1 Vo -V,
0 1 1 1 0 0 -Vi
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Modified PWM technique. The presence of
harmonic distortion in the output voltage of the PUC-MLI
is a direct consequence of the switching process. As such,
the use of a suitable modulation approach becomes
imperative in order to reduce the negative impacts of
harmonic distortion. A viable remedy is presented in this
research paper — the MPWM approach. While the standard
method of modulation is SPWM, it compares the triangle
carrier signal with the sine reference signal. In the case of
PUC-MLI only a few semiconductor components are
required, specifically one reference signal and 6 carrier
signals. Figure 2 demonstrates the MPWM techniques.

Fig. 2. The procedure for MPWM

The reference sine signal is altered when the injected
sine signal and the reference sine signal are added together.
The injected sine signal contains parameters for frequency,
phase shift and amplitude, whereas the reference signal is a
sinusoidal waveform with a fundamental frequency. The
injected signal might be either a singular signal or

numerous  signals. The mathematical expressions
representing these signals are as follows:
S (t)= A sin(24t); )
o0
S(t)=> Aysin(2rt+6,), )
n=2

where S(1) is the reference signal; S(t) is the injected signal.
Equation (1) represents a sinusoidal reference signal
with amplitude A; of 3 and a fundamental frequency f; of
50 Hz. The signal in (2) represents the injected signal. The
objective of the injected signal is to alter the reference
waveform. The signal is characterized by its amplitude A,
frequency f,, and phase shift €, These parameters will be
determined through the process of wild horse optimizer
tracking to find their optimal values. Two signals are
combined, yielding the mathematical expression in (3), as
exemplified in (4):
0
Su (t)= Asin(2t)+ > Aysin(aft+6,);  (3)

n=2

e8]
Sw (t)=3sin(2750t)+ > 0.355in(27999.72t +4.80) ; (4)
n=2
where Sy(t) is the modified signal.
The process of generating MPWM is depicted in
Fig. 3. Figure 3,a depicts a sine wave that serves as a

reference as stated in (1). The wave has amplitude of 3,
a frequency of 50 Hz and a phase-shifted angle of 0. Figure
3,b shows a signal waveform that has been injected
according to (2). This waveform has amplitude of 0.35 V, a
frequency of 999.72 Hz and a phase shift of 271.37°
(equivalent to 4.80 rad). Both signals are shown in Fig. 3,C.
They are combined to make a new reference signal, which
is shown in (3). This signal will be compared to the
triangular carrier signal in the form of MPWM.

Ref Signal

@

0.015 0.02 0.025 003

I Cembinatisn |

-3k f f fit {

0 001 002 003 004 005 006 007 008 009 O
Fig. 3. MPWM signal generation process demonstrates:
a— the reference sine signal; b — the injected signal;
¢ — the modified reference signal

Wild horse optimization algorithm. The WHOA is
a meta-heuristic optimization method that draws inspiration
from wild horse behaviour. A dominant stallion leads a
group of horses, and other horses (foals and mares) follow
him. This social hierarchy and herd behaviour of wild
horses are the basis for the algorithm [20]. A stallion is in
charge of the herd of wild horses, which also includes
mares and foals. The suggested method in this study is
implemented as a flowchart (Fig. 4). According to this
algorithm, like all meta-heuristic algorithms, starts with
population initialization. This creates the first group of
possible solutions, each represented by a set of values for
the injected signal’s amplitude, frequency and phase angle.
Then, the fitness of each candidate solution is evaluated by
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injecting its corresponding signal into the reference
sinusoidal signal and measuring the performance of the
modified switching pattern.

Initialize WHOA parameters: nPop = 200
M 1000, PC = 0.13, PS =0.2,

Nstallion=round(nPop*PSs), Nfoal=round(nPop-Nstallion)

Creat horse groups

I‘I

Evaluate fitness

v
Calculte the TDR based on
equation 7

Calculte Z based on
equation 7

-
Update position of leader
based on equation 5

Update position of
followers based on
equation 6

yes
wvaluate fitness
of new o
candidates

Return best solution

4I*

Fig. 4. Flowchart of the WHOA

After that, update the position of the leader, select the
best candidate solution as the leader, and update its position
using (5). Evaluate the fitness of the new candidate solutions
generated using the following equations. Then repeat
searching for a set number of iterations, updating the
positions of the leader and followers using (6) at each
iteration. Finally, return the best of the found solutions. After
finding the modified value, evaluate the performance of the
optimized switching pattern, add the modified signal to the
reference sinusoidal signal, and measure the performance of
the modified switching pattern using the MATLAB
simulation FFT analyzer tool. The equations are:

Salliong; =
27 cos(22R2)- (WH — Stalliong; )+ WH: if R3>0.5; (5)
={ZZCOS(27zRZ)~6NI-I — Salliong; )-WH; if R3<0.5,
where the subsequent location of the i group’s leader,

indicated as Stalliong;, is established based on the

present coordinates of the leader Salliong;, the location of
the water hole (WH), a dynamically computed adaptive
mechanism (Z) utilizing (7), a uniformly distributed
random number (R) ranging from -2 to 2.

Updating the positions of the followers can be done
by comparing the positions of the remaining candidates
based on their distance from the leader and a random
term. The position of a follower is updated using (6):

X =2Z cos(27RZ), (SlaJIion F-X{s )+ Sallion ; (6)
P=RI<TDR IDX = P=0; Z = R24DX + R¥(~ IDX) (7)
where the variable XijG signifies the current position of a

group member, whether it’s a foal or a mare. The notation

Sallion' is employed to denote the location of the stallion,
who serves as the group’s leader. Z is a variable that
dynamically changes depending on the size of the
problem; it is not a continuous value. It is an essential
component of the wild horse optimizer’s scalability
because of its function as a mechanism, which allows the
algorithm to retain constant performance across various
issue dimensions. It can be define as adaptive mechanism
calculated through the use of (7). R is a randomly
generated number with a uniform distribution within the
range of [-2, 2], determining the angles at which horses
graze around the group leader in a 360° fashion. Lastly,

Xij’G indicates the updated position of a group member

during grazing, as elaborated in reference [20].

Simulation results. MATLAB program is utilized
for simulating the improved MPWM approach using an
algorithm. The simulation utilizes the PUC-MLI with
settings specified in Table 3.

Table 3
Simulation parameters for PUC-MLI
Components Value
Vbci 180
Vb 60

The initial DC supply values are 180 V for the first
supply and 60 V for the second supply. To streamline the
optimization process, the injected signal was treated as a
singular waveform. WHOA optimizes the injected signal’s
frequency, amplitude and phase shift. Figure 5 displays an
illustration of the outcomes of the tracking procedure for
the injected signal. Figure 5,a represents the WHOA
tracking process to find the best amplitude; Fig. 5,b
represents the tracking process for the frequency; Fig. 5,C
represents the tracking process for the phase shift of the
added signal; and Fig. 5,d illustrates the THD reduction
over iterations. All parameters, such as amplitude,
frequency and phase shift are searched starting from 0 and
then approached to their best value.

Amplitude

Iteration

Frequency, Hz

[b]

Iteration
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Phase shafted angle, rad

Iteration

THD, %

[d]

Iteration
Fig. 5. Simulation results of the optimized injected signal

WHOA'’s performance was assessed against SPWM,
resulting in a decrease in THD from 17.89 % to 12.25 %.
To prevent getting trapped in local optima, WHOA was
executed a hundred times, and the outcomes are presented
in Fig. 6, where THD exceeds SPWM are marked as
errors and highlighted with a chocolate colour bar chart.
Conversely, lower THD values than SPWM signify
success, but not the optimal solution, marked with a
yellow colour bar chart, and the best solutions (global
optima) are highlighted with a black colour bar chart.
WHOA successfully attained the global optimum by
reducing THD to 12.25 %. The values for amplitude,
frequency, and phase-shift angle derived from WHOA
were A= 0.35,f=999.72, 6 = 4.80, detailed in Fig. 5,a—cC.

Evolution of finding global optima

2/THD, % :

0 20 40 60 80 100
Running the wild horse optimization algorithm one hundred times

Fig. 6. The procedure for identifying global optima

The corresponding result is shown in Fig. 8b. A
comparison between the PUC-MLI output voltage waveform
using SPWM and MPWM was conducted in
MATLAB/Simulink. As both output voltages possess the
same amplitude modulation, distinctions in the effects of the
injected signal on MPWM can be identified by analyzing
different patterns. Figure 7 demonstrates the inverter’s output
voltage — Fig. 7,a represents the inverter output in SPWM,
while Fig. 7,b illustrates the output using MPWM.

Table 4 furnishes a comparison of THD levels in the
PUC-MLT’s output voltage, showing SPWM at 17.89 %
and MPWM at 12.25 %.

. SPWM

I A

Tw oW ow

o om onz o

Vv,V MPWM

Fig. 7. Voltage output of PUC-ML

Table 4
Comparison of THD for the modulation technique

Modulation technique THD, %
SPWM 17.89
MPWM 12.25

Furthermore, Fig. 8,a illustrates the harmonic
spectrum of SPWM, while Fig. 8,b depicts the harmonic
spectrum of the MPWM.

SPWM

Frequency, Hz

MPWM

Frequency, Hz
Fig. 8. Spectral analysis of harmonics

Experimental results. To confirm the WHOA’s
simulation findings and the recommended modulation
strategy, a single-phase, 7-level PUC-MLI prototype was
built. Software called AutoCAD Eagle was used to design
the inverter. Table 5 lists the components that went into
building PUC-MLI. Figure 9 shows the experimental
system configuration and a close-up of PUC-MLI, shown
in Fig. 10, respectively. For PUC-MLI switches, the
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STM32F407G microcontroller on the Discovery board
has generated switching pulses. This microcontroller is
programmed using the C programming language and
STM32CubelDE version 1.1 software. The waveform and
harmonic spectrum are measured and analyzed using a
Rigol DS 1052E oscilloscope; the data from the
oscilloscope is recorded, and then the amount of THD is
measured using MATLAB software. Two programmable
DC power sources that maintain a steady DC voltage
(TDK-Lambda and GW Instek PSS-3203) supply the
PUC-MLI. PUC MLI is tested with 2 DC input voltages,
20 V and 60 V, and a 500 W resistive load (see Fig. 9).

Table 5
Inventory of components utilized in the experiment
Components Specifications
IGBT Switches SGL160N60UFD (Faichild)
Microcontroller Discovery STM32F407G
Optocoupler FOD3182
Gate Drive Power Supply DC 12V, HLK-PM12

Fig. 9. Arrangement and configuration of the experimental setup

Fig. 10. PUC-MLI hardware

The prototype PUC-MLI is utilized to validate the
modulation of both SPWM and MPWM techniques using
the optimal parameters obtained from simulation results.
Both SPWM and MPWM are applied with an amplitude
modulation of 1. In addition, the MPWM incorporates a
999.72 Hz injected signal with amplitude of 0.35 V and a
phase shift of 271.37°. Figures 11,ab present the
experimental comparison between the output voltage of
SPWM and MPWM, which aligns with the simulation
results (see Fig. 7). The THD is determined by recording
the output voltage. Figure 12 illustrates the spectrum and
THD results, indicating that both modulation techniques
exhibit a low-level harmonic spectrum at high frequencies.
This high-frequency harmonic content offers an advantage
in distortion suppression by employing a compact LC filter.

Notably, the THD of the MPWM, as listed in Table 6,
measures 16.84 %, demonstrating that the optimized
WHOA-based switching of the MPWM achieves a lower
THD compared to SPWM, which has a THD of 18.44 %,
which is a great success.

SPWM

[b]

MPWM

Fig. 11. The output voltage of PUC-MLI observed on the
oscilloscope: a— SPWM; b— MPWM

RIGOL STOF (N f~rr 3 £ @ p.oov
e
- [@638.034Hz

SPWM

F reail) ==kkkstok
Time 10.80ms ©+90.68ms

RIGOL STOP @R [ mrdn 3 £ B p.oov
e
- @759.802Hz

MPWM

F reall) ==ksortek
Time 10.80ms ©+90.68ms
Fig. 12. Measurement of THD using the oscilloscope’s FFT
tools: a— THD of SPWM; b — THD of MPWM

Table 6
Experimental results for THD measurements
Method THD, %
SPWM 18.44
MPWM 16.84
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Conclusions.

1. Based on the findings of this research, the PUC
topology of MLI is the best topology against other
topologies of MLI, namely CHB, FLC and NPC, in order
to overcome the size and cost of construction issues.

2. The WHOA can effectively reduce the THD in a PUC-
MLI by improving the switching pattern of the inverter’s
switches. To validate this conclusion, a prototype PUC-MLI
was built, and the proposed method was implemented.

3. The performance of the WHOA algorithm was
compared with the SPWM in terms of THD reduction. The
results indicate that the WHOA algorithm outperformed
SPWM in terms of THD reduction performance. Therefore,
the WHOA algorithm is a promising approach for reducing
THD in PUC-MLIs.

4. Moreover, the reduced THD of PUC-MLI can
support the advancement of applications for electrical
vehicles in industry as well as renewable energy.
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Enhancing off-grid wind energy systems with controlled inverter integration for improved
power quality

I ntroduction. Off-grid wind energy systems play a pivotal role in providing clean and sustainable power to remote areas. However, the
intermittent nature of wind and the absence of grid connectivity pose significant challenges to maintaining consistent power quality. The
wind energy conversion system plays a central role in tapping renewable energy fromwind sources. Operational parameters such asrotor
and stator currents, output voltages of rectifiers and converters, and grid phase voltage variations are crucial for stable power generation
and grid integration. Additionally, optimizing power conversion output through voltage gain analysis in boost converters is essential.
Moreover, ensuring eectricity quality via total harmonic distortion reduction in invertersis vital for grid compatibility. Goal. Enhancing
the power quality of grid-integrated wind energy conversion systems. Methods. The proposed topology is implemented in
MATLAB/Smulink with optimized control strategies for enhancing power quality in off-grid wind energy systems. Results. Control
strategies with a grid-connected wind energy conversion system yields substantial improvements in power quality. This includes effectively
mitigating voltage fluctuations and harmonics, resulting in smoother operation and reduced disturbances on the grid. Practical value. The
proposed topology has proven to be extremely useful for off grid-integrated wind system. References 18, table 1, figures 11.

Key words: off-grid wind energy systems, power quality, optimized control strategies, voltage regulation, harmonic
mitigation.

Bcemyn. Aemonomni simpoenepeemutni cucmemu 2paroms Kiiovogy poib y 3a6e3neyenti eKoao2iuno yucmoi ma cmanoi enekmpoenepeii
giooanenux pationie. OOHax nepepuguacmuil xapaxmep 6impy ma 6i0CymHicme NIOKIOYEHH 00 Mepedci CMEopIoony 3HAUHI npobnemu
ona niompumky cmanoi akocmi enexkmpoenepeii. Cucmema nepemeopenns euepeii 6impy 6idiepac 8axcaugy poiv y GUKOPUCMAHHI
8IOHOGMIO8AHOI eHepeil 3 doicepen eimpy. Poboui napamempu, maki sk cmpym pomopa ma cmamopa, 6uXioHa Hanpyea UNpPsSIMIAUYIS i
nepemeopiosais, a MaKodic KOMUBAHHs ha3HOl HANPy2u Mepedxci, € GUPTUATbHUMU 05l CMABLTLHO20 BUPOOHUYMEA eleKmpoeHepali ma
inmezpayii 6 mepeocy. Taxoorc eaxciusa onmumizayis GUXIOHOI NOMYHCHOCI 34 OONOMO20I0 AHANI3Y NOCUNEHHA HAnpyeu 6
niosUWYBANTbHUX NepemBoplosaiax. 3abesneuenHs aKocmi eleKmpoeHepeii 3a paxyHoK 3MeHUleH s, NO8HO20 2apMOHITIHO20 CHOMEOPEHHS
6 IHBEPMOPAX € JHCUMMEBO GANCTUBUM OISl cymicHocmi 3 mepedceto. Mema. [Tiosuwennss skocmi enekmpoeHepeii IHmesposanux 6
Mepedxcy cucmem nepemeopeHHs eHepeii eimpy. Memoou. 3anpononosana mononocis peanizosana ¢ MATLAB/Smulink 3
ONMUMIZ08AHUMU CIPAMERIAMU KepY8aHHA O NIOBUWEHHs AKOCI eleKmpoeHepzii y a8MOHOMHUX GIMPOEHep2eMUiHUX CUCEMAX.
Pesynomamu. Cmpameczii kepy8anHs 3a 00NOMO2010 NIOKIIOUEHOT 00 MepediCi cucmemuy nepemeopeHHs eHepeii 6impy 0arome Cymmesi
nokpawenns akocmi enexkmpoenepeii. Le sxnouace 6 cebe epekmugne nociabnents KOIUeaHs Hanpyeu ma apMoHix, wo npu3soounts 00
binbws naasHol pobomu ma 3menuiertss 3a6a0 y mepexci. Illpakmuuna yinnicmo. 3anpononosana mononozis GUAGUIACS HAO36UYALHO
KOPUCHOIO 0715 ABMOHOMHOI inmezposanoi 6imposoi cucmemu. biomn. 18, Tabm. 1, puc. 11.

Kniouoei crosa: aBTOHOMHiI BiTpOEHEPreTHYHi CHCTEMH, SIKICTH eJIeKTpOeHeprii, onTUMi3oBaHi cTpaTerii ynpaBiiHHS,
peryJiloBaHHs HANPYTH, 0C/J1a0/1eHHsl BINIMBY I'ApMOHIK.

Abbreviations
DFIG Doubly Fed Induction Generator THD Total Harmonic Distortion
ESS Energy Storage System VSC Voltage Source Converter
PWM Pulse Width Modulation WECS Wind Energy Conversion System
STATCOM [Static Synchronous Compensator

1. Introduction. Off-grid wind energy systems
represent a promising avenue for providing clean and

well as harmonic distortions, which can damage
equipment, disrupt operations, and compromise the

sustainable power to remote areas, islands, and regions
where traditional grid infrastructure is absent or unreliable.
These systems harness the abundant energy of the wind to
generate electricity, offering a decentralized solution to meet
local energy needs. However, despite their environmental
benefits and potential to promote energy independence, off-
grid wind energy systems face significant challenges in
maintaining consistent power quality [1, 2].

The intermittent nature of wind, coupled with the
absence of grid connectivity, poses unique obstacles to
ensuring stable and reliable electricity supply [3].
Fluctuations in wind speed and direction can lead to
variations in power output, causing voltage and frequency
instabilities within the system. Moreover, the lack of a grid
connection eliminates the buffering effect typically provided
by centralized power distribution networks, amplifying the
impact of these fluctuations on local power quality [4].

Ensuring adequate power quality in off-grid wind
energy systems is crucial for their successful operation and
integration into the broader energy landscape. Poor power
quality can result in voltage sags, swells, and transients, as

performance of connected loads. Additionally, inconsistent
power quality may limit the feasibility and reliability of
critical ~ applications, such as telecommunications,
healthcare facilities, and industrial processes, which rely on
stable electricity supply [5-7].

To address these challenges, advanced control
strategies have emerged as a key solution for enhancing
power quality in off-grid wind energy systems. By
leveraging sophisticated control algorithms and innovative
techniques, such as predictive control and adaptive
filtering, these strategies aim to regulate voltage and
frequency, mitigate harmonics, and improve the overall
stability and reliability of the system. One of the
fundamental challenges in off-grid wind power systems is
the variability of wind speed and direction, which directly
impacts the output power of wind turbines. To address this
challenge, researchers have investigated predictive control
techniques that utilize advanced algorithms to forecast
wind conditions and adjust system parameters accordingly.
Another area of focus in power quality enhancement is
voltage regulation, which is crucial for ensuring the
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stability and reliability of off-grid wind power systems.
Several studies have explored the use of power electronic
converters, such as VSCs and STATCOMs, to regulate
voltage levels and mitigate voltage fluctuations. Harmonic
mitigation is another important aspect of power quality
enhancement in off-grid wind power systems. Harmonic
distortions can arise from the nonlinear characteristics of
power electronic converters and can degrade the
performance of connected loads. To address this issue,
researchers have proposed various filtering techniques,
such as active filters and passive filters, to suppress
harmonics and improve system reliability. In addition to
predictive control, voltage regulation, and harmonic
mitigation, researchers have also explored the integration of
ESSs to enhance power quality in off-grid wind power
systems. ESS can store surplus energy during periods of
high wind availability and release it during periods of low
wind, thereby smoothing out power fluctuations and
improving system stability [8—15].

Off-grid wind power systems often incorporate
multiple renewable energy sources, energy storage devices,
and power electronics components, making system
integration and coordination a complex task. Advanced
control techniques have to be employed to effectively
manage the interactions between different system
components and optimize overall system performance
while ensuring power quality and reliability [16—18].

The goal of the paper is to enhance the power
quality of grid-integrated wind energy conversion systems:

e Investigate the efficacy of advanced control
techniques, such as predictive control and adaptive
algorithms, in enhancing power quality in off-grid wind
energy systems.

e Evaluate methods to enhance power generation
efficiency by analyzing rotor current, stator current, and
voltage gain in the boost converter.

o Investigate the impact of grid phase voltage
variations on stable power generation and assess
techniques such as filter integration to reduce THD in the
inverter output.

e Explore ways to maximize the utilization of wind
resources by analyzing parameters such as rated power,
wind speed, power coefficient, and technical specifications
like the number of blades and tip speed ratio.

e Identify opportunities for further improvement and
refinement of control strategies to optimize power quality
enhancement in off-grid wind energy systems and promote
their widespread adoption in diverse applications.

2. Off grid isolated wind turbine conversion system.

Operation of isolated WECS. The off-grid wind
turbine  conversion  system  comprises  several
interconnected components working synergistically to
convert wind energy into usable electrical power. At its
core lies a DFIG directly coupled to the wind turbine,
harnessing wind energy to generate AC electricity. This AC
output is then rectified by a diode rectifier to convert it into
DC, suitable for further processing. The DC power
undergoes voltage regulation and conditioning through a
DC/DC converter. This converter ensures a stable and
controlled DC output, crucial for maintaining the integrity
of downstream components. Control of the DC power is

facilitated through PWM techniques, adjusting the duty
cycle of the converter to optimize power flow and
efficiency. The conditioned DC power is then fed into a
three-phase inverter, where it undergoes conversion back
into AC electricity. The inverter, controlled by PWM
signals, ensures the quality and stability of the AC output,
synchronizing it with the grid or local loads’ requirements.
Before the electricity is distributed, it passes through a
transformer for voltage stepping to match the grid or load
voltage levels. This transformer also provides isolation and
impedance matching to improve system performance and
reliability. Throughout the operation, various control
systems play crucial roles. The wind turbine control system
monitors and optimizes turbine performance, adjusting
blade pitch and yaw angles to maximize energy capture
efficiency. The grid operator control system oversees the
integration of the wind power into the grid, managing
power flow, frequency, and voltage to ensure stability and
reliability. Overall, the operation of the off-grid wind
turbine conversion system involves seamless coordination
and control of multiple components, from the wind turbine
itself to the grid connection point. Through advanced
control strategies and efficient power conversion
techniques, this system enables the reliable and sustainable
harnessing of wind energy in remote or off-grid locations,
contributing to the transition towards clean and renewable
energy sources. Figure 1 illustrates the off-grid WECS.
The kinetic energy of a WECS is:

12
E=—mv", 1
5 ey
where mis the mass; Vv is the velocity.
The power available in wind can be defined as:

P=%pAv3, )

where A is the cross-sectional area of the wind turbine;
p is the air density.
The coefficient factor C, for the wind turbine can be
expressed as:
Co=Py/P. 3)
The power converted from the wind speed is
expressed as:

1
= :ECppAv3. 4)

Tip-speed ratio of wind turbine can be expressed as:
A =Ra)v, (%)

where R is the radius of the wind turbine; @ is the angular
speed of wind turbine.

DFIG d and q axis change in current, it can be
expresses as:

L
dg _ (Ra |d+ws—q|q+LUd§ (6)
dt Lq Ly ¢ Ly

dlg _ Ry, {Ld 1 } I

—— =——lq —Wg —|d+—l// +—U , (7)
dt L Ly & Lg T Lg °
where R; is the resistance; Lq is the d-axis inductance; Lq is
the g-axis inductance; ws is the angular speed of rotor;
¥ 1s the excitation flux; Uq is the d-axis voltage; Uq is the
g-axis voltage.
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Fig. 1. Off grid WECS

The electromechanical torque produced by the wind
turbine can be expressed as:

Te=—1.sg[(y/p|q+|d|q(|_d—Lq))]. (8)

Three phase voltage transformation of three axis
system can be expressed as:

dl
Uga=Uj,—L—2—1IR,; 9
ga la dt Ra ()
dl
Ugb=U|b—L—dtb—IF?b; (10)

(11)

Two axis voltage transformation system can be
expressed as:

dly
Ug=Rylg—@slglg+—Lg;
d = Ralg stq'q dt d

di
Ug=Ujc-L—L-IR;.
gc Ic dt Rc

(12)

dl
Uq = Ral g+ @slglg +d—thq+ES. (13)

Transformed d and ¢ axis controller can be
expressed as:

dlg
Ug=e—-Rlg+aolLlg—L—; 14
d =& —Rlg q m (14)
dl
Ug=-Ralq-ollg-L—. (15)

Simplifying the above two equations final simplified
expression can be illustrated as:

Ug 3 cos(at —6)
Uq :\/; sin(wt —0) |, (16)
Uy 0

where 6 is the estimated angle in a-b-c to d-q
transformation.

An extensive procedure was required to integrate
renewable energy into the connectivity of a wind turbine
generator. A three-phase full bridge diode rectifier was the
first component, and its primary function was to change the
alternating current produced by the wind turbine into direct
current. This rectifier was essential in guaranteeing a
reliable and constant DC output. The DC boost converter

came next, and it was in charge of increasing the DC
voltage to a level appropriate for effective power
transmission. This increase in voltage was required to
reduce power losses during the energy transfer to the grid.
The three-phase inverter, the last component of this
complex system, was created to transform the amplified
DC power back into grid-compatible AC. The inverter’s
function was crucial in ensuring that the -electricity
produced by the wind turbine could integrate easily into the
current grid system. In the end, this networked system
enabled the clean, renewable energy produced by the wind
turbine to be effectively transmitted to the grid, supplying a
dependable source of electricity to power homes and
businesses while lowering carbon emissions and
dependence on non-renewable energy sources.

Boost converter-fed diode rectifier and inverter
system is a complex arrangement designed to efficiently
manage power flow in renewable energy applications,
particularly in off-grid or hybrid systems. At its core, the
boost converter serves to regulate the voltage level of the
DC link, ensuring that the system operates within
specified voltage limits. The diode rectifier, connected to
the DC link, converts AC power from the three-phase
source into DC, which is then smoothed and regulated by
the boost converter. The three-phase inverter, controlled
by PWM techniques, converts the regulated DC power
back into AC, suitable for grid or load connection. The
PWM control adjusts the switching of the inverter devices
to regulate output voltage and frequency, ensuring
compatibility with the grid or load requirements. PI
controller is typically employed to regulate the DC link
voltage. It compares the actual DC voltage (actual V)
with a reference voltage (reference V), adjusting the
duty cycle of the boost converter to maintain the desired
voltage level. In hybrid systems, a battery has been
included in the DC link to store excess energy or provide
backup power during periods of low renewable energy
generation. The integration of the battery adds flexibility
to the system, allowing for improved energy management
and enhanced reliability.

Figure 2 illustrates the boost converter with diode and
inverter connected system and Fig. 3 shows WECS to load
system through diode rectifier and three phase inverter
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system. In a grid operator control system, power control
and wind turbine control are crucial components. Power
control involves regulating the output of wind turbines to
match grid demand, ensuring grid stability and reliability.
This requires real-time monitoring and adjustment of
power generation levels to maintain grid frequency and
voltage within acceptable limits. Wind turbine control
encompasses pitch control, yaw control, and rotor speed
regulation to maximize energy capture and minimize
mechanical stress. Integrating advanced control algorithms
enables efficient coordination between power control and
wind turbine control, optimizing energy production while
ensuring grid compatibility and reliability.

Diode Rectifier DC link Inverter

Battery

Fig. 2. Boost converter with diode and inverter connected system

Fig. 3. WECS to load system

The performance of a wind turbine is essential for
producing energy efficiently, and the incorporation of a PI
controller within its DC-DC converter is a key to optimizing
this procedure. A typical control technique called the PI
controller modifies the duty cycle of the converter’s
switching components to control the output voltage. In order
to ensure that the wind turbine runs at its peak power for
optimum energy extraction, it strikes a balance between the
trade-off between transient reaction and steady-state
precision. A diode rectifier works with a DC-DC converter
to change the changing AC output from the wind turbine
generator into a steady DC voltage. As a device for
unidirectional current flow, the diode rectifier only permits
forward current to pass from the generator to the DC
connection. The DC voltage is then converted into AC by
the last component, an inverter system, making it eligible
for grid connection. A seamless integration with the
electrical grid is made possible by the PI controller in the
inverter system, which makes sure the output voltage and

frequency precisely match the grid’s needs. This system,
which includes a wind turbine, a DC-DC converter with a PI
controller, a diode rectifier, and an inverter, guarantees
effective energy conversion, grid synchronization, and
overall optimal performance, promoting the use of
renewable energy sources and sustainable power generation.

Figure 4 illustrates the interconnection of three
phase diode rectifier, boost converter, three phase inverter
to load and generator.

- ==sy
id-Si IYTYTY Y
i Grid-Side
Diode
Rectifier o} Three Phase Y Y YL Grid
Inverter YL
/

OO e s

Sinuseidal Pulse
‘Width Modulation

Fig. 4. Three to two axis transformation diode bridge rectifiers
to grid integration

3. Results and discussion. WECS is a vital
component in harnessing renewable energy from wind
sources. Figure 5 displays the relationship between
turbine mechanical power and rotor speed across various
velocities ranging from 3 m/s to 13 m/s. The rotor current
in a DFIG comes from the excitation of the coil, inducing
a magnetic field that generates the current.

P, W

w, rad/s
Fig. 5. Turbine mechanical power vs rotor speed at different velocities

Figure 6 provides key operational parameters at a
cut-in speed of 1200 rpm, with rotor current at 1.7 A and
stator current at 1.3 A.

Figures 7, 8 detail the output voltages of the diode
bridge rectifier and DC link boost converter, respectively,
crucial for maintaining stable power generation.

Figure 9 illustrates grid phase voltage variations
during inductive filter and non-filter conditions, essential
for grid integration.
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Fig. 9. Grid phase voltage during filter (a) and non-filter (b)

Figure 10 presents a comparative analysis of voltage
gain in the boost converter, ranging from 0.1 to 0.8,
crucial for optimizing power conversion efficiency.
Meanwhile, while investigating electricity quality solely
with a filter isn’t groundbreaking, Fig. 11°s depiction of
THD in the inverter is noteworthy. It illustrates a
substantial decrease from 18 % without a filter to 2.3 %
with a filter, crucial for ensuring grid compatibility,
validating the filter’s effectiveness

. Voltage gain
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v
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o= Duty cycle
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Fig. 10. Comparative analysis of voltage gain of boost converter

THD, % 3s

E Without Filter @ With Filter

[ 13 (61 18] Proposed

Inverter
Fig. 11. Comparative analysis of THD in inverter

Table 1 encapsulates essential WECS parameters,
including rated power, wind speed, power coefficient and

technical specifications like the number of blades, tip
speed ratio and gear ratio. Notably, the listed parameters
provide a comprehensive overview of the system’s
capabilities and operational characteristics.

Table 1
WECS parameters
Name Parameters Value
Rated power, kW 2
Rated wind speed, m/s 8
Power co-efficient 0.3
Number of blades 2
Tip speed ratio 6
O  |Cut-in speed, m/s 3
E Cut-in turbine speed, rpm 45
Cut-in generator speed, rpm 1200
Rotor winding resistance, mQ 2.63
Stator winding inductance, mH 5.6438
Rotor winding inductance, mH 5.6068
Magnetizing inductance, mH 5.4749
'§ - Output voltage, V 400
_g 2 |Power device MOSFET
&0 E Switching frequency, kHz 50
5 S |RMS inductor current, A 10.2
A Conduction loss 5234
8 9. Power device IGBT
£ £ Z£|Number of devices 6
& =" [On-off frequency, kHz 2.2

4. Conclusions. The integration of optimized control
strategies in off-grid wind energy systems represents a
significant advancement in addressing the challenges
associated with intermittent wind resources and lack of
grid connectivity. Through the implementation of
advanced control techniques such as predictive control
and adaptive algorithms, these systems can effectively
enhance power quality by regulating voltage, frequency,
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and mitigating harmonics. The results obtained from the
proposed topology, implemented in MATLAB/Simulink,
demonstrate substantial improvements in power quality
metrics, including reduced voltage fluctuations and
harmonics. This not only ensures smoother operation of
off-grid wind energy systems but also minimizes
disturbances on the grid, thereby enhancing overall
system reliability and performance.
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TeopemuyHa effeKmpomexHika
VK 621.3.013

B.IO. Po3os, C.1O. Peyupkwit, JI.€. Ilenesin, K. /. Kynaiyc
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MarniTHe moJie kadeJIbHHX CHCTEM eJ1eKTPOOOIrpiBy MiluIor »KUTJI0BUX NPHUMIllleHb

Ilpoonema. /{na epekmugnozco 3axucmy 300pog’ s HaAceNeHHs 8I0 MAZHIMHO20 N0 KADenbHUX cucmem enekmpoobicpisy nioioe, He-
00XIOHO 11020 3MeHWEeHHs, 00 6e3neuno2o pieHs. OOHAK ye nompebye pemenbHo20 6USUEHHsT MAZHIMHO20 noasi. Memoio po6omu ¢
PO3pobKa mamemamuynol Mooeni i 8epuikosanoi MemoOuKy po3paxyHKy MAZHIMHO20 NOJSL KAOEIbHUX CUcmeM elekmpoobiepigy
Nion02 HCUMI08UX NPUMILUYEHb, MA OYIHKA BIONOGIOHOCI MASHIMHO20 NOJIA HOPMAMUHOMY pisHto. Memoouka. Po3pobreno memo-
OUKY PO3DAXYHKY MASHIMHO20 NOAS KAOETbHUX cucmem eiekmpoobiepigy nionoe 6 scumnogux npumiwennsax. Haykoea nosusna. Ha
ocnogi 3axony Bio-Casapa ma npunyuny cynepnozuyii cmeopeno ananimuiny mMooeib MasHimio2o nois KabeabHux cucmem enexm-
poobizpigy nionoe ma Memoouxy 1020 po3paxyHky. Busnaueno maznimune none Koaxcianbhoz2o HA2pi6anbHO20 KAOENIO 3 YPAXYEaAHHAM
BENUYUHU 11020 MAKCUMATBHO20 eKcyenmpucumemy. ExcnepumenmansHo oOTPYHMOBAHA KOPEKMHICHb OMPUMAHUX THEOPemUuHUX
NON0dCEHD, AKA NIOMEEPONHCEHA iX CNIBNAJIHHAM 13 pe3yIbmamamu excnepumenmy 3 poskuoom merwe 7 %. Ilpakmuuna 3naqu-
Micmb. 3anpononosano 6epuhikosany mMemoouKy po3paxyHKy MAeHIMHO20 NOIS KADEIbHUX CUCmeM eaeKmpoobiepiey nionoe i 6uKo-
HAHO OYIHKY 6i0n0GiOHOcmI IHOVKYIL ix maenimno2o nois Hopmamusromy pienio 0,5 mxTn. Pexomenoosano npokiadamu cy4achi
06odrcunbHI Haepiganvhi kabeni na enubuni ne menute 0,075-0,1 m 6i0 nionoeu. Ilpu menwiti 2nubuHY NPOKAAOAHHS PEKOMEHOO0BAHO
BUKOPUCOBY8AMU KOAKCIANbHI HA2PIBANbHI Kabei, wjo Maioms Ha NOPAOOK MeHute mazHimue none. biom. 51, Tadn. 1, puc. 11.

Knrouoei crnoea: kabejbHi cHCTeMH €1eKTPOOOIrpiBy miajior, Marsirue moJie, MOJe/1I0BaHHA Ta BUMipIOBaHH#A, OLIHKA Binmo-

Bi/IHOCTi HOpMATHBHOMY PiBHIO.

Beryn. besmeune i koM(opTHE MPOXKMBAaHHA Hace-
JIEHHS B JKUTJIOBUX OYyIMHKaX HEMOXIIMBO 03 OOMEKECHHS
B HHUX DiBHS TeXHOTeHHUX (pizmunux momis [1-3], B Tomy
gucii 1 enekrpomarditaoro mosst (EMIT). OxauMu 13 Haii-
OB MOTY)KHUX BHYTpimHIX mkepen EMII e xabenpHi
cuctemu enekrpoodirpisy (KCE) mimmor [4, 5] sxi 3apas
IHTEHCHBHO PO3IOBCIODKYIOThCS B CBIiTl. Takox, sIK 1 30B-
HinmHi enekrpomepexi [6-8], KCE cTBopioroTh B )KUTIIOBUX
npUMilIeHHsAX KBazictarionapue EMII npomucioBoi wac-
TOTH, II0 XapaKTepPHU3YEThCS HEraTUBHO JIIOYMMH Ha JIIO-
quHy enextpuuHoro (EIT) i marnitHoro (MII) ckiagoBumu
[6, 8-11]. 3a BucHOBKamMu BcecBiTHBOI Opranizanii 0XOpOHH
3mopoB’ss (BOO3), mosrorpmBama mis MII mpommcioBoi
YacTOTH € OUTBII HeOe3MeyHOI0 UIS 3[I0POB’Sl HACEICHHS,
HiK EIT [12]. OcHOBOIO AJISI TAKOTO BHCHOBKY CTaJl0 BHSAB-
JIeHHS HanmpuKiHii 20-ro cTOpivds KaHIIEPOTeHHUX BIIACTH-
Bocteit MII enekTpomepesk mpu HOro CinadKiid, ane JOBro-
TpUBAJIi Iii Ha HACENEHHs, i 0COOJMBO, Ha Jitei [13-16].
Ile o0ymoBmIO po3podky ekcriepramun BOO3 pexomeHza-
i o0 oomekenHs inaykiii MIT mpoMHUCIOBOI YacTOTH
qutst HaceseHns 31 100 mxTon [17] no piast 0,2-0,3 Mx T st
3MEHIICHHS! BipOTIAHOCTI BUHMKHEHHS PaKOBHX 3aXBOPIO-
Banb [18]. KomdopTauii st )kUTIOBNX OYAMHKIB piBEHB
iHmykaii MIT mpoMuCcIoBOi 9acTOTH PEeKOMEHIOBAaHHWN Ta-
KOXX MDKHApOIHUM CTaHAApTOM [3] i 3HAXOMUTHCA Y Jiara-
301 0,02-0,5 MxTn. Peamizamiss BKka3zaHUX peKOMEHIAMii
Tpu3BeNa 10 BBEISHHS OUTBII YKOPCTKHAX HAaIliOHATBHUX
caHiTapHuUX HOpM 3 iHAYKHii MII gactotoro 50-60 I'm [19],
CTUMYJIFOBaJIa BUKOHAHHS KOMILUIEKCY pOOIT 13 po3poOKH i
BIPOBA/PKEHHS] HOBUX METO/IIB BU3HA4YEHHs Ta HOpMalli3a-
uii MIT [3, 20-29].

B VYkpaiHi BupillIeHHsI HAYKOBHX IPOOJIEM caHiTapHO-
ririeHiuHoro HopmyBaHHs MII st HaceneHHs BUKOHYeE [H-
CTUTYT IpOMaJICbKOr0 3110poB’st iM. O.M. Mapzeesa HAMH
VYxpainu (paHime — [HCTUTYT TirieHu Ta MeAUYHOI eKOJIoTil
HAMH Vxkpainu im. O.M. Map3zeeBa). Y HpOMY, TiJ HAYKO-
BUM KEpPIBHHIITBOM BIiJOMHX B CBITi YKPaiHCBKHX BYCHHX-
ririemicTiB  akagemika Cepmoka A.M. Ta mpodecopa
Tymancekoro 0.J1), ke y 1975 p. Gyia BusHaueHa HeoO-
XiZHICTh BBEACHHS I'PAHUYHO JIOIyCTUMOTO IS HACEJICHHS
piBas inmykuii MII [30]. Octarouno et HopmaTtus 11 MIT
pOMHKCIIOBOT yacToTu Ha piBHi 0,5 Mk T OyB TeopeTH4HO Ta
eKCIIEPUMEHTAILHO (Ha TBapHHaX) OOIPYHTOBaHHI HUMH B
[31]. Bin BianoBigae cy4acHuM pekomenzaiism BOO3

1 CKJIaB HAyKOBY OCHOBY mpwuiiHATOro B 2017 p. HOpMaTHB-
HOTO OKyMeHTY [32], BimmoBigHO 10 sikoro (Tabi. 1) miroue
3HadeHHs iHayKii MIT Big kaOenmbHUX TTiHIN y KOXKHIN TOYIT
00’eMy KWTJIOBOTO MPHUMIIIEHHS, BKJIIOYAIOYH IOy
(3a BuUKIIOYEHHSIM mpocTopy Ommkde 0,5 M Bix CTiH),
HE TIOBHHHO TNepeBUIyBaTH Oe3neynuii piBens 0,5 Mx T
Tabmums 1

TuMYacoBi rpaHUYHO JOMYCTHMI (HOPMATHBHI) PiBHI MArHITHOTO

OJISL HaJl TPACOIO MPOXOKESHHsI KaOesIbHOT JIiHiT 3riJHO

3 Tab1. 2.3.2 HOPMAaTHUBHOTO AOKYMEHTY YKpaiHu
«[IpaBuna ynamryBaHHS €IEKTPOYCTaHOBOK» [32]
Tepuropis, Ha SIKiH periamMeH-
Ty10Tbh piBeHb MII npomucio-
BOI 4aCTOTH

VYcepeanHi KUTIOBUX MPUMi-
LICHb
Ha Bincrani 50 cM Bix cTiH
JKUTIIOBUX MPUMILLECHb Ta 110~
OyTOBHX €JEKTPONPUIIA/IB
Ha tepuropii 30HH XUTI0BOT

Ianyxknis MIT, MxTn

0,5

3,0* (*3acTocoBy€eTHCS IS
Ka0eJIiB 1 eIEKTPOIPOBOJIOK,
MIPOKJIAJICHUX Y CTiHaX)

10,0
3a0y10BU
Hacenena micueBicTs mo3a 200
30HOIO JKUTIIOBOI 3a0yJOBH ’
Hemnacenena micueBicTh Ta

50,0

CLIBCKOTOCTIOAAPCHKI YT ISt

OcnoBuumu enementamu KCE (puc. 1) € pesuctus-
Hi HarpiBanbHi kabeni (HK), siki MOHTYIOTBCSI Till TOBEp-
XHEI0 MiJJIOry Ha rubuHi hy Bix Hel, Ta TepMoperynsTop
3 BOymoBanuM TepmonmaTaukoMm [5]. HK »xuBisaTecs Big
KBapTUPHOI EJIEKTPOMEPEXi i po3paxoBaHi HA HOMiHAJIb-
HUH CTpyM, SKAN MOXxe fgocsrata 15 A [4].

Amnani3 koHCTpyKTHBHOTO BHKOHaHHS HK [5, 33-42]
MOKa3ye, II0 BOHH PO3MOJIUISIOTBECS Ha ONHOXKWIBHI Ta
nBOXWIBHI (puc. 2). Taki HK MaroTh pi3Hi cXeMH MiIKITTo-
YEeHHS JI0 eIeKTpoMepexi (puc. 3), Ta CTBOPIOIOTh Pi3HUN
piers MII. Tak, Biznmosiguo 10 [1, 43], iHgykuis MII ox-
HoxuabHuX HK icroTHO (OimbIn HIXK Ha TOPSIOK) Iepe-
Buiye MIT nBoxxuinbaux HK. Lle oOMexye BUKOpHCTaHHS
oHOKIWIbHIX HK HEXUTIIOBUMH MPUMILIIEHHSMH.

Hns piBHOMIpHOTO TporpiBy mimnorn HK yknana-
IOThCS Y BUTIIAAL «3MiMiKm» 13 KpokoM 80-120 mm [5]. Le
pobuts posmoain MIT KCE Bigminaum Big MII oguHOY-
Hux HK, mo o6ymoBiioe #ioro okpemuii anamis. [Ipu aHa-
31 «3MIHKY» MPEICTaBUMO y BUTIIAII MeaHApy (puc. 3).
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Puc. 1. Tunosa xoHcTpykuist KCE:
1 — moKpuTTS migIory, 2 — 6eToHHa (KiIeloBa) CTsIKKa,
3 — HK, 4 — Temioi30siist

a

a 6 6
Puc. 2. Kouncrpykruste Bukonauns HK pizuux Tumis:
OJTHOKIJIBHUH (@), NBOXKWIBHUH TTaHApHUH (0), ABOKHMIEHAN
KoakcuanbHui (6); (1, 5 — HarpiBanbHI (CTPYMOIIPOBIIHI) JKHIIH,
2 — eneKTpoi3oIIsALis, 3 — eNeKTPONPOBITHUI 3a3eMIIIOBATbHHI
eKpaH; 4 — 30BHIIIHS €IEeKTPOi30JIIis)

0

Puc. 3. 'eomerpis nmpoknaganHs oqHoXWIbHOTO (a) Ta aBoxkuibHOro (6) HK KCE B ropusonTanbHii miomuni XY mig miyioroo
Ta CXEMH MiJKIIOYCHHS 10 KBapTHPHOI eEKTPOMEPEKi

Bigomo, mo ixmykuis MII moxkumeanx HK, sx i
Oy/Ib-SIKOi ENEKTPHYHOI MEPExKi, 3aexuTh Bix Bigcrani d
MDK OCSMH MPOBOJIB, Ta cTpyMy | B HUX [6, 8, 43]. Tomy
JIBOKWITBHI T10cKi (TutanapHi) HK (puc. 2,6) BUpoOsioTh-
Cs1 3 TEXHOJIOTTYHO MiHIMAIEHO MOXKITHBOIO BiICTAHHIO MK
ioro sxunmamu d (1,4 — 2,5 mm). OxHak, 5K Oyje MoKa3aHo
HIK4e, BUKoprcTanHs Takux HK npu crannapTHiit rimou-
Hi 1x mpoknananus hy = 0,03-0,05 M (puc. 1) i cTpymi xu-
BieHHs 10 A, NpU3BOAUTH O CYTTEBOTO IMEPEBULICHHS
inaykuii MIT nan HopmaruBauM piBHeM 0,5 MKTo.

Hopwmanizamis MIT MoxximBa 1pu BUKOPUCTaHHI KOa-
kciampauX [40] HK (puc. 2,6), ane ix MII ra croroaHi no-
CIIIDKEHO HENOCTaTHhO. TaKOoX y BIIOMHX ITyOJiKaIliix,
Hanpukiaz [4, 42-45], segocraTtapo po3risaHyTe MII came
KCE 3 pisanmu HK, BizcyTHi BepudikoBani METOIUKH
pospaxynky MII KCE, He BUKOHaHa KOpEKTHA OLlIHKA BiJI-
noBinHocti iAKWl ix MIT girounM HopMmariBam Y KpaiHu
Ta aBTOPUTCTHUM MDKHAPOIHUM PEKOMEHIIAIIISIM.

Mertoro po6oTH € po3poOka MaTeMaTHIHOI MOJIESI 1 Be-
pudikoBaHOT METOJMKK PO3pPaxyHKy MArHiTHOTO Iosi Kabe-
JIBHUX CHCTEM €JIeKTPOOIrpiBY ITiJUIOT KUTIIOBHX NPHUMIILICHb,
Ta OIiHKA HOT0 BiTIOBITHOCTI HOPMATHBHOMY PiBHIO.

Marematuuni moaeni MII npsamodainiiinnx HK.
[Ipu moOymoBi MoAemi MpUIMEMO HACTYITHI PUITYIICHHS,
SIKi JTO3BOJIIIOTH CIPOCTUTH MOJCTIOBAHHSA, alleé iCTOTHO
HE BIUTUBAIOTH HA HOTO pe3yJIbTaT:

e nomxuHa L HK cyrreBo (Ha mopsmok) Oinmbima Bif
BiJicTaHi I' 10 TOYKU CHOCTEpeKeHHs P, a Takox Bij Bij-
cradi d Mk OCAMU KU IBOKWIBHUX KaGelliB, 10 J03BO-
nsie posrissaat HK sik HeckiHYeHi,

e HK mMonemoroThest nmapajielbHUMU NPSIMOJTIHIHHUME
MPOBITHUKAMHA Y BUTIISII CTPYMOBUX HHUTOK, PO3TAaIIOBa-
HUX Y TOPU30HTAJIBHI TUIOIHHI;

e MII HK € noTeHIiHHUM 1 IIOCKOMApaeIbHIM;

¢ BIDIMBOM 30BHIIIHIX (P)ePOMArHITHUX (€NEKTPOIIPOBia-
HUX) eJeMeHTiB Ta mxepen MII )KUTI0BOTO MpUMIIICHHS, a
TaKOXX eJIeKTPOpoBigHOTO ekpany 3 (puc. 2) HK HexTyemo;

e mampyra mepexi xusneHast HK cunycoinansHa.

Oonoorcunvruii HK. BifnoBigqHo 10 3aKOHY ITOBHOTO
CTpyMy B iHTerpanbHiid ¢opmi [46], niHIHHUKA iHTErpa
Hanpy>xeHocTi H MII y310Bk 3aMKHYTOTO KOHTYpY JOpi-
BHIOE €JIEKTPUYHOMY cTpyMy | Kpi3b moBepxHio, oOme-
JKEHY LIUM KOHTYpPOM:

§(H,dl)=|. (1)
L
3acrocoByrouu (1) 10 Koa, IO JICKHUTH Ha IUIONTHHI
3 paziycoMm I i IEHTPOM y TO4Ii, Yepe3 SKy MPOXOAUTh
HECKiHUYEHHHUH MPOBITHUK, OTPHUMAEMO:
2aH =1. (2)
3a momomororo (2) BUABUMO 3aJIeKHICTh Harpysxe-
HOcTi MII OJMHOYHOrO HECKiHYCHHOTO IPOBITHHUKA Bij
Horo cTpyMmy, KOOpAMHAT OCi MpOBigHUKA (X, Yc) Ta KO-
OpAHMHAT TOYKH criocTepeskeHHs P(X, Y):

N I VRV )

Tr

H(r) =

I3 (3) 3a ymoB x =, y = 0 oTpuMaemo Bigome [9, 46]
CHIBBITHOIICHHS, M0 BU3Ha4ae iHaykmito MII Ha Bigcra-
Hi I' Bil OIMHOYHOTO oxHOXMiIpHoro HK:

Bok _ Ml pio = 4107 T/m. 4)
2 r

Jsooicunvruil naanapuut HK. OdeBUaHO, 10 MakK-
cUMaiibHe 3HaueHHs 1HAyKuil MIT ABOKMIIBHOTO TUIAaHAp-
HOTro KaOeJto, pO3TalllOBAaHOTO B TOPH3OHTAJIBHIH IUIO-
muHi XY i3 BiACTaHIO MiX mapaneibHumu xuiamMu d i
CTpyMaMH B HHX *|, po3nonineHo no BepTHKanbHii oci Z.
B 3aranbHoMy Bumanky 3azaya BusHaueHHd MII takoro
HK moxe Oyt BHpilIeHa BHKIIOYHO YHCEITBHIMH METO-
nmamu. OxHak, akmo po3rismatid MIT Tinbku B3ZOBX OcCi
Z, ma Bucorti I Bix HK, T0 3ama4a B cmry cumerpii cyTTeBO
copoinyetscs. Bukonyroun 3akoH bio-CaBapa Ta enemen-
TapHi TeOMETPUYHI NOOYJOBH, aHAIOTIYHO [8] oTpmuMae-
MO HacTyIHy (GOopMyJy Uil PO3paxXyHKY MOIYJIS 1HIYKIIT
MII aBoxxunbHOrO ianapHoro HK:
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B _ Ho l-d
DPK max — Eﬁ :
{r +(0,5d) }
Jeoorcunvrutl_koakciaronui HK. Bigomo, mo MII
HECKIHYEHHOTr0 MUJIIHIPHYHOIO MPOBIIHUKA CKBIBaJICHT-
HO MII HMTKM 3 TMM CaMUM CTPYMOM, L0 HIPOXOAMTH
yepe3 Bich cUMeTpii Takoro nposigHuka [10, 47]. Biamo-
BiZTHO, B imeasibHOMY KoakciampHOMY HK oci 060x #ioro
NPOBITHHKIB (pHUC. 2,8) 30iraroThcs, a iX cTpymMH pi3HOCII-
psvmoBani. Tomy MII mux cTpyMiB B3a€MHO KOMIIEHCY-
€TBCS 1 71 ineanbHOro KoakciamsHoro HK #Horo pesyss-
tytode MII 3a Mexxamu NpoBiTHUKIB Oyzae BincyTHe. Aue
TpU IpOMHUCIIOBOMY BHpoOHHITBI HK BHHMKAIOTH TEXHO-
JIOTIYHI BIAXWIEHHS Bix cuMmeTpuyHOi ¢popmu. [Tpu mipomy
TeOMEeTpUYHA Bich BHYTPIimHBOI )t HK Moxe 3mimnry-
BaTUCS Ha BEIMYMHY eKcueHTpucurery € [48, 49], mo
XapakTepu3ye BeNW4uHy ii BiIXWIIEHHS BiJ OCI CUMETpii
HK. BenuunHa TeXHOJOTIYHOTO PO3KUAY EKCIICHTPHUCH-
TETy KOAaKCIaJIbHUX KaOeliB MpH CepiiiHOMY BHPOOHHUIITBI
Moxe ckiamatu 5-15 % (0,1-0,3 mM) Bin imeanbpHOT Bif-
crati d MiX BicCro HOTO IEHTPAIBHOI KUK 1 TIOBEPXHEIO
LOWTTHIPAYHOI CTPYMOIIPOBiNHOI >knin. ToMy 30BHINIHE
MII peansHoTro KoakcianmsHoro HK Oyne 36iratucs 3 MII
YMOBHOTO J1BOXHJIbHOTO IiaHapHoro HK (5), B sxomy
BIJICTaHb MiXK HOTO XUJIAMH JOPIBHIOE€ BEIMIHHI €KCIICH-
tpucutety (d = €). 3 ypaxyBaHHSIM BHKJIAIE€HOTO, iHIYK-
mist MIT peansHoro koakciagproro HK Ha ocHoBi (5) mo-
e OyTH BH3HA4YEHa CIIBBIIHOIICHHSM:!

6))

Ho le
27 ] 2 A ©
{r +(0,5€) }
Hocnimxenns MII pisanx tunis HK. Bukopucrae-
MO OTpHMaHi CHIBBiZHOIIEHHSI (4—6) I IH)KEHEpHOTo
pospaxynky inaykuii MIT HK B ¢ynkunii Bix Bincrasi I 1o
TOYKH CIOCTepekKeHHs. TyT BeNWUYMHA [ BiANOBiNae rim-
6uni hy mpoxmananas HK (puc. 1), mo Bu3Havae BimcTaHb
BiJ OBepxHi miroru Ao oci >kt HK. Pesymprati pospa-
XyHKy rnpezacTasieti Ha puc. 4. Tak, ingykuiss MIT oxHo-
xwmibHOro HK mpu pekomMeHmoBaHiii BUPOOHUKAMHM TIIHOU-
Hi npoknaganasa 0,03-0,05 m [37-41] cknagae 40-65 MxTo.
e B 80-130 pa3iB mnepeBullye HOPMATHBHUI piBEHb
0,5 MxTn, 1m0 BUKITIOUAE BUKOPUCTAHHS OAHOXMIbHUX HK
B JKHTJIOBUX IPUMILIIEHHSIX.

Bpkk max =

Puc. 4. Po3paxynkosi 3HaueHHs iHAyKil MII pi3HUX THIIB
npsimoniniitHuX HK mpw BignanenHi Ha BifcTassb I o oci Z
(mBoxwibai HK 3d: 2 —2,5 Mmm; 3 — 2,2 Mm; 4 —2 mM; 5 — 1,7 My
6 — 1,4 mm; koakciampauii HK 3 ¢ = 0,2 Mm); | =10 A

Iapyxmis MIT geoxuneanx HK mpu rmmbuai mipo-
xnaganas 0,03-0,05 M B 3aie)XKHOCTI Bl BifcTaHl MK 1X
xuaamu d (puc. 4) cknamae Big 2 10 5,5 MxTi, o nepe-
BuIllye HOpMaTtuBHUH piBeHb 0,5 MkTin y 4-11 pa3is.

Iunykuis MIT koakciansroro HK npu e = 0,2 mm i
cTanaaptHii rimouni npoknaganus 0,03-0,05 m cknanae
(puc. 4) Big 0,16 1o 0,45 MxTo, o BiAMOBiTaE HOPMATH-
BHOMY piBHIO 0,5 MKTa. Tomy koakcianeni HK npu 06-
MEXEHHI iX eKcUeHTpucuTeTy Ha piBHi 0,1d (mpubnuzHo
0,2 MM) MOKYTh O€3MEYHO eKCIUTyaTyBaTHCS y KHUTIOBHX
NPUMILIEHHSX TIPH CTaHAAPTHIN IITMOMHI TPOKJIaIaHHS.

Pesynmprat pospaxysky iHmyknii MIT peamsanx HK
HaBeJcHHI Ha puc. 5. BoHM mpencTaBieHi IUIaHAPHUM
nmeoxmmbHAM HK oy «Arnold Rak 6101-20 ECy» ta xoa-
kcianpauM HK tumy «Volterm» npu e = 0,2 mm 1 0,05 mm
(xpuBi 2, 3), sxuit OyB coemiaJibHO HamgaHUH (HipMOIO
«VOLTERM» [40] mms BunpoOyBaHHS Ha MAarHiTOBHUMi-
PIOBILHOMY CTEH[I IHCTHTYTY. AHalli3 pe3yJbTaTiB po3-
paxyHKy (puc. 5) mokasye, 0 BOHH BiJNIOBIIAIOTh JAHUM
puc. 4 Ta 3p00JICHUM BHIIIC BUCHOBKAM.

Puc. 5. Po3paxyHkoBi Ta EKCIIEPUMEHTAIIbHI ®®®® 3HAUCHHS
iHayknii MIT npsmomiHiHHUX TBOKIIIEHOTO MtaHapaoro HK tumy
«Arnold Rak 6101-20 EC», d=2,2 mm (1), a TakoK KOaKCialbHOTO
HK tumy «Volterm» (2, 3) 3 ekcuenrpucureroM e = 0,2-0,05 mm,
NPH Bi/UIaJICHHI Bijl HUX Ha BificTaHb f mo oci Z, | =10 A

Bukonaemo Tenep AOCIIHKEHHS PO3MOILUTY IHAYKIIT
MII KCE 3 pizaumu HK npu cxemi ix npokiananHs Bif-
nmoBimHO 10 puc. 3. Take mMpoKIamaHHS 3MIHIOE MPOCTO-
posuit posnonin MIT KCE y nopiBusinni 3 MIT ogunod-
Horo mnpsmodniHiiiHoro HK 3aBasikum B3aeMHOMY BIUIMBY
PO3TaIoBaHUX MOOJIU3Y IPOBIAHUKIB 31 cTpymMoM 3a MII.

Marematnuna moaeas MII KCE. [Ipu moGynosi
momemi MII mpuitmaemo HactymHi npunmymmeHHs: HK
KCE MonenrorThes TaMaHO JIiHIE (MeaHIpoM, puc. 3)
13 TIPAMOTIHIMHAX NapanelbHUX CTPYMOBHX HHUTOK, PO3-
TAIlIOBaHUX Y TOPU3OHTAJIbHI IUIOLIMHI; KBa3icTallioHapHe
MII KCE € TpuBuMipHUM; BILIMBOM 30BHINIHIX (hepomar-
HITHUX (€JIEKTPOIPOBITHUX) €JeMeHTIB Ta jkepen MII
HEXTYEMO; HaIpyra MEpexi )KUBJICHHs CHHYCOIaJIbHA.

MopentoBaHHS BUKOHAEMO aHAJITUYHUM METOJIOM
Ha ocHOBI 3akoHy bio-CaBapa Ta IpHUHIUITY CyTepIIo3HLIil
[9, 10, 46, 47] mIAXOM BU3HAUYEHHS PE3ybTaTy y BHUIJIS-
Ili BeKTOpHOI cyMu iHAyKii MIT B TouIi crnocTepekeHHs
P(X, Yy, Z) Bin oOKkpeMHX MIPOBITHHUKIB 31 CTPYyMOM.

B Ttoumi 3 pamiyc-BekTopoM R ememenT koHTYpy dr
31 ctpymoM | renepye MII 3 ingyKmi€to:

4B(t) = [ar <R, 7
(t) 4ﬂR[r ] (7

3
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Je BekTop R HampaBieHHii 3 TOYKHM pO3TallyBaHHS elie-
MeHTa KOHTypy dr y Touky cmoctepexxeHHSI P(X, Y, 2).
[ToBue MII koutypy C Mae iHAyKILiO:

B— ,U() [dl’ X R] .

(3)
3
4 o R

Posrinssremo MIT (puc. 6,a), cTBOproBaHe cTpyMoM |,
SIKUA TIPOXOIUTHh MPSAMOIIHIMHOK MUISTHKOIO MK TOYKa-
MU An(Xo, Y1, 0) 1 A(Xy, Y2, 0), ToOTO, Bipizok 3i cTpy-
MOM pO3TalioBaHuii y mioniuHi Z = 0 mapanenbHo oci Y
Ha Bizxctani X Bij oci Y (puc. 6,a). Y 1bOMy BUNAJKY elie-
MEHT KOHTYPY JOPIBHIOE:

dr=dney, Y, <n<Y,, 9)
a ﬁOFO KOOpAUHATHU:
(xOsn:O)a Yl SUSYZ . (10)
Va el Di+ o A
Y2 ___‘_f\ 2 2 LoV R/
L
dr
‘ T | dr
S SN I
Xo X _
a o

Puc. 6. lo Busnauenns ingykuii MII Binpi3kiB 3i cTpyMoM,
pO3TalIOBaHUX MapajIenbHO 0csM Y (a) Ta X ()

Toai BeKTOp, COPSIMOBAHUI 13 TOYKH, B SKill po3Ta-
IIOBaHUH eleMeHT cTpyMy df, y TOYKY CIIOCTEpPEKESHHS
P(X, Y, Z) nopiBHIOE:

R:(X_ XO’ y_nsz)'

Ky6 Bincrani Mi>k €IeMEHTOM KOHTYPY Ta TOYKOIO

CIIOCTEPEKEHHS:

R =fx-xoP+22 +ly-n ]
BekropHuii 106yToK:
e, e &
[dxR]=| 0 dn  0|=zdne,—(x—X,)d7e,. (12)
X=Xy y-n z
KomronenTy iHAyKUii npsiMoJIiHIHHOTO Bijpi3ka 3i
CTPYMOM 3aIUIIYThCS SIK:

(11)

|Y2
Bx=f4‘0ﬂ£1 By =0; B,=—L0( xoj - (13)

VY [50] mictutecst Qopmyna ans HEBU3HAYEHOTO
iHTEerpay:
dt 4at +2b

IT(t)3/2 - (4ac—b2)'l'(t)”2 :

1/2
()" =[c+bt+at2] (14)
BukopucroByroui ii, o0unciumo inrerpan y (13):

Id_ﬂz dn -

3 3/2

R v (x=Xo) +22+(y—77)2]

:}2 dn _}2 dn _
3/2

Y-y
Y, — 2
SR S A

e 172
¢ [c+t2]

- 2]3/2
Yl_y cC+t Yl_y
1 Y,-y

) (x=Xo P+’ [(x— XoP+22 + (Y, - y)z]l/2 )

- Moy = 1. (15)
(x=Xo P+22+(Y - y)z_
ITo3naunmo:

F(Xo.Y)=

Y-y |
((X— X0)2+221(x_ X0)2+22 +(Y— y)z]l/z

Toni komronenTy MII 3anuuyThest y BUIIISAL:

BYy(X0.Y;,Ys )= %Z[F(XosYz)— F(Xo. Yl

|
BY,(Xo.Y;,Ys)=— 'ZS[ (x=Xo[F(Xo.Y2)- F(Xo.W)];

BYy(Xo,Y;,Y,)=0 (16)

Dymirii BY,(X0,Y1,Ya), BY,(X0,Y:,Ya), BYAX0,Y1,Y2)
JaroTh KoMnoHeHTH iHaykuii MIT Bigpizka mpoBigHuKa,
napasesibHoOro oci Y 31 ctpymoM | Ha BixcTaHi X, Bifg oci.

Posrisinemo MIT y HanpsiMKy oci X Bix cTpymy |, 1o
NPOXOIWUTh MO Biapi3ky Mix Toukamum C,(X,Y,0) i1
Cu(*X2,Y0,0) (puc. 6,6). Binpizok 31 cTpymMoM po3rarioBa-
HUM y monmHi Z = 0, IPOXOANUTH MapaleabHO Oci X Ha
BifcTaHi Y Bix oci X. Bukonytoun ananorigsi (9-14) o6-
YHCIICHHS, OTPHMAEMO:

|
BXy (Yo, X1, X3) = —% ZG(X,.Yy)-G(X1. Yo )];

|
BX (Yo, X1, X)) = %(Y—Yo)[G(XzaYo)—G(Xl Yo)ls

BX (Yo, X1. X5)=0, (17)
e
X =X
G(X.Yo)= ) L) K32
(y-Yo P22 fly—Yo 2% + (x - xP]

CDyHKHll BXX(Y(),Xl,Xz), BXy(Y(),Xl,Xz), BXZ(Y(),X],Xz)
JIAfOTh TIPOCTOpOBI KoMmnoHeHTH iHmyknii MII Bimgpizka
MPOBIIHAKA, TTAPAIETHHOTO Oci X 31 cTpymoM | Ha Biacra-
Hi Y, BiJ OcCl.

Buxopucraemo (16, 17) mist BU3Ha4eHHS pO3paxyH-
koBux cmiBBigHomens MIT peansaux KCE mimor, cxemu
YKJIaJKK KaOeniB sl IKUX TpeNICTaBlIeH] Ha puc. 3.

Pospaxynxosi cnisgionowenns ona MI1 KCE 3 oono-
arcunoum HK. Taaykiis MIT y touri P Bin cuctemu omHO-
KUJIBHUX MPOBITHUKIB (pHC. 3,¢) Y TUIOMMHI Z = const, sIKi
napaJiesibHi OCSIM KOOP/AWHAT X 1 Y, BU3HAYA€THCSI BEKTOP-
HOIO cyMoro iHAykuii MII Bix iX mpsMouniHIMHUX Biapi3-
kiB. Tomi, BimmoBimHO 10 (16, 17), KOMIIOHEHTH 1HIYKIIii
MII KCE MoxyTh OyTH IIpeaCcTaBiIeHi y BUTIISMII:
m=K/2

> [BYx(Xom1: Y1, )+ BYy (Xom, Y2, Y )]+

m=l1

By =

+BYy(Xk,Y,Y; —b);
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c=K/2-1
By = Z[Bxy(YZ» Xoc-1> x20)+ Bxy(Yls X X20+1)]+

c=1
+BX (Yo, X1, X )+ BXy (Y =b, Xy, Xy );
m=K/,2

Z[BYZ(XZm—I»YlaY2)+ BY, (Xom.Ys.Y; )]+

m=1

B, =

+BY,(Xk.Y.Y; —b)+
c=K/2-1
+ Y [BX,(Ya, Xago1 Xog )+ BX (Y, Xag, Xogyp )]+

c=1

+BX (Yo, X1, Xk )+ BX, (Y, =b, X, X;),  (18)
ae Xm Y12, K — KoOpJMHATH KIHIIB Ta KUIBKICTh BiIpi3KiB
napanenbHux oci Y; X.,Y) » — KOOpJAMHATH KiHILIB BiApi3KiB
mapajgeIbHuX OcCi X.

Hiroue 3rauenns inaykuii MIT KCE y toumi P(X,y,2)
BU3HAYAECTHCA SK:

B(P)=4/Bg + By +B; , (19)

Iie IpOCTOpOBi KOMIIOHeHTH By, By, B, oTpumani Binmosi-
nHO 110 (18).

Pospaxynkosi cnissionowenns ona MII KCE 3 d60-
arcunvhum HK. Tanykuis MIT y touni P(X,Y,2) Bin cucremu
JBOXXWIBHUX TPOBIHUKIB (pHc. 3,0) 3 BIACTaHHIO MiX
ocsimu xuin d = 2S, po3KIaJCHNX y TUIOIMINHI Z = const
TapaJIeNIbHO OCSIM KOOPAMHAT X 1 Y, BU3HAYAETHCSI CYMOIO
MII Bix ix mpsMoiHiHUX Biapi3kiB. Toi, BIAIOBIAHO 110
(16, 17), xommonerntn inaykuii MIT KCE 3 aBoxwumsHIM
HK MoxyTh OyTH nipeficTaBiIeHi y BUTIISIL:

m=K/2
By = Z[BYX(sz—l —sY+sY, +5)+
m=1
+BY, (Xom+SY, +8Y, +8)+
+BY, (Xomy +8Y, —sY, —s)+
+BY,(Xym—5Y,—sY, —s)]+
+BYy(Xk +sY +sY - 5);

c=K/2-1
B, = 22[|3xy(\(2 +5,Xy¢_1 — 8, Xog + )+
c=1
+ BXy(Yl +5,Xac +5 Xyei1 =)+
+BXy (Y3 =5, Xoc =8, Xy | +5)+
+ BXy(Yl =8, X118 Xg¢ _S)J"‘
+BXy (Vs +5 X =8, Xg +5)+
+BXy(Yy -5, X =8, Xy +5)+
+BXy (¥, -8 Xy +5, X —5);
m=K/2
D [BY,(Xom1-SY; +8Y; +5)+
m=1
+BY,(Xom+8Y, +8Y, +8)+
+BY,(Xom1 +8Y, -8, - 8)+
+ BYZ(XZm -sY—-sY, - S)]+
+BY,(Xk +8Y, +sY, - §)+
c=K/2-1
C

B, =

+ [BX,(Y +5 Xpe =S Xpe + )+

=1

+BX,(Y +5 Xy +5 Xoei) — )+
+BX,(Y, =8, Xpc =S Xpey + )+
+BX,(Y; =8, Xpc41 +8 Xoe = 8))+
+BXy(Ys + 8 Xy =S, X +5)+
+BXy (Y3 -5 X =8, Xk +9)+

+BXy (Y -5 Xk +5 Xg - 5). (20)

Hiroue 3HavenHs iHaykmii MI1 Bu3Hagaetses 3 (19).

Otpumani cniBBinHomeHHs (18-20) n03BOJNAIOTH
po3paxoByBatu posmonin iHaykmii MIT KCE y pasi Buko-
HaHHg 1X HK i3 mpsamomiHiHHUX Bimpi3kiB — y BHTISAAI
npsiMOKyTHOTO Meanapy (puc. 3). OmHak aktudaaa dop-
Ma posknaganas HK moxke BUKOHYBaTHCS SK 13 IpakTHY-
HO MPSIMOJIIHIKHUX BiApi3kiB [33], Tak 1y BUIIISAL «3Miii-
ku» [35] i3 pagiycom Burnny HK na pigni 0,5b (puc. 10),
abo MeHIIMM. 3a paMKaMu L€l cTaTTi aBTOpaMy BUBYEHO
BB (hopmu poskiananns Bepimad HK Ha piBers MII
KCE, ta nokasaHo, 1110 po3KJIaJaHHs y BUTJISII IPSIMOKY-
THOTO MeaHpy (puc. 3) nae makcumanbHi 3Ha4eHHst MIT.
[MTinTBepmKeHHsIM 1poro € BepudikoBaHi kpusi 1, 3 Ha
puc. 8, 9. Lle 103BOIIsIE BUKOPUCTOBYBATH 3allpOIIOHOBAHI
coiBBigHomenHs (18-20) sk yHiBepcambHi, 0e3 ypaxy-
BaHHA (DOPMH BEPIIMH PO3KIAIKH, U1 BU3HAYCHHS 1HIY-
kuii MIT KCE B HaifripmomMy BATIAJIKY.

Hocaimxennss MIT KCE 3 HK pi3uux tumiB. Bu-
KopuctaeMo cmiBBinHomeHHs (18-20) mis BU3HAYCHHA
inaykuii MIT KCE 3 OIHOXWIBHUMHU Ta JBOXHUIBHUMHU
HK. IIpu upoMy MaemMo Ha yBasi, 110 MaKCHMMaJbHI 3Ha-
yenHst inaykuii noreHuiiHoro MIT KCE y BchoMi 06’emi
MPUMILIEHHS 30CepePKeH] Ha HOTo i yIo3i.

Ha puc. 7 npencrasnena kapra posnoaity MII Han
KCE 3 omnoxuneaum HK, BukonaHoro 3 posmipamu
1,2x0,8 M Ta kpokom 0,1 M (puc. 3,a). MakcumansHUiA
piBens iHgykmii MIT (42 mMxTxa) mae micie Ha BepiIvHI
MeaHnpy (puc. 3,a) — Ha niHii CC, Ta HaJ 3BOPOTHIM TIPO-
BoaoM (imiHis TT). 1li 3HaYeHHS MPaKTHYHO CITiBITAJA0Th
3 MII Bix opmHouHoro npsmodniniiiHoro HK (puc. 4), mo
JI03BOJIAE€ OL[HIOBATM MakcUMalbHi 3HadyeHHA MII miel
KCE 3a cniBBimHOmeHHM (4). Y 3B’S3Ky i3 ICTOTHHM
nepeBuuieHHs M HopmatuBHoro piBas MII, KCE 3 onno-
xuibHUM HK B nojansimomy He po3risgaroThCsl.

Puc. 7. Po3paxyHkoBi 3Ha4eHHS po3noiny iHaykmii MIT
Bij KCE 3 ognoxmisauM HK tuny Fenix ASL1P 18
Ha noBepxHi mimroru mpu hy= 0,05 m, | =10 A

PozpaxoBana kapra posnoairy MIT KCE 3 npomucio-
BUM 3pa3koM JBOKuIIbHOTO utaHapHoro HK (puc. 3,0) mpn
hy = 0,05 m 3 d = 2,2 MM, npescranena Ha puc. 8,a. Ha
puc. 8,6 HaBeneHi XapakTepHi rpadiuHi 3anexHOCTI. SIK BH-
HO 3 puc. 8, MakcnManbHi 3HadeHds iHnyKkii KCE ckmagarots
2,16 MxT. BoHn MaroTh MicIie Ha BepIIMHAX PO3KIIAJIaHHS —
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mo smiHisx TT ta CC (puc. 3,0). Lli 3Ha49eHHs € OUTHIAMYA BifT
MII ogunouHoro HK (puc. 4) npr6mmsso Ha 15 %.
PospaxoBana kapta posmoniry MIT KCE 3 mpomuc-
JOBHM 3pa3koM KkoakciampHOoro HK 3 € = 0,2 MM mpu
h¢ = 0,05 M, BHKOHaHOTO BIiINOBIAHO IO pHC. 3,0,

a

npexacrasiena Ha puc. 9,a. Ha puc. 9,6 HaBexeHi pospa-
xoBaHi rpadivHi 3anexHOCTI. SIK BHIHO 3 puc. 9, Makcu-
ManbHi 3HavueHHs iHaykmii KCE ckmamarors 0,196 mMxTo,
10 iCTOTHO MeHIIe HopMaTuBHOTO piBHA 0,5 MKToI.

0

Puc. 8. Poznoxin MII Bix KCE 3 noxunshuM rianapauM HK tumy Arnold Rak 6101-20 EC (I =10 A, d = 2,2 mm), Ha OBepxHi
mimtoru npu hy = 0,05 m (KCE 3 npssmokythHuM po3kiaganusm HK (puc. 3,6): 1 — o ninii CC; 2 — no minii AA);
3 — KCE 3 posknaganusm HK «3wmiiikoro» (puc. 10) o minii CC (puc. 3,6), (=== po3paxyHOK esee CKCIICPUMEHT)

a

0

Puc. 9. Posmoxin MII Big KCE 3 xoakcianmsanm HK tumy «Volterm HR18» (I = 10 A, e= 0,2 mM), Ha TOBEpXHI MiIOTH
npu h,=0,05 m (KCE 3 npsimokytaum poskiananusm HK (puc. 3,6): 1 — mo niuii CC; 2 — no ninii AA);
3 — KCE 3 posknaganasm HK «3wmiiikoro» (puc. 10) mo minii CC (puc. 3,0), (=== p03paxyHOK seee CKCIICPUMEHT)

ExcnepumMenTaibHi gociaipkenas MII pizHux Ttu-
niB HK ta KCE Ha ix ocHoBi. Jlocii»KeHHS BHKOHYBa-
JUCh Ha poMuCIIoBHX 3pa3kax HK i maboparopHux make-
tax KCE Ha iX 0CHOBI Ha YHIKQJIbHOMY MarHiTOBUMIiprOBa-
mpHOMY creHmi ITIMam HAH VYkpaiam [26, 27]. Hocmi-
JOKYBAJTHCh TIPOMHUCIIOBI 3pa3KH IUIaHAPHOTO JIBOXKUILHOTO
HK tumy «Arnold Rak 6101-20 EC» i koakciagpaoro HK
tuny «Volterm HR18», a Takox maboparophi maketn KCE
Ha TX OCHOBI, BUKOHAHI BiITOBIZHO JI0 pUC. 3 3 po3Mipamu
1,2x0,8 M ta posknamanasm HK 3 kpokom 0,1 M 3miiikoro
(puc. 10). BumiproBanus inaykuii MI1 npoBoammmcek cep-
TH(]IKOBaHMM  BEKTODHHM  MAarHiTOMETPOM  THILY
Magnetoscop 1.069 dipmu Foerster (miana3on BUMipioBaHb
tanykmii MIT 1 #T-600 MTa, moxudka 2,5 %).

Bumipiosanns MII okpemux HK. Pesynsrati BUMI-
proBans iHxyKIii MII npencraBiieHi Ha puc. 5.

Js uranapaoro HK po3kup pe3ynbTaTiB po3paxy-
HKY Ta €KCIePHUMEHTY He mepeBumIye 5 %, mo miarBep-
JIKY€ KOPEKTHICTh PO3pOOJIEHUX MaTeMaTHUYHUX MOJENeH
1 pO3paxyHKOBHUX criBBigHOMmIEHS (18-20).

B mporieci eKcrepruMeHTaIbHIX AOCTIHKEHb KOaKCi-
anpHoro HK tumy «Volterm HR18», BusiBnena HeoxHopi-
JHiCTh posnoainy inaykiii MII 3a Horo HoBXHHOIO, sIKa
npu I = 0,03 M 3miHt0eThes Bix 0,16 MxTa g0 0,44 mMxTo.
[Ipu npoMy MakcuManbHI 3Ha4eHHs iHIYKIilT MII 3rimgHo

(6) BIAIIOBIMAIOTH BENWYHHI EKCICHTPUCUTETY € Ha PiBHI
0,2 MM, a MiHIMaNBHI 3HaYeHHS e Ha piBHI 0,05 MMm. Po3-
KHJ eKCIIepUMEHTAIbHUX 3Ha4eHb iHaykiii MII 3a moB-
s)krHot0 mboro HK mpencrasiaeHwit Ha puc. 5 y BHIIISIOI
3aIITPUXOBAHOI 30HU MK KpuBHMH 2 i 3. BiH € 3Ha9HUM 1
CBIIUUTH MPO HECTAOUIBHICTD EKCIICHTPUCHTETY ILHOTO
HK, 1o ykasye Ha HEOOXITHICTh yIOCKOHAICHHS TEXHO-
Jjiorii BupoOHuITBA KoakciaapHoro HK dipmu «Voltermy.

Bumiposanns MI1 KCE. BuMiproBaHHs 1HIYKIil
MII KCE BukOHYBandHCh Ha X JaOOpaTOPHHUX MaKeTax
(puc. 10) 3 Bkazanumu tunamu HK. PesynsraTi BUMipro-
BaHb IpeicTaBlieHi Ha puc. 8, 9. Po3kua pesynbrartiB
pO3paxyHKy Ta €eKCIIEpUMEHTY He nepeBuirye 7 %.

Haii6inpmmit po3kua Mae Mmicie Ha BeprmHax KCE
(minii CC, puc 3,6), 1m0 MoB’s13aHUH 13 BiAMIHHICTIO (Op-
MH BEpITUHHU MakeTy (HamiBkouo, puc. 10) i po3paxyHKo-
BOi Mojeni (MpsSMOKYTHHK, puc. 3). OmHak, po3kum pe-
3yJIbTATIB CKCIIEPUMEHTY B MOPIBHSHHI 13 J0AaTKOBO BH-
KOHaHUM aBTOpamu po3paxyHkom iHaykiii MIT KCE mis
Bumnaaky poskinananus Bepumd KCE BigmoBigHO 10
puc. 10 y dopmi HaniBkomna i3 paxiycom 50 MM (kpuBa 3
Ha puc. 8, 9), Takox He nepeBuiye 7 %. Tomy pe3ynbra-
TH EKCIIEPUMEHTY IIUIKOM MiATBEPIKYIOTh KOPEKTHICTh
pospobnennx marematnyaux mogxeneit MII KCE (7-17)
1 OTpEMaHUX Ha iX OCHOBI cmiBBigHOMICHD (18-20).
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Puc. 10. Jocnimkenns po3noainy inxykuii MII naboparopuoro
Mmakety KCE 3 xoakciansuum HK tuny « VOLTERM»
Ha MarHiToBuMiptoBabHOMY cTeHai [[IMam HAH Ykpaiau

Ouinka BignoBignocti MII KCE HopmaruBHOMY
piBHI0. Ha ocHOBI Bepr(hikoBaHUX PO3PaXyHKOBUX CITIBBII-
HomieHb (18-20), BHKOHAHWI PO3pPaxyHOK MaKCHMAJIbHHUX
3Ha4eHpb iHaykuii MI1, o croprototeest KCE 3 cydacHumu
neokmibHAMH TotaHapauvu HK 3 d Big 1,4 10 2,5 MM, Ta
koakciampiumu HK 3 ekcuentpucutetom ¢ = 0,2 MM i
e = 0,1 mM. Po3paxyHOK BHKOHaHHMIT Ha MOBEPXHI MiIOTH
JKHUTJIOBOTO MPUMIIIICHHS TIPY Pi3Hil rimbuHi hy npokiagad-
Hi1 HK i ctpymi 10 A. Pesynbratét po3paxyHKy y BHIJISI
rpaikiB npencrasieHi Ha puc. 11.

Puc. 11. Po3paxoBani 3a BeprikOBAHHUMH CITiBBiJHOLICHHIMH
(19, 20) makcumanei 3Ha4eHHs iHAYKLii MIT KCE, mo ctBopro-
I0TBCS Ha TIOBEPXHI ITiUIOTH 3 ABOKHIIBHUMH TuaHapHuMu HK
(d:1-25mm;2—-22mm; 3 -2 mm: 4 — 1,7 mm; 5 — 1,4 Mmm)
Ta xoakciampHuMu HK (6 — e = 0,2 Mm; 7 — e = 0,1 Mm)
pH pi3Hid rubuHi X npoknaganss hy, | =10 A

Amnaiiz puc. 11 103BOJIIE KOHCTaTyBaTH HACTYITHE.
IIpu Bukonanui KCE Ha OCHOBI Cy4acHUX JBOKHUIBHUX
HK 3 MiHIMaNbHOIO BiACTAaHHIO MK »Xuinamu 1,4 MM, Ma-
KCUMaJIbHE 3HaueHHS 1HIyKIilT MII Ha miamo3i )KUTIOBUX
npuMimens ckinanae 3,75-1,3 MxTn npu rambuHi npokia-
nmauas 0,03-0,05 m ta ctpymi 10 A. Ile B 7,5-2,6 pasiB
MIEPEBUIIYE TPAHUIHO MOMYCTUMHUI piBeHb 1HAYKIT MIT
0,5 mxTn. Tomy Oesmeune Bukopuctanas KCE Ha ocHOBI

cydacHux ABoxuibHUX HK mocsraerbest TUIBKK NP TIIH-
6ouHK 1X mpokianxanusa oitem 0,085-0,1 M, abo B pasi 00-
MEXEHHS IX CTPyMY i, BIIIOBIIHO, TEIIOBOT MOTYXHOCTI.

3mentenHs MIT KCE Takoxk MOXIIMBO IIISIXOM BCTa-
HoBnieHHs: MKk KCE 1 miyiororo npuMilieHHst CyIijIbHOTO
€JIEKTPOMATHITHOTO €KpaHy, HAMPHUKIIA, i3 3BAPHHUX EJICKT-
POTIPOBITHUX ATIOMIHIEBUX JIMCTIB 3aBTOBIIKH 1,5-2 MM.
Are mpu odikyBaHOMY KoedirieHTi ekpaHyBanHs MII Ha
piBHi 1,5-2,5 ommaMIE [S1], BapTicTh Takoro ekpaHy Oyme
niepeBuiyBaty BapTicth KCE.

Buxonanas KCE Ha ocnHOBi koakciampHux HK 3
EKCIIEHTPUCUTETOM e < 0,2 MM Tpu TTIHONHI MPOKIaaHHs
0,03-0,05 M mo3Bosisse 3MEHIIMTH iHAYKIO ix MII mo
HopMmatuBHOTO piBHA 0,5 MxTi. Tomy mupoke 3ampoBa-
JokeHst koakciambHux HK € edexTnBHUM MeTOmOM BHpI-
IICHHSAM MPOOJIEMH 3MEHIIICHHS MOKJIMBHX PH3HKIB JUIS
3[I0pOB’S HaceJIEHHS Ta 3a0e3MeueHHs Horo kKoM(popTHOTO
MPOKUBAHHSI B )KUTIOBUX MPUMIIIICHHSIX.

JIOTBHAM TakoXX € TMONANBIIC YIOCKOHAJICHHS
KOHCTPYKIIi Ta TEXHOJIOTii BHPOOHHIITBA KOAKCIaThbHHUX
HK nmst oOMexeHHs 1X MaKCHMAITbHOTO SKCIICHTPHUCHTETY
Ha piBHi 0,1 MM Ta 3a0e3redeHHs] HOTO CTaOITBHOCTI B
YMOBax eKcIuTyaTaiii.

BucHoBkmu.

1. Ha ocHoBi 3akony bio-CaBapa Ta NpHHIHUITY CYIIEp-
MO3UIIT PO3pOOJICHO AaHANITHYHY MOJAENIb MAarHiTHOTO
MOJIsT KaOEJIbHUX CHCTEM EJICKTPOOOITPIBY MiIOT JKUTIIO-
BUX MPHUMIIIEHb Ta METOIUKY PO3PAXyHKY IHIYKII1 Mar-
HITHOTO TT0JIA Ha ii OCHOBI.

2. 3niiicHeHo BepudiKaIliro po3poOICHUX MaTEeMAaTHIHOL
MOJIENi Ta METOMUKH PO3PAXYHKY MArHiTHOTO TOJS ILIs-
XOM E€KCHEpUMEHTATBHUX JIOCIIIKEHb J1a00paTOPHUX Ma-
KETiB KaOCIbHUX CHUCTEM €JIEKTPOOOITPIBY 3 MPOMHUCIIOBH-
MH 3pa3KaMHd Pi3HHX THIIB HarpiBalbHUX KaOemiB. Bumi-
PIOBaHHS MiATBEPIWIH CHIBIAIIHHS PE3YNIbTATIB PO3paxy-
HKY Ta EKCIIEpUMEHTY 3 PO3KUIIOM He Oinbiire 7 %.

3. JlocnipkeHO MarHiTHe IoJie KOAaKCiaJbHOTO Harpi-
BAIFHOTO Ka0emo Ta 3alpoNOHOBAHO METOAMKY HOTO
PO3paxyHKy 3 ypaXyBaHHSIM MaKCUMAJIbHOI BEIUYUHU
EKCIICHTPUCUTETY HOTO IEHTPATBLHOT KIITH.

4. BUKOHaHO OLIHKY BiAITOBITHOCTI MarHiTHOTO HOJIS B
JKUTIIOBOMY TIPUMIIIICHHI HOpMAaTUBHOMY piBHIO 0,5 MKTH
MIPU BUKOPUCTAHHI KaOEIIbHUX CHCTEM €JIEeKTPOOOIrpiBy 3
Pi3HUME HarpiBaIEHUMHE KaOeIsIMHU, Ha OCHOBI SKOT:

a) BUSIBIICHO MEPEBUILCHHS TPAHHYHO IOIYCTHMOTO
piBHS IHAYKIi MarHiTHOTO TMOJIS HA IMIII031 KUTIOBHX
MPUMIIIEHb B 2,6-7,5 pa3iB IpH BUKOPUCTAHHI CYYaCHUX
TUIAHAPHUX IBOKWJIBHUX HAarpiBaJIbHUX KaOediB sKi Ma-
I0Th MiHIMaJIBHY BIJICTaHb MIX XHJIaMu 1,4 MM TIpH TJIH-
owuHi ix nmpoxnamanas 0,05-0,03 m i ctpymi 10 A;

0) mokasaHo, 10 Oe3rnedyHe BUKOPUCTAHHS B KHUTIIO-
BUX TPHUMIMIEHHSIX CYYaCHUX IUIAHAPHUX JBOXHJIBHUX
HarpiBabHUX KabemiB mpu cTpyMi 10 A morpebye 3011b-
MeHHS HONHY 1X rpokitagans o 0,085-0,1 m.

B) JIIS 3MCHIIICHHS MOXKJTUBUX PU3HKIB IUIS 300POB’SI
HaceJIeHHS Ta 3a0e3TeUeHHS HOT0 KOM(OPTHOTO IMPOXKH-
BaHHS PEKOMEHJIYEThCSl BUKOPHCTAHHS B JKUTJIOBHX MPH-
MIIIEHHAX KOAKCIAIbHMX HArpiBajJbHUX KaOeliB, sKi CTBO-
PIOIOTh Ha TIOPS/IOK MEHILle MarHiTHE Ioje, HDK CydacHi
TUIaHAPHI ABOXKHJIbHI HAarpiBaibHI Kaberti.

KoH@uiikT inTepeciB. ABTOPH 3asBISAIOTH PO Bif-
CYTHICTh KOH(QIIIKTY 1HTEpECIB.
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Magnetic field of electrical heating cable systems of the
floors for residential premises.

Problem. In order to effectively protect public health from the mag-
netic field of electric heating cable systemns of the floors, it is neces-
sary to reduce it to a safe level. However, thisrequires careful study
of the magnetic field. The purpose of the work isto develop a math-
ematical model and a verified methodology for calculating the
magnetic field of electric heating cable systems of the floorsin res-
dential premises, and assessment of compliance of the magnetic
field with the normative level. Method. A methodology for calculat-
ing the magnetic field of eectric heating cable systems of the floors
in resdential premises has been developed. Scientific novelty.
Based on Bio-Savar’'s law and the principle of superposition, an
analytical mode of the magnetic field of eectric heating cable sys-
tems of the floors and its calculation method was created. The mag-
netic field of the coaxial heating cable is determined, taking into
account the value of its maximum eccentricity. The experimentally
substantiated correctness of the obtained theoretical statements,
which is confirmed by their coincidence with the results of the ex-
periment with a spread of less than 7 %. Practical significance. A
verified methodology for calculating the magnetic field of eectric
heating cable systems of the floors was proposed and an assessment
of compliance of their magnetic flux density with the normative level
of 0.5 uT was performed. It is recommended to lay modern two-wire
heating cables at a depth of at least 75-100 mm fromthe floor. With
a smaller laying depth, it is recommended to use coaxial heating
cables, which have an order of magnitude smaller magnetic field.
References 51, tables 1, figures 11.

Key words: electric heating cable systems of the floors, mag-
netic field, modeling and measurement, assessment of com-
pliance with the normative level.
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In)xeHepHa ennekmpodgbizuka. TexHika cunbHUX eJIeKmpPUYHUX ma Ma2HimHux noiJiie
UDC 537.52 + 621.3 https://doi.org/10.20998/2074-272X.2024.5.08

M.I. Boiko, A.V. Makogon

Features of distribution of electric field strength and current density in the reactor during
treatment of liquid media with high-voltage pulse discharges

Purpose. Development and use of a mathematical model of the stages of formation of high-voltage pulse discharges in gas bubbles
in the discharge gap «rod-plane» to identify the features of the electric field intensity distribution in the reactor and determine the
current density in the load during disinfection and purification of liquid media by high-voltage pulse discharges and find the most
rational treatment. Methodology. To achieve this goal, we used computer modeling using the finite element method as a method of
numerical analysis. An experimental reactor model was created that takes into account the dynamics of discharges in gas bubbles
in water. The eguations describing the system include the generalized Ampere equation, the Poisson equation and the electric
displacement equation, taking into account the corresponding initial and boundary conditions, as well as the properties of
materials. The dependence of the potential of a high-voltage electrode on time has the form of a damped sinusoid, and the specific
electrical conductivity in a gas bubble is a function of time. Processes occurring at the front of the voltage pulse from 0 to 20 ns
are considered. Results. It is shown that with an increase in conductivity and high-voltage potential to amplitude values in a gas
bubble, the electric field strength in the water layer in the reactor reaches 70 kV/cm, and it is in the water layer that there is a
strong electric field. The calculations show that already by 19th ns the density of conduction currents in water prevails over that of
displacement currents. At the same time, additional inclusions in the water significantly affect the distribution of electric field
strength and current density, creating a significant difference in their values at the boundaries of the interface between the bubble,
conductive element and water. Originality. A simulation of the dynamics of transient discharge processes in a gas bubble and a
layer of water with impurities was carried out, including an analysis of the distribution of the electric field strength and current
density in a system with rod-plane electrodes in the phase transition section of a gas bubble-water. This approach allows us to
reveal the features of processes in reactors and to investigate the influence of phase transitions on the distribution of
electrophysical quantities. Practical value. Computer simulations confirm the prospect of using nanosecond discharges generated
in gas bubbles within a volume of water for widespread industrial use and are of great interest for further experimental and
theoretical research. References 25, figures 9.

Key words: reactor, electric field strength, conductivity current density, displacement current density, discharge in a gas
bubble in water, inclusion in water.

Mema. Po3pobka ma sukopucmatns Mamemamuinoi mooeni cmaoiil popmysants 6UCOKOBOTbMHUX IMIYIbCHUX PO3PAOIE Y 2A308UX
OYIbKAX 8 PO3PAOHOMY NPOMINCKY KCIMPUICEHb-NIOWUHA» OJi GUAGLEHHA 0COOIUBOCHIEN PO3NOOINY HANPYICEHOCHI eNeKMPUYHO2O
noist 8 peakmopi i U3HAYEHHs 2YCMUHU CIPYMY 8 HABAHMANCEHHI Npu 3He3apadicyioyitl obpobyi i ouuweHHi pioKux cepedosuiy
BUCOKOBOTLMHUMU  IMAYIbCHUMU PO3PAOAMU A 3HAXOOJCEHHS HAUOINbW payioHanvhux pedcumis obpooku. Memoouka. [ns
00cACHeH sl NOCMABNEHOT Memu MU GUKOPUCIOBYBANU KOMN' I0mepHe MOOeNI08AHHA 3d 00NOMO2010 MemOoOy CKIHYEHHUX eleMeHmie
K Memooy uucenvhoz2o ananizy. Cmeopeno mooenb eKcnepumenmaibHo20 peakmopd, Wo 6paxoeye OUHAMIKY po3psaoie y 2a306uUx
Oynvkax y 600i. Pignanns, wo onucyioms cucmemy, 6KI04a0OMs y3azanvHene pignanna Amnepa, pienanus Ilyaccona i pienanns
e1eKMPUIHO20 3MIWEHHS, 3 YPAXYBAHHAM GIONOGIOHUX NOYAMKOGUX [ 2PAHUYHUX YMOB, A MAKOJIC Glacmueocmel Mmamepianis.
3anexcnicme  nomenyiany —6UCOKOBOALIMHO20 —eleKkmpooa 6i0 uacy mae opmy 3amyxaiouoi cumnycoiou, a numoma
eNeKmponposionicms y 2a306iu 6ynvyi € Qynryis yacy. Poseaanymo npoyecu, wo npomikaroms Ha ¢poumi imnyascy Hanpyau 6io O
00 20 nc. Pesynemamu. Iloxazano, wo 3i 3p0Cmantsam nposioHoCmi ma 8UCOKOBONbIMHO20 NOMEHYIATY 00 aMNAIMYOHUX 3HAYEHD )
2a3061Hl OYIbYL, HANPYICEHICMb ENeKMPUYHO20 NOJSL 8 WAPL 600U 6 peakmopi docsizae 3nadens 10 kBlem, i came 6 wapi 600u icrye
CUTbHe eNekmpuyne noje. 3 pospaxynkie euniusae, wjo 6ina 19-oi me, eycmuna cmpymie nposioHocmi y 600i 6dxce nepesepurye
eycmuny cmpymie smiwenus. Ilpu ybomy 000amrosi 6KNOYeHHs 6 600 ICMOMHO GNAUBAIOMb HA PO3NOOLL HANPYICEHOCH
e1eKmpU4HO20 NONsL A 2YCMUHY CIMPYMY, CIMEOPIOIOYY 3HAUHE 30iNbUeHHA 8 IX 3HAUYEeHHAX HA SPAHUYAX PO30iny cepedosUuuy Midic
oyIvOauxo, npogionum eremenmom ma eooorw. Haykoea nosusna. [Ipogedeno mooenroeanna OUHAMIKU WUEUOKONTUHHUX NPOYeCi8
pO3pa0y 8 2a306ill 0ybYi ma wapi 600U 3 OOMIWKAMU, BKIIOYHO 3 AHANI30M PO3NOOLTY HANPYHCEHOCMI eleKMPUYHO20 NOAA i
2YCTNUHU CIPYMY 8 CUCEMI 3 eIeKMPOOAMU KCMPUNCEHb-NIOWUHA» 6 OLIANYI (ha308020 nepexody 2azosa 6yrvka-eooa. et nioxio
00360715€ PO3KpUMU 0COOIUBOCIE NPOYeCie 6 peakmopax i 00CAioumu 6naue Qazosux nepexoois Ha po3noodil ereKmpopizuyHux
eenuuun. Ilpakmuuna wyinnicmes. Komn'iomepne moolentosanHs niomeepodtcye nepcneKmugy 3acmocy8anHs HAHOCEKYHOHUX
PO3pA0IE, WO 2eHepyIOMbCs 8 2a306UX OYIbKAX ycepeOuni 06’ emy 600u, 05l WUPOKO20 NPOMUCTOBO20 GUKOPUCIIAHHA | CMAHOBIAMb
GenuKull inmepec 0151 NOOALULUX eKCNEePUMEHMATbHUX | meopemuyHux 00ciodcensy. biomn. 25, puc. 9.

Kniouosi cnosa. peakTop, HANPYKEHICTh €J1eKTPUYHOIO MOJISI, TYCTHHA CTPYMiB NMPOBIIHOCTI, ryCTHHA CTPYyMiB 3MillleHHS,
po3psa y ra3osiii OyJjbui y Boai, BKJIIOYEHHS Y BOJI.

Introduction. Modern requirements for wastewater
treatment require the development of effective means of
destruction of organic substances that are resistant to the
action of traditional oxidizers. Another component of the
problem is the general requirements of decarbonization of
the economy, and the success of their solution also applies
to wastewater treatment [1-3]. It is especially important
here to avoid long processes of biochemical
decomposition of organic substances, accompanied by the
formation of CHy, as a gas that has a significantly higher
coefficient of contribution to the greenhouse effect,

compared to CO,. Among the technological alternatives
to the traditional technologies of natural and reagent
oxidation of compounds contained in wastewater,
electrophysical technologies stand out, the tools of which
are factors caused by the action of ionizing radiation [4],
plasma flows [5], and high-voltage discharges [6].
Prospects for the successful practical implementation of
each of the indicated directions, in that the resource for
their optimization consists in establishing ways of more
fully using the energy of the field effect on the object of
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destruction (bacteria, viruses, organic compounds) and
establishing the role of concomitant factors generated as a
result of high-voltage electric discharges in water
(acoustic pulses, local temperature increases, secondary
radiation). Thus, during the treatment of wastewater by
methods based on high-voltage electric discharges,
various physical and chemical processes occur: the
formation of oxidants, including hydroxyl radicals, ozone,
the occurrence of shock waves, ultraviolet radiation,
strong electric fields [7-12]. The hydroxyl radical OH"
itself acts as a natural oxidant, exhibits high biocidal
activity, is capable of effectively destroying pollutants,
inactivating bacteria, viruses, yeast, and oxidizing organic
and inorganic compounds [13-15].

The strong electric field in the discharge accelerates
the electrons, increasing their ability to ionize atoms and
molecules, which leads to an avalanche-like increase in the
number of free charge carriers, increasing the current,
causing more efficient gas ionization and the formation of
more active particles. Under the influence of strong pulse
electric fields, the breaking of chemical bonds in molecules
can occur, as well as their dissociation, which leads to an
increase in the number of free atoms and radicals that can
participate in chemical reactions [16]. Also, electric fields,
the action of which lasts from micro to nanoseconds with
strength of the order of 10-100 kV/cm in the form of pulses
of electric field strength of various shapes, effectively
inactivate microorganisms, while the primary color, taste,
and nutritional value of juices, wines, and dairy products
are preserved after their processing [17-21]. In our works
[21-23], it was substantiated that the effectiveness of the
high-voltage discharge action significantly increases under
the condition of injection into the discharge zone of a flow
of air bubbles.

The complexity of rapid discharge processes makes
it difficult to fully understand the dynamics of the
discharge inside the bubble and the water layer, namely,
how the electric field strength and current density are
distributed in the reactor in the area of the phase transition
between gas bubble and water using experimental studies.

The goal of the article is to develop and use a
mathematical model of the stages of formation of high-
voltage pulse discharges in gas bubbles in the "rod-plane"”
discharge gap to identify the features of the electric field
strength distribution in the reactor and determine the
current density in the load during disinfection and cleaning
of liquid media with high-voltage pulse discharges and
finding the most rational processing modes.

Description of the mathematical model of a
reactor for wastewater treatment using high-voltage
discharges in gas bubbles in it. Figure 1 shows a model
of an experimental reactor for water treatment using
discharges in gas bubbles in Cartesian coordinate systems
(the dimensions along the axes are given in mm).

The boundary 7-8-9 and 5-11 is a system of copper
electrodes (¢ = 6:10” S/m): high-voltage rod electrode
with radius of curvature of 0.5 mm, low-voltage flat
electrode. The gas is supplied to the area of the high-
voltage electrode 1, where discharges occur directly.
Electrode 1 is fixed in the dielectric housing 4 (¢ = 2.3,
o = 110" S/m). The interelectrode space contains a gas

bubble 2 (¢ = 1) and a model water solution 3 (¢ = 81,
o=0.125 S/m).

Fig. 1. Model of a reactor for wastewater treatment
using high-voltage discharges in gas bubbles in water

The finite element method was used during
computer modeling of the formation and development
over time of a pulse electrical discharge in a gas bubble
inside water.

The initial system of equations:

J =0 E+D/at;
E--vVv, | (1)
D=€0'8‘E,

where J is the total current density, o is the specific
electrical conductivity of the material, E is the electric
field strength, ¢, is the dielectric permittivity of the
vacuum, ¢ is the relative dielectric permittivity of the
material, D is the electric displacement vector of the
dielectric, and V is the electric scalar potential.

In the calculation domain, the condition of
continuity of the current is fulfilled: VJ = 0.

The superimposition of the spatial mesh in the
domain of the high-voltage electrode and the gas bubble-
water phase transition in the reactor is shown in Fig. 2.
A triangular mesh with typical element sizes from
8.8:10"* mm to 0.44 mm is set in the entire domain.

Fig. 2. Superimposition of a spatial mesh in the domain
of the gas bubble-water phase transition

Dependence of the potential of the high-voltage
electrode on time (boundary 7-8-9) in Fig. 3,a has the
form of a decaying sinusoid, which is an approximation of
the obtained experimental oscillograms of Fig. 3,b.

Figure 3,b shows experimental oscillograms of
nanosecond discharges in gas bubbles in water [23]. The
voltage amplitude (curve 1) reaches 30 kV, and the
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current amplitude (curve 2) — 100 A, the scale along the
time axis is 50 ns/div. The scale along the process axis for

V, kV

a

current oscillograms is 32 A/div, and for voltage
oscillograms — 7.9 kV/div.

t, ns

b

Fig. 3. Model and experimental pulses in the reactor: a — dependence of the potential of the high-voltage electrode on time;
b — oscillograms of nanosecond pulses: 1 — voltage pulse, 2 — current pulse

The potential of the low-voltage electrode V = 0
(boundary 5-11).

The calculation was performed in the time domain
from 0 to 170 ns, with a time step of 0.1 ns.

At zero time, the voltage at all points in the reactor
is Vo=0.

At the boundary 5-6-7, 9-10-11 of the calculation
domain, the boundary condition of electrical isolation is
set:

nJ=0, )
where n is the vector normal to the surface through which
the current passes, J is the current density vector.

This boundary condition means that electric current
does not flow across boundaries. The projection of the
current density vector on the normal to the surface
describes the current density flowing perpendicular to this
surface. If the projection is equal to 0, then this indicates
the absence of a current perpendicular to the surface. This
state corresponds to the boundary conditions of isolation,
where charge transfer does not occur at the interface of
two media. The potential distribution must be continuous
at the interface and the same on both sides of the
interface.

Specific electrical conductivity was determined in
the model as a function of time to illustrate the influence
of ionization processes occurring in the gas bubble under
the action of an electric field (Fig. 4).

o, S/m

-
IS
T T T T T T T T T T T T

0 50 100

150 t, ns
Fig. 4. Specific electrical conductivity in a gas bubble
as a function of time

In Fig. 4, specific electrical conductivity changes as
follows. At the zero moment of time, the specific

electrical conductivity of the gas bubble is 2 orders of
magnitude lower than that of water. Gas is a dielectric and
contains almost no free charges, so its conductivity is low.
On the other hand, wastewater has conductivity due to
various ions and minerals dissolved in it, which are
carriers of electrical charge and can easily conduct
current. As the potential of the high-voltage electrode
increases, the electric field strength increases, which
activates the movement of free electrons in the bubble.
These electrons ionize neutral gas atoms, generating
additional free charges. Thus, the number of free charges
increases dramatically, which significantly increases gas
conductivity. In the model, the conductivity of gas
becomes greater than that of water by about 52 times.

Simulation results and their discussion. The
processes taking place at the front of the voltage pulse
from 0 to 20 ns, when the potential on the high-voltage
electrode increases from 0 to the amplitude value, are
considered.

In the model, the vector E in two-dimensional space
is represented as E = (E,, E)), where E is the component
of the vector along the X-axis, and E, is the component of
the vector along the y-axis. Thus, to calculate the length
of the vector E, we take the square root of the sum of the
squares of its components. After calculating the length of
the vector, we get the modulus of the electric field
strength.

Figure 5 shows the distribution of the y-component
of the electric field strength in the reactor.

Figure 5 demonstrates that at the initial moments of
time on the (front) of the pulse, the electric field strength
near the rod reaches 22 kV/cm, and that with the growth
of the bubble conductivity and high-voltage potential to
amplitude values, the electric field strength on the water
layer reaches 62 kV/cm.

In addition, impurities are introduced into the model
water in the reactor, which may be present in the water
being treated and contribute to the distribution of the
electric field strength and current density, the intersection
of which in the plane where the calculations are carried out
has the shape, for example, of moist air bubbles in the form
of circles with diameter of 1 mm (¢ = 1, 0 = 0.01 S/m),
copper particles in the form of a square with side of 1 mm
and specific electrical conductivity of 1-10” S/m.
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Fig. 5. Distribution of the y-component of the electric field strength in the reactor

Figure 6 shows the distribution of the electric field
strength with additional impurities in water at the time of
20.1 ns.

Fig. 6. Distribution of electric field strength in a reactor
with impurities in water

Figure 6 demonstrates the distribution of the electric
field strength in the Cartesian coordinate system. Here, at
20.1 ns, the electric field strength in the gas bubble of
moist air in water reaches 102 kV/cm, in the water layer
itself — up to 70 kV/cm. A gas bubble in water is a
dielectric. At the interface with water, the electric field
strength increases sharply, being distributed inversely
proportional to the ratio of relative dielectric
permittivities. At the time of 20.1 ns, it can be observed
that the value of the electric field in the bubble and in the
water at the interface of the media differs by a factor of
10 in some directions.

Modeling of the pre-breakdown distribution of the
electric field strength at the specific conductivity of the
bubble (in the domain of the high-voltage electrode) of
1:107° S/m is shown in Fig. 7.

The process of forming a discharge in a gas bubble
can be divided into two stages: pre-breakdown, when the
gas bubble acts as a dielectric at the initial moments of the
process, and breakdown, when the gas bubble goes into a
conductive state. Due to the increase in the electric field
strength, the ionization processes are started and the
conductivity increases sharply. The breakdown moment

i
v, my

= 80.4

— 74 R
i

V. || 5
_21_

24.9
20 19.4
13.9
1o 8.32
2.77
-4 0 4 X, mm

Fig. 7. Distribution of electric field strength
in the domain of the high-voltage electrode according to the
specific electrical conductivity of the gas bubble of 1-107° S/m

strongly depends on the electric field strength amplitudes,
which are affected by the radius of curvature of the rod
electrode and the electrical strength of the medium in the
discharge gap. During a nanosecond pulse in the gas
bubble (Fig. 7), the following electric field strength values
were obtained: near the rod — 82 kV/cm, in the bubble
itself — up to 40 kV/cm at time of 5.1 ns. The picture of
the processes during the breakthrough period itself is
similar to the picture of the electric field strength
distribution in Fig. 6 according to the specific electrical
conductivity of the bubble of 1:10* S/m, where it is shown
that a strong electric field exists precisely in the water
layer. A copper particle also distorts the electric field in
water (up to 60 kV/cm). Such a distortion can additionally
lead to the development of high-intensity factors,
microparticles in water.

When a strong electric field exists in water itself,
various physicochemical phenomena occur there, such as
ionization, dissociation of water molecules into hydroxyl
radicals and hydrogen, as well as the formation of gas
microbubbles with characteristic dimensions of 10°— 10> m
as in water, as well as in the domain of its contact with the
plasma and metal electrodes [24], where microdischarges
such as partial discharges occur in gas inclusions in solid

dielectrics. At the interface of two dielectrics with
different dielectric permittivities, the electric field
generates a mechanical force that is directed
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perpendicular to the interface and directed toward the
dielectric with a lower dielectric permittivity. This force
acts regardless of the direction of the electric field
strength [25]. We meant that viruses and the membranes
of the cells of microorganisms in the treated water are
also the dielectrics with a relative dielectric permittivity
& =2 — 4. During contact of this membrane with water in
strong electric field, its sharp increase occurs, which can
reach 60 kV/mm. Such an increase in the electric field
strength on inhomogeneities in the treated water triggers
additional processes of impact ionization by electrons.
Collectively, this ultimately leads to a higher degree of
disinfection and purification of wastewater.

Figure 8 shows the distribution of conductivity
current density.

Up to 20 ns, the conductivity current density near the
rod reaches 320 A/ecm?’, in the water itself 50-70 A/cm?,
the presence of additional inclusions leads to a 10 time
increase in the current density values at the interface
between the water medium and these inclusions.

Figure 9 shows the simulation of displacement
currents in water.

Time=20.1 ns Surface: Cond

Contour: Conduction

current density (Alcm?)

ncu density

rrent density (A/cm?)

c

Fig. 8. Distribution of conductivity current density in a sewage
treatment reactor

The displacement current density is estimated as a
value directly proportional to the rate of change of
electrical induction. In Fig. 9, the maximum density of
displacement currents in water reaches 62 A/cm’ at time
of 4.1 ns. Further, it follows from the calculations that up
to approximately 19 ns after the start of the discharge
process, the conductivity currents in water become larger
compared to the displacement currents.

Fig. 9. Modeling of displacement currents in water in a reactor for wastewater treatment

Conclusions.

1. Calculations show that with the growth of
conductivity and high potential in the gas bubble to
amplitude values, a strong electric field (with strength of
up to 70 kV/cm) is created in the water layer. At the same
time, additional inclusions contribute to the distortion of
the electric field. The values of the electric field strengths
in the bubble, conductive inclusion, and water can differ
by a factor of 10.

2. At the beginning of the discharge process in the
reactor, when there is no gas discharge plasma in the gas
bubble near the high-voltage electrode, and the bubble is a
dielectric, the moment of breakdown start depends strongly
on the amplitude of the electric field strength, which is
affected by the radius of curvature of the rod electrode, and
the electrical strength of the discharge gap. The higher the
rate of voltage rise and the smaller the radius of curvature,
the higher the breakdown strength in the nanosecond time
range can be obtained (up to 82 kV/cm).

3.In the nanosecond time range, the conductivity
current density near the rod exceeds the density in the water
itself by 5 or more times, reaching values of 300 A/cm? or
more. At the same time, additional inclusions also
introduce a distortion of the current densities at the
interface of the media with a 10-time increase. It follows
from the calculations that already approximately by 19th ns

after the start of the discharge process, the density of
conductivity currents in water exceeds the density of
displacement currents.

4. High-voltage nanosecond discharges, which are created
in gas bubbles inside the volume of water or in a gas
environment near the water surface, have good prospects for
wide industrial use in disinfection, wastewater treatment,
decarbonization of the economy and are of great interest for
further experimental and theoretical research.
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Analytical solution of conductor tensile force in asymmetrical spans used in overhead power
lines and substations with influence of tension insulators

Introduction. Designing electrical substations involves analyzing the horizontal tensile force in flexible tension conductors under varying
temperatures. These temperature changes affect the conductor’s length and forces. Problem. Existing methods for calculating horizontal
tengle force in conductors often focus on symmetric spans or require complex finite eement modeling (FEM), which is impractical for
routine substation design. Asymmetric spans with tension insulators present a more complex challenge that current solutions do not
adequately address. Purpose. Universal analytical solution and algorithm for calculating the horizontal tensile forces in conductors in
asymmetric spans with tension insulators used in power substations or short overhead power line spans. The solution is designed to be
easly implementable in software without requiring complex tools or extensive FEM. Methodology. The methodology involves deriving an
analytical solution based on the catenary curve formed by the conductor between attachment points at different heights. The analysis
includes calculating the conductor’s length for a given tensile force and using a state change equation to determine forces under new
temperature conditions. Validation is performed using FEM calculations. Results. The proposed solution was validated against FEM
moddls with varying height differences (5 m and 15 m) and conductor temperatures (-30 °C, -5 °C, +80 °C). The results showed a
minimal error (less than 0.15 %) between the analytical solution and FEM results, demongtrating high accuracy. Originality. This paper
presents a novel analytical solution to the problem of calculating tensile forces in asymmetric spans with tension insulators. Unlike
existing methods, our solution is straightforward and easily implementable in any programming language. Practical value. The solution is
practical for routine design tasksin electrical substations or short overhead power lines. Especially in power substations, accurate tensile
forces are needed not only for mechanical design and sag calculations but also for calculating the dynamic effects of short-circuit
currents. References 23, tables 4, figures 3.

Key words: substation, asymmetrical span, tension section, state change.

Bemyn. Ipockmysania enekmpuunux niocmanyiii 6KI04AE AHANI3 20PU3OHMANBHOL CUTIUL, WO POSMAZYE, 8 SHYUKUX HATMAICHUX NPOGIOHUKAX
npu pisnux memnepamypax. Lfi sminu memnepamypu ennusaiome Ha 006dcuny npogionuka ma cunu. Ilpoénema. Icnyioui memoou
PO3PAXYHKY 20PUBOHMALHOT CUNU, WO PO3MALYE, Y NPOGIOHUKAX HACMO OPICHMOBANI HA CUMEMPUYHI NPOTLOMU AD0 BUMAAIOMb CKIAOHO20
MOOenosarHs, Memooom ckinuennux enemenmie (FEM), wo nenpakmuuno ons 3euuaiinoeo npoexmysarms niocmanyii. Acumempuyni
NPONLOMU 3 HAMSANCHUMYU [30JEIMOPAMU € CKIAOHIUUM 3A60aHHAM, SIKe ICHYIOUI DIUWEHHS He eupiulyiomb Hanedxdchum uunom. Mema.
Vuieepcanvie ananimuune piwienns ma aneopumm pO3PAXYHKY 2OPUBOHMANLHUX CUTL, WO PO3MAZYIOMb, ) NPOGOOAX HECUMEMPUUHUX
NPOLOMIE 3 HAMANCHUMU 301AMOPaMUL, WO 3ACMOCO8YIOMbC HA CUNOBUX NIOCMAHYIAX abO0 KOPOMKUX NPOTbOMAX NOGIMPAHUX JiHill
enexmponepeoaui. Piwenns po3pobneno makum yuHom, wob 1020 ModicHA OYI10 1e2KO peanizysamu 6 NpocpamHoMy 3a0e3neyeHHi, He
BUMALAIOYU CKIAOHUX THCMpYMermie abo mooemosannss memodom FEM. Memoouka nepedbauac ompumanms ananimuuHoeo piuleHHs: Ha
OCHOBI KOHMAKMHOI KPUBOi, YmeopeHoi NpoGiOHUKOM MidHC MOUKAMU KPINieHHA Ha Pi3Hil eucomi. Ananiz 6KIo4ac po3paxyHox O008XCUHU
nposioHuKa Onsl 3a0anoi po3MALYIOUOT CUNU | GUKOPUCINAHHSL DIGHANHS 3MIHU CIMAMNY O GU3HAYEHHS CUNl 8 HOBUX MEMNEPAMYPHUX YMOBAX.
Ilepesipra 30ilicHIOEmMbCa 3 BUKOPUCIAHHAM po3paxyHKie memooom FEM. Pesynemamu. 3anpononosane piwenns Oyno nepegipeHo Ha
mooensix FEM 3 piznoio pisnuyero sucom (5 m ma 15 m) ma memnepamypoio nposionuxa (=30 °C, -5 °C, +80 °C). Pesynomamu noxazanu
minimanony nomuiky (menwe 0,15 %) mivie ananimuunum piwennsam ma pesyiomamamu FEM, demoncmpyiouu eucoxy mounicme.
Opuczinanvnicms. Y yiti cmammi npedcmagneno Hoge ananimuute piuients 3a0a4i po3paxyHKy 3yCuilb, Wo po3mseyions, y HeCUMempu4Hux
NponbOmax 3 HamaxdcHumMu izonsmopamu. Ha 6iominy 6i0 icHyrouux memoois, Hawle pilieHHs € NPpoCmuM ma 1e2ko peanizoeanum 6yob-
K010 M060I0 npoepamyeanns. Ilpakmuuna winnicme. Bupiwienns npaxmudno 01 pYMUHHUX 3060aHb NPOEKMYBAHHS €NEeKMPUUHUX
nidcmanyitl abo KOpOmMKuX noeimpsHux uiHil enekmponepeoaui. Touni cumu, wo posmseyloms, HeoOXiOHi, 0COONUS0 HA CUTOBUX
niOCMAaHYisix, He MINbKU OJis MEXAHIYHO20 NPOEKMYBAHHSL MA PO3PAXYHKY NPOGUCANHSL, djie T OJisl PO3PAXYHKY OUHAMIYHUX eheKmie cmpymie
Kopomkoeo 3amuxantsi. bion. 23, Tabn. 4, puc. 3.

Kniouosi crnosa: mincranuis, HeCHMEeTPUYHHI MPOJIIT, HATSIZKHA AiIAHKA, 3MiHA CTaHY.

Introduction. One of the basic calculations in the
design of overhead power lines (OPL) and electrical
substations is the analysis of the horizontal tensile force
acting on the tensioned current-carrying conductor in
various temperature states [1, 2]. These temperature states
result from the natural cooling and heating of the conductor
due to ambient temperature, induced wind, irradiation,
currents in the conductors, etc. [3]. As a result of a change
in conductor temperature, the length of the conductor and
the forces acting on the conductor also change. These forces
need to be analyzed in the design phase to ensure long-term
safe operation and prevent unwanted damage or breakage of
the conductors [4]. For this purpose, a tensioned conductor’s
state change equation is used. The state change equation
makes it possible to determine the forces acting in the
conductor in any second state given the known value of
force and temperature in the defined first state [5].

This article deals with a general problem of
horizontal tensile force calculation in a stranded
conductor connected at two points with rigid insulators at

both span ends, typically used for busbars in power
substations. For spans where the weight of the conductor
is much higher than the insulators’ weight, the tension
insulator’s influence and the number of conductors in the
bundle can be neglected for calculating the horizontal
tensile force Fy, acting on the conductor. These are typical
tension sections of OPL and long spans [6, 7].

Long spans are typically characterized by the
condition where the mass of the insulators is considerably
less than that of the conductor, resulting in the formation
of an almost ideal catenary shape when the span is
observed. Solution for long span mechanics is well
described in [8] or in [5] by state change equation for long
spans and is widely used in power line design practice
today [8]. Conversely, assessing the catenary curve for
short spans is a more intricate task due to the substantial
influence of insulator weights at the span ends [9]. Short
spans are typical, for example:
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o short tension sections of OPL (approx. less than 150 m);

e dead end of OPL and their connection to an
electrical substation;

e tensioned sections in electrical substations, busbars,
spans with termination on transformers (Fig. 1).

Fig. 1. Example of a short asymmetric span in an electric substation

The mentioned examples of short spans are, in most
cases, asymmetrical, which mean that the heights of the
suspension points of the insulators are different. Results
of mechanical calculations of asymmetric short spans are
practically necessary for the following:

e design of tensioned spans [10, 11];

e control of deflections and permitted distances
between conductive parts in electrical substation [12];

e calculation of dynamic effects of short-circuit
currents in electrical substations [13—15];

e dynamic line rating implementation of OPL or
electrical substations [16, 17];

e determination of the intensity of electric field [18];

e determination of magnetic flux density [19, 20].

A symmetric solution to the problem without
considering bundle conductors was processed in [8]. An
extended solution of the symmetrical span under the
influence of bundle conductors is presented in [9].

Solution for asymmetric span win tension insulators
using the Finite Element Method (FEM) is presented in
[21]. The authors proposed an iterative process based on

the mutual calling of MATLAB and ANSYS software.
Although it is a valid solution to the problem, it can only be
rarely applied in substation design practice due to the need
for complicated FEM modelling and complex software.

In another paper by the same group of authors from
2022, they presented a more general solution of the state
change equation with the influence on non-uniform load.
Authors presented the application of their solution on
ultra-high voltage OPL sag calculations [22].

In [23] was presented software for sag-tension
substation calculation. Their solution was again purely
symmetric. These few studies represent the only relevant
sources of information on the topic. We therefore
consider it necessary to provide a straightforward solution
to the mentioned problem.

The goal of the paper is to presents a clear,
comprehensible and universal analytical solution to the
mechanics of unsymmetrical spans with consideration of
tension insulators. The presented solution is easy software
implementable in any programming language and does not
require complex tools and programs. The solution was
validated using FEM, and the results show a high agreement
of the analytical results with the numerical model.

Methodology. Consider a stranded aluminum
conductor steel reinforced (ACSR) conductor connected
between attachment points (AP I and AP II) and sagged
with a horizontal tensile force Fp, and ignoring the
insulators. The conductor shapes itself in a catenary
curve. If points AP I and AP II are at the same heights,
the span is considered a symmetric span. Most spans are
asymmetric and have insulators on both ends, which
cannot be omitted in the calculation in case of short spans,
approximately under 150 m. Figure 2 shows a general
short asymmetrical span with tension insulators. The
investigated system consists of two attachment points for
insulators (API I and API II) and two attachment points of
conductors (APC I and APC II, Fig. 2), on the opposite
sides of the span. We assume identical rigid insulators on
both ends.

AP 11
APIII

\ i

Aiotal

Fig. 2. General short asymmetrical span with tensile insulators
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Typical conductor used for tensioned busbar in
substations is ACSR conductor. The conductor is freely
attached to the insulator on both sides, forming a natural
cattery curve with a defined parameter c. Distance from
the APC I to the vertex of the catenary is &'. Similarly, a"
equals the distance from the vertex to the APC II.

Total span length &y is a known parameter and
equals length from the API I to the API II. Table 1 shows
the list of known parameters.

Table 1
Known parameters of the span
Symbol Description

Vv, Height of insulator placement at APC 1

V," Height of insulator placement at APC 11
b; Insulator length

W Insulator weight
n, Number of conductors in a bundle

Aotal Span length with insulators
o Thermal coefficient of conductor expansion
E Young modulus of elasticity of the conductor
S Cross-section of the conductor

W Conductor unit weight
Fn Horizontal tensile force in a single conductor

We assume that horizontal tensile force Fy acting in
a conductor is a known defined parameter. From this, a
catenary parameter C is given as:

c=_h ,
Wep9
where g is the gravitational acceleration.

The analytical solution, state equations calculation,
of the presented system, consists of two steps:

o calculation of the length of the conductor for a given Fy;
e calculation of state change equation for a set of state
quantities.

Length of the conductor. In general, without
considering a specific attachment point, it applies that in a
steady state, the sum of the torques of the given system,
the insulator and the conductor equals zero (Fig. 3).

(1

",
s catenary vertex

Fig. 3. Forces acting on the conductor on a one side of the span

In such a case, the insulator of length b; and weight
W, settles in a position with horizontal deflection by and
vertical deflection by. We can write the torque condition
as follows:

Fuby, — Frnpby = 0, )
where F, is the vertical force and Fy, is the horizontal
force acting on the conductor; n, is the number of
conductors in the bundle; F, is the function of the length
of the conductor | and insulator properties.

F, equals the sum of the weight of the conductor
acting on the length from the APC to the vertex of the
catenary and the weight of the insulator acting on half the

length of the insulator projection by. The weight of the
conductor is considered as the weight of the conductor per
unit of length F, as a function of | equals:

1
R/(l)=Wg+weznl g. (3)
Torque condition now equals:
(%W, +wl nbjbxg —Fpby =0. @)

The length of the insulator b; equals by Pythagorean
theorem:

2 2 2
b =by +by. 5)
The equations (4), (5) represent two equations with
two unknown parameters. Their positive solutions for

insulator deflections, by by, as a function of F, are given
following equations:

by(Fy)=—2rhb ©)

V(thb)2 + sz ’

bR

by(F,)=—— 2P ™
’ V(thb)2 + sz

For clarification, all quantities related to AP I have a
superscript «'» and all quantities related to AP II have a
superscript «"'». For the sake of simplicity, the relations
for AP I will be presented in the following section. The
vertical component of the conductor force F,' at APC I is
a sum weight force of the insulator and conductor at
length I' (Fig. 2):

Ro(l')= g&vvi + Wy j (8)

Similarly, F," at APC II. Solving the length of the
conductor is an iterative calculation when in the first step,
a random estimate is made for the deflection of the
insulators by, b¢" and b,/ and b)" (e.g. by, =b," =b; and
b, =by,"= 0). The length of the conductor span is given as:

(b b ) = ayorar — (b5 +5). ©)

The heights of the suspension points of conductors
V' in APC I and V" in APC II are equal to the difference
in the height of the AP I insulator and the vertical
deflection of the insulator:

V'(by )=V, - by, . (10)

Similarly, V"' at APC II. The horizontal distance
from the APC I to the vertex of the catenary @' equals:

VIVE A

2C- sinh(a) 2¢
2c

Horizontal distance from the APC II to the vertex of
the catenary &' equals:
a'(a)=a-a'. (12)
Length of the catenary | from the APC I to the
vertex of the catenary equals:

li(a)=c /sinhz(ﬁj+l ~tgh(ij. (13)
C C

Similarly, I{" at APC II. As a result of the force Fy,
the length of the conductor will contract. The total

a'(V'.vV",a)=a-c-| arcsinh
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conductor lengths ' will be equal after this shortening:

"y’ ’ Fhlt'

) =1t-25 (14)
where E is the Young modulus of elasticity; Sis the cross-
section of the conductor.

Similarly, I" at APC II. Now, it is possible to
determine the vertical force acting in both attachment
points F',(I") F"(I"") from (8). From the vertical forces, the
new insulator deflections, b,' b," equation (6) and b, and
b,", equation (7) are determined.

The calculation is repeated until the difference
between newly calculated deflection equals or exceeds
user-defined precision &. The length of the conductor is
then calculated as follows:

I(a’,a)z—c fsinhz(ﬂ]+l -tgh(a _a]+
C C
+C /sinhz(i]—kl ~tgh(i)
C Cc

General form of state-change equation. Subscript 0
defines the primary state, and subscript 1 defines a new
state of the conductor. The calculation assumes that the
span parameters are known (Table 1) together with the
force Fy at the conductor temperature Jy. The calculation
aims to determine the horizontal tensile force in the new
state of the conductor, which is characterized by a change
in state variable 3.

Change in conductor temperature from 9y to %
causes change in the length of the conductor Alg:

Alg =lga(% - %), (16)
where |y is the length of the conductor at state 0 and a is
thermal coefficient of expansion. Change of conductor
length due to temperature, Alg, results in a change in
conductor sag and, therefore, a change in horizontal
tensile force in the conductor. This change of force causes
the opposite change in the conductor length Alg:

I

.(15)

Alg =E—.OS(Fh0—Fh1)~ (17)

The total change in conductor length is equal to:
Alzll—lo; (18)
Alzﬂl‘g—AIF. (19)

By combining (18), (19) with (16), (17) we get
general state change equation of the conductor:

|o[0€(91 —190)+%(Fh1 - Fho)}f'o -l =0. (20)

Calculation. The following iterative algorithm is
used to calculate the conductor length. Known parameters
are listed in Table 1 together with the force Fp, at
conductor temperature 9. The iterative algorithm consists
of the following steps:

1) calculate the length of the conductor |, in state 0;

2) make the initial guess of Fru® = Fp, where k
iteration step equals K= 0;

3) calculate the length of the conductor |,® in state 1;

4) calculate the steady state equation error U,®:

‘u S‘)‘ <e. 22)

e If (22) is True then Fp,® is the resulting force in
state 1 and calculation is over.

e [f(22) is False then continue to 6).
6) define new Fr, *" according following rules:
If k= 0 then AFy, = 0.9-Fy, %
Ifk# 1 then AFy = 0.5-Fn,®;
IfUY> 0 then Fry ™ = Fy® — 4Fp;
If U® <0 then Fr D = Fy® + AFy,.
7) increment K and repeat from step 3).
Validation and results. Presented analytical
solution for the general state change equation of
conductor with tensile insulators on both ends was
validated by calculating identical problem using FEM.
FEM model was prepared as a transient structural analysis
representing the process of assembling and tensioning the
conductors (or bundled conductors) for a defined span in
the gravitational field, respecting all given material
properties and boundary conditions of the model. The
model consists of a fine mesh of link elements that can
form ideal sag from the mathematical and physical point
of view. In addition, the model involves the link elements
for insulators and auxiliary damping elements that ensure
a converged model state in time. Result comparison was
made for the following models:

o two height differences, 4V: 5 m and 15 m;

o three temperatures in state 1: —30 °C; -5 °C; +80 °C;

e single conductor and three conductor bundle
arrangement.

ACSR conductor 758-AL1/43-ST1A was considered
in the calculation. This is a typical, most common ACSR
conductor used in a substation in Slovak and Czech
Republic region. In all models and calculations, the span
length &,y was 30 m and force in primary state Fry was
4500 N. Temperature at state 0 was —5 °C. A summary of
the model and conductor parameters are in Table 2.

Table 2
Conductor and span specification
Quantity Value Unit
o] 6.64 m
We 2.432 kg/m
W, 425 kg
Fro 4.5 kN
S 801.2 mm’
Aiotal 30 m
AV 5;15 m
Ny 1;3 —
a 2.11-10° 1/°C
E 62300 MPa
190 -5 °C
X -30; —5; +80 °C

Tables 3, 4 show the results of calculated horizontal
tensile force in state 1 for different AV, temperatures and
number of conductors in the bundle. For all calculations,
the error of the analytical solution to the FEM was
determined as:

k 1 k k F —F
U§)=|o(a(n91—90)+§(F§1)—Fh0)}+'0—'1( ;@ error = |trem Man y40) 23)
hlgeym
5) compare error results:
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Table 3
Comparison of horizontal tensile forces in the conductor,
AV =15 m, determined using FEM and analytical solution
of the state equation

n, | %,°C Frirem, N Fhian, N error, %
-30 4524.89 452531 0.009
1 -5 4499.23 4500.00 0.017
80 4414.87 4416.79 0.043
-30 4632.08 4638.67 0.142
3 -5 4497.11 4500.00 0.064
80 4111.94 4106.47 0.133
Table 4

Comparison of horizontal tensile forces in the conductor,
AV =5 m, determined using FEM and analytical solution
of the state equation

ng | %,°C Frirem, N Fhian, N error, %
-30 4518.26 4518.13 0.003

1 -5 4499.92 4500.00 0.002
80 4438.90 4439.67 0.017
-30 4585.83 4586.12 0.006

3 -5 4499.71 4500.00 0.006
30 4238.50 4239.01 0.012

Discussion. FEM itself also contains a certain amount
of error, because the conductor or bundle of conductors is
not considered a continuous continuum, but a finite link of
elements representing the conductor. This error can be seen
in Frpem for temperature in state 1-5 °C. The expected
value is 4500 N because no actual change of conductor
state happened. However, the resulting values of Fy, in
state 1 are approximately 0.002—0.06 %. We consider this
error to be insignificant, but it is necessary to keep it in
mind when comparing it with the analytical solution.

As can be seen from the results, the analytical
solution achieves a minimal insignificant error compared
to the solution of the problem using FEM. The error of the
analytical solution is at the level of the internal error of
the FEM calculation itself. Results also show that error
rises with a higher difference of attachment points. Again,
the value of this error is in the order of 0.1 %, which is
considered highly tolerable.

The primary benefit of the analytical solution in
practical applications is its speed. This solution can be
readily integrated into the software tools that designers
currently use. Conversely, addressing the issue of
asymmetrical spans with tension insulators through the
FEM method is time-consuming and inefficient for
project planning in real-world scenarios.

Conclusions.

1. We have presented a comprehensive analytical
solution to the mechanics of asymmetrical spans with the
influence of rigid tension insulators on both ends witch
are typically. These are the typical tensioned spans used
in electrical substations, short overhead power line
sections or dead end of overhead power line and its
connection to an electrical substation. Our analytical
approach is valuable for a range of applications, including
the project phase of tensioned spans, the control of
deflections and permitted distances between conductive
parts in electrical stations, the calculation of dynamic
effects of short-circuit currents in electrical substations,
and the implementation of dynamic line ratings in
electrical substations.

2. The presented solution is easily implementable in
any programming language and does not require complex
tools or software.

3. We validated this solution by comparing it with
finite element method calculations, and the results showed
a high agreement between the analytical results and the
numerical model.

4. Overall, this work contributes to a Dbetter
understanding of the mechanics of overhead power lines
and tensioned busbars in electrical substations, especially
in cases involving non-uniform load distribution and the
influence of tension insulators.

5.1t offers a valuable tool for engineers and designers
in power transmission and distribution, facilitating more
accurate and reliable designs for these critical
infrastructure components.

6. The motivation for publishing our solution is the
lack of a solution to the problem that is understandable
and easily implementable in software.

7. The presented work and issues can be expanded in
the future by implementing insulator chains connected in
series instead of single rigid ones.

In summary, this analytical solution provides
engineers and designers with a practical and efficient
method for calculating the horizontal tensile force in
conductors equipped with tension insulators in overhead
power lines and electrical substations.

Conflict of interest. The authors declare no conflict
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Power fluctuation suppression for grid connected permanent magnet synchronous generator
type wind power generation system

Introduction. Weather changes lead to create oscillations in values of power extracted from renewable energy resources (RERs). These
power oscillations pose significant challenges in RERs integration process with the power grid systems, through its effects on power
system stability. Many studies have been performed in various methods to mitigate the output power fluctuation of wind power generation
system (WPGS). Purpose. This study focuses on increasing the mitigation rate of the output power fluctuation of WPGS caused by the
rapid wind speed changes during wind gusts. Superconducting magnetic energy storage (SMES) system through its properties represents
an effective solution for the WPGS power fluctuation issue. WPGS and SMES systems are linked to power grid system through the point of
common coupling (PCC). Methods. This paper proposes two robust controllers for controlling the SMES system. The first controller is a
Fuzzy Logic Controller (FLC), which has been utilized for controlling the power exchange between the SMES coil and the PCC of the
utility grid. While the second contraller is a Pl controller, which have been utilized to regulate the voltages between the two sides of the
PCC and the DC link capacitor in the SVIES system. The proposed controllers have been constructed so that can make the SVIES system
absorh/deliver the real power instantaneoudly from/toward PCC according the wind speed changes. MATLAB/Simulink has been utilized
to smulate the system under study and test the performance of proposed controllers. In addition, two different wind speed scenarios have
been used in the simulation. Practical value. Results of simulation have proven the effectiveness of proposed controllers so that the active
power fluctuation delivered to utility grid can be reduced by up to 89 %. References 31, tables 4, figures 9.

Key words: wind power generation system, power grid system, superconducting magnetic energy storage, fuzzy logic control.

Bemyn. 3minu no2odu npuzooanis 00 KOIUBAHb 3HAUEHb NOMYICHOCI, WO HAOX00amb 3 6i0Ho60eanux Oxcepen enepeii (RERS). L[i
KOMUBAHHS NONYIICHOCMI CMEOPIoomb Ceplio3Hi npobremu y npoyeci inmeepayii RERS 3 enepeocucmemamu uepes ix enmuse Ha
cmabinvricms enepeocucmemu. Byno npoeedeHo 6enuxy KinbKicmb O0CHIONCEHb PISHUX Memo0i6 NOM AKUIeHHS KOIUBAHb GUXIOHOT
nomyocnocmi cucmemu  eimpozenepayii. (WPGS). Mema. Ile Oocniodicenns cnpsmosane Ha niOBUWEHHST CIIYNeHs NOM' SAKUICHHS
Konueans euxionoi nomyxcrnocmi WPGS suriuxkanux weuokumu 3MiHamMu weuokocmi eimpy nio uac nopusie eimpy. Cucmema
HAONpogionoeo Haxonuyenns macnimmnoi enepeii (SMIES) 3aedsaku ceoim enacmusocmsam € eexmueHuM GUPIUEeHHAM npooiemu
xoaugans nomydxuciocmi WPGS. Cucmemu WPGS ma SMES noé sizani 3 enepeocucmemoro uepe3 mouky 3a2aibHO20 RIOKMIOHEHHS
(PCC). Memoou. ¥ yiti cmammi npononyiomscsi 06a pobacmui konmponepu 0ist ynpaenints cucmemoro SMES. Iepwwii konmponep €
xonmponepom neuimxoi noeixu (FLC), saxuil euxopucmogyeascsi 0nst ynpaeninus o6minom enepeii misie komywxoro SMES i PCC
eHepeocucmemu. Y motil yac sk opyeuil koumponep € IlI-pezynamopom, SKutl 6UKOPUCOBYBABCS Ol Pe2YIOBAHHS HANPY2 MIdC 080MA
cmoponamu PCC i kondencamopom rona nocmiiinoeo cmpymy 6 cucmemi SMES Ilpononosani konmponepu 6ynu ckoncmpyiiosari
makum uunom, wob cucmema SMES mozna mummeso noenunamulnepedasamu peanvty nomyoicnicmo 6ioloo PCC 6ionoeiono 0o smin
weuoxocmi éimpy. MATLAB/Smulink euxopucmosysascs ons modemosanis 00cioxncysanoi cucmemu ma nepesipku npooyKmueHoCmi
NPONOHOBAHUX KOHmMpoaepie. Kpim mozo, npu mooentoeanui ukopucmosyeanucs 08a pisHi cyenapii weuoxocmi gimpy. Ilpakmuuna
yinnicmo. Pezynomamu modenosanns 006eiu eekmueHiCmb NPONOHOBAHUX KOHMPOAEpis, wo 0osgonsioms 3Husumu 0o 89 %
KOUBAHHS AKMUBHOL NOMYHCHOCMI, WO NOOaembcs 00 eHepeocucmemu. biomn. 31, Tabm. 4, puc. 9.

Kniouosi cnosa: BiTpOeHepreTHYHAa CHCTEMAa, CHUCTeMa eJeKTPOMepe:ki, HAANPOBiIHMII MArHiTHHII Hakomu4yyBa4d eHeprii,
KepPyBaHHA HA HeYiTKil Joriui.

Abbreviations
DFIG Doubly Fed Induction Generator PWM Pulse-Width Modulation
ESS Energy Storage System RER Renewable Energy Resource
FLC Fuzzy Logic Controller SMES Superconducting Magnetic Energy Storage
MF Membership Function SC Superconductor
PMSG Permanent Magnet Synchronous Generator VSC Voltage Source Converter
PV Photovoltaic WPGS Wind Power Generation System
PCC Point Of Common Coupling

Introduction. Nowadays, with climate changes and
the appearance of global warming, RERs have become
increasingly used, unlike solar energy [1, 2]. RERs are
environmentally friendly because of their low carbon
emissions, whereas conventional generation sources with
high carbon emissions have serious environmental impacts.
The most prevalent RERs are wind, biomass and PV solar
[3, 4]. Due to its high efficiency, WPGS has the fastest
growth rate among other forms of power generation.
However, the major disadvantage of the WPGS is that the
amount of generated power depends entirely on the wind
speed, so the output power of the WPGS will fluctuated.
Therefore, the stability of the power grid system will be
influenced. In addition the output power fluctuations of the
WPGS can affect directly the power transfer capability,
voltage and frequency stability profiles at the power grid
system’s connection point, knowing that the voltage and

frequency deviation values are of major importance for
measuring the level of the power grid stability [5]. In order
to ensure a more reliable and economical energy to the
customers, ESSs such as flywheels [6], batteries [7, §],
pumped hydro [9, 10], super capacitor [11], etc., are widely
used in renewable power generation systems. ESSs are
essential elements that have a significant role in solving the
mentioned WPGS issues. This can be achieved through the
charging and discharging features of the ESS, which ensure
a more power balance between RER and loads.
Nevertheless, battery and flywheel ESSs have some
drawbacks, such as their very slow responses to
compensate the power fluctuation as well as short lifetimes
and low efficiency [12].

Currently, SMES system is considered one of the
most optimal choices for solving the above-mentioned
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issues by mitigating the output power fluctuation of the
WPGS. SMES systems present many advantages such as
high efficiency, long lifetime, short time delay during the
charging/discharging processes, lower power losses
especially at standby operation, very fast response time,
and low maintenance requirements [13].

Several studies related to SMES applications in
renewable power generation systems have been reported
in the literature. Some of these works have focused on
installing SMES systems at PCC to improve the
performance of WPGS during voltage sag/swell on the
power system side [14]. In [15] a SMES device has
proposed to power fluctuation suppression and active
filtering in PV microgrid. The application of high
temperature superconducting devices in a distribution grid
for mitigating issues associated with the large-scale
penetration of renewable energy has been studied in [16].
In [17] a new effective technique has developed to
improve the performance of DFIG-based WECS during
wind gust using a high temperature SC. The performance
of a battery/SMES hybrid ESS used in a hybrid power
system with fuel cells and RERs under an unknown load
profile was discussed in [18]. Authors in [19] have
proposed the SMES units controlled by self-tuned
algorithm in order to smooth out the output power of
wind plants. For a more reliable grid connection of
superconducting wind turbine generators, authors in [20]
have suggested a cooperative strategy integrated with a
SMES device and two modified wind turbine generator
controls. On the other hand, a new hybrid PV SMES
system controlled by a PID fuzzy controller has been
studied in [21] in order to minimize the oscillation of the
PV extracted power.

The goal of the paper is increasing the mitigation
rate of the output power fluctuation of WPGS caused by the
rapid wind speed changes during wind gusts.

This paper proposes two robust controllers for SMES
systems in order to smooth out the power provided by a
WPGS based on PMSG integrated with utility grid. The
first controller is a FLC which operates with a DC-DC
chopper circuit for controlling the power exchanged
between the SMES coil and the PCC of the utility grid. The
second controller is a PI controller whose role is to attempt
to keep the voltages between both the PCC sides and DC
link capacitor sides of the VSC according to the rated
values of the SMES system. This is for giving a flexible
and rapid exchange of real power as well as to satisfy
requirements of coupling the SMES system with the PCC
on the utility grid. The wind speed fluctuations are taken
into consideration during the implementation of the
proposed controllers. The purpose of these controllers is to
make the SMES system capable of absorbing energy from
WPGS during situations where wind speed is higher than
its rated value, while it is delivering the stored energy in
SMES coil during situations where wind speed is lower
than its rated value. This strategy can help of smoothing out
the power fluctuations of WPGS based on PMSG
integrated with the utility grid and make the power steady.

Basic topology and dynamic models. In this work,
the wind turbine based on PMSG is used as WPGS. The
basic topology of the system under study and the SMES
system is shown in Fig. 1, which contains of wind turbine,

PMSG, rectifier, boost converter, inverter, two-step up
transformers, filter, SMES system (SC coil, DC-DC
chopper, VSC, filter) and the utility grid.

Fig. 1. Basic topology of the system under study
and the SMES system

Modeling of wind turbine. The wind turbine is a
mechanical machine, which has the ability of transforms
the kinetic energy of the wind into mechanical rotational
energy that can be exploited by the PMSG. The output
power of a wind turbine can be expressed as follows [22]:

1
PW=5mR2vv3vCp(z,ﬂ), (1)

where P,, is the mechanical power, which is generated by
the wind turbine; p is the air density; R is the blade radius;
Vy, is the wind speed; C, is the power coefficient, which is a
function of both tip speed ratio 4 and blade pitch angle S.

The tip speed ratio 4 of the rotor can be defined as
follow [22]:

A=V, RNy, @

where V, is the rotor speed.

The power coefficient C, is given by [22]:
-184

Cp(l,ﬂ):0.73[%—0.58/3—0.002/32'14—13.2J-e A 3)

where /; is calculated as [22]:
1

1 0.003 °
2+0.028 B3 +1

Modeling of PMSG. PMSG transforms the
mechanical rotational energy to electrical energy that can
be exploited for supplying the loads. Table 1 shows the
used PMSG parameters in this work. The voltage of stator

along the direct and quadrature (d—(]) axes are written as
follows [23]:

Ji =

“4)

. di .
Vs = Rslgs + Lg f‘ Welqigs: (5)
) digs ]
Vgs = F\’SIqs + Lq e + WeAm + ®elylgs; (6)
We = Py . @)

The mechanical dynamic equations of the PMSG
can be written as follows [23]:

Jd%+ Doy =Ty —Te; ®)

where the electromagnetic torque developed can be given
by [23]:

Te:%p'[(l-d _Lq)'idsiqs_/lmiqs} ©)
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The real and reactive power, respectively, are given
in d—q frame by the following equations [24]:

3 . .
Pomsg :E'[Vsd|sd +vsq|sq]; (10)

Qpﬁﬁg:%'[vsqisd —Vsdisq], (11)

where A, is the magnetic flux of the PMSG; e is the
electrical angular speed of PMSG; @ is the rotational rotor
speed of the turbine’s shaft; i, ig are the d- and g- axis
stator currents of PMSG; J is the moment of inertia of
PMSG; Ly is the synchronous inductance of the PMSG; p is
the pole pair number of the PMSG; Py, Qpmeg are the real
and reactive powers of PMSG; Ry is the stator resistance of
PMSG; T,, T. are the mechanical and electromagnetic
torque of PMSG; Vg, Vgs are the d- and g-axis stator
voltages of PMSG.

Table 1
Parameters of the PMSG

Parameter Value
Nominal power, MW 1.5
Nominal stator voltage, V 575
Nominal frequency, Hz 50
Number of pole pairs 48
Generator inductance in the d frame, p.u | 0.85
Generator inductance in the q frame, pu | 0.85
Generator stator resistance, p.u 0.0012
Flux of the permanent magnets, p.u 0.65

SMES system and proposed controllers.

SMES system. As depicted in Fig. 2, the proposed
SMES system contains a coupling transformer, a filter,
bidirectional VSC-based IGBT switches, a DC link
capacitor, a DC-DC chopper-based IGBT switches and SC
coil. To adapt and achieve an optimal power exchange
between both of power grid and SMES coil sides, power
electronic converters (bidirectional VSC, DC-DC chopper)
must be linked between them. SMES system parameters
are chosen in such a way that they can effectively address
the power fluctuations of the WPGS-based PMSG. Table 2
shows the proposed SMES system parameters.

Fig. 2. The structure of the proposed SMES system with its
controllers

Type-D chopper shown in Fig. 2 is a type of DC-DC
converter that can controls the charge and discharge
process of the SC coil. It works by rapidly switching the
IGBTs on and off, which in turn controls the amount of
exchanged energy between the SC coil and PCC.

Table 2
Parameters of the proposed SMES system

Parameter Value
Chopper switching frequency, kHz 2
VSC switching frequency, kHz 4
SMES inductance, H 0.5
Filter inductance, mH 0.41
DC link capacitor, mF 15
DC link voltage, kV 1
SMES energy, MJ 0.422
SMES current, kA 1.3

The charged and discharged energy in [J] and the
active power in [W], exchanged by the SC coil can be
calculated as follows [25]:

1

E$=5-Lsclé; (12)
dlg
PSC: LSC—dt ISC:VSCISC, (13)

where Lg is the self-inductance of SC coil; |, Vg are the
operating current and voltage of SC coil, respectively.

As shown in Fig. 2, the charge and discharge process
of the SC coil is controlled by converting the duty cycle
value D given by the FLC into pulse signals generated with
the PWM block. These pulse signals feed directly to the
IGBT switches gates of the DC-DC chopper. So that if the
duty cycle is larger than 0.5, the SC coil is in charge mode,
while if the duty cycle is less than 0.5 the SC coil is in
discharge operation, and it is still in standby mode if the
duty cycle is equal to 0.5. The relation between the voltage
across the SC coil Vg and the DC-link voltage V. can be
expressed as follows [25]:

Ve = (1 - 2D) Vg (14)

li= (1 - 2D}l (15)

where lg. is the DC current flowing between a two

quadrant DC-DC chopper and VSC; I« is the DC current
of the SC coil.

Bidirectional VSC. Figure 2 shows the connection of
VSC circuit in SMES system. VSC is a high-power self-
commutated converter, which can be established using
6 IGBT switches. In the VSC, the AC side is linked with a
DC side with the ability to transmit power in both sides.
Moreover, VSC can operate at a very high-frequency range
(2-20 kHz), allowing it to control both real and reactive
power whether independently or simultaneously. The
DC-link voltage can be maintained at almost steady level of
its reference value by the installed DC-link capacitor, that’s
in order to make the SMES system more effective in the
real power exchange with the PCC.

The proposed SMES system controllers. In this
paper, two controllers is used to controls the SMES
system. The first is an FLC controller, which is designed
to control the used type-D chopper, while the second is a
PI controller for the VSC converter. The two controllers
are represented in Fig. 2.

DC-DC chopper control operation. FLC is a
progressing control technique used in several physical
systems such as the electrical distribution systems. FLC is
cheaper to develop, fast, does not need a mathematical
model, robust and simple to use [26-28]. As represented
in Fig. 2, the FLC comprises two inputs, as well as an
output. The first input is the PMSG output power, while
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the second input is taken from the result of subtraction
between the output of PMSG and its reference value. The
duty cycle is taken as an FLC output. MFs of the FLC are
depicted in Fig. 3. The triangular MFs type has been used
in both fuzzification and defuzzification processes.

a
v. v v v v vo v v vz
Input 1 [Ppmsg (pu)]
NR N " Ne 7 pe | DM "bR
| I I I I J
03 -0.2 0.1 0 0.1 02 03

Input 2 [APpmsg (pu)]

c

Gu;pul [Duty cycle (D)]
Fig. 3. MFs of inputs/output variables of FLC:
a—input Ne 1; b—input Ne 2; ¢ - output

The triangular MFs can be evaluated as a function of
vector X as follows [29]:

f(x,a,b,c)= max(min[ ;“ a ﬂ] oj , (16)

—a c-—-a

with a<b<c, where a, c are the coordinates locations of
feet of the triangle; b is the coordinate location of the
peak; X is the value of the input or output variable.

The fuzzy inference system uses the Mamdani
method to build the FLC rules. This strategy depends on
IF/ THEN rule to construct the decision table for
determining the FLC output values. The FLC output
defuzzification process has been achieved using the center
of gravity method.

The duty cycle values, which have been considered
as the output of FLC in this study, can be evaluated
according to the surface graph of Fig. 4.

VSC control operation. As shown in Fig. 3, the VSC
control is performed using PI controllers in order to
maintain the voltages of AC and DC sides in specified
ranges according to predetermined values. The power flow
direction between AC and DC sides is determined based on
the actual voltages on the two sides of VSC. A phase-
locked loop has been employed in PI controllers for
coupling the SMES system with both the WPGS system

APpmsg (pu) N Ppmsg (pu)

Fig. 4. Surface graph of FLC output variable

and the power grid, so that it has been used in the VSC
voltages synchronization process with grid voltages. The
reference currents of d-q axis can be taken from the
subtraction result values of both DC link reference
voltage/DC link actual voltage and AC reference
voltage/AC actual voltage, respectively. The PI controllers
convert the comparison results between the reference
currents of d-g axis and their actual values obtained by the
abc/dg block into controlled voltage signals in d-g axis.
These voltage signals can be converted to three-phase
sinusoidal signals by dg/abc block. These sinusoidal
signals are taken as reference voltages, which are utilized
by the PWM block to produce PWM pulse signals to feed
IGBT switch initiation processes in the VSC converter. The
gains of the PI controllers are given in Table 3.

Table 3
Parameters of the PI controller
Gains PI-1 PI-2 PI-3 PI-4
Kp 0.32 0.018 0.16 0.05
K; 8 247 725 183

Simulation results and discussions. In this part, the
proposed controllers for the SMES system were
implemented using the MATLAB/Simulink software. As
shown in Fig. 5, two wind speed scenarios were used in
order to simulate the fluctuations of the power generated
by WPGS. In order to verify the effectiveness of the
proposed SMES system, significant and sudden changes
were chosen for each scenario of wind speed.

V,, m/s

‘ s
0 1 2 3 4 5 6 7 8 9 10
Fig. 5. Wind speed scenarios: a— scenario Ne 1; b — scenario Ne 2

For comparison purposes, simulations were firstly
performed without considering SMES system and then by
including the proposed SMES system. The rated power
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value was taken at a V|, = 12.3 m/s, which is considered as
the rated speed of wind turbine. Simulation results for
duration of 10 s including the active power at PCC and
SMES active power are illustrated in Fig. 6, 7,
respectively. It is clearly from the first scenario (Fig. 6,a)
that the real power at the PCC fluctuates between the two
limits: 1.31 p.u. and 0.49 p.u. when the SMES system is
not installed, while it fluctuates between 1.05 p.u. and
0.96 p.u. limits when the SMES system is installed.
Consequently, for scenario Nel the real power fluctuation
at PCC is reduced by 89.02 %.

1.5

——With SMES —Without SMES

Line Active Power {pu)
<
o))

o L L 1 1 L t’ s
0 1 2 3 4 5 6 7 8 ] 10
1.5 T T
—With SMES —Without SMES
)
2
=
¢ 1
H
3
o
H b
=1
o
<05
[
£
3
s

0 L L I L
0 1 2 3 4 5 ) 7 8 ] 10

Fig. 6. Response of the active power at PCC during wind gusts:
a— scenario Ne 1; b— scenario Ne 2

Likewise, for the second scenario (Fig. 6,b) the real
power at PCC fluctuates between 1.27 p.u. and 0.56 p.u.
limits when the SMES system is not installed, while it
fluctuates between the limits 1.05 p.u. and 0.96 p.u. when
the SMES system is installed, giving a reduction of
87.32 % in the PCC real power fluctuation. As a result,
the findings clearly demonstrate that the proposed SMES
system has the capability to decrease the fluctuations of
WPGS real power delivered to the power grid.

Besides, it can be seen from Fig. 7 that the direction
of SMES real power is directly affected by both the
change of real power value produced by WPGS and the
wind speed. Therefore, if the output real power of WPGS
is more than its rated value, the SMES system absorbs the
real power excess from the PCC. On the other hand, if the
output real power of WPGS is less than its rated value, the
SMES system supplies the power deficiency to the PCC.
When the WPGS output real power is equal to its rated
power, the SMES system is kept at standby mode.

Figure 8 shows the curve of stored energy in the
SMES coil as well as the curve of current flowing through
the SMES coil for the two scenarios. It is obvious that the
stored energy in the SMES coil and the current flow
through the SMES coil are directly dependent on the
change of power value produced by the WPGS.
Moreover, the proposed SMES system can rapidly
exchange energy during charging and discharging
process; this is a result of the fast response of the
proposed FLC technique.

SMES active power (KW)

=y

SMES active power (KW)

t,s
00 ‘ ‘ . ‘ ‘
0 1 2 3 4 5 6 7 8 9 10

Fig. 7. Response of SMES active power during wind gusts:
a— scenario Ne 1; b — scenario Ne 2
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Fig. 8. Behavior of SMES stored energy and current flow
through the SMES coil during wind gusts:

a— scenario Ne 1; b— scenario Ne 2

Finally, as it can be seen from Fig. 9, the voltage of
the SMES DC link capacitor is almost constant and equal
to its specified rated value for the two scenarios. This can
help in preserving a longer lifetime of the DC link
capacitor in the SMES system. These results prove the
effectiveness of the proposed PI controllers.

Performance comparison. In order to verify the
effectiveness of the proposed SMES system with its
controllers, the obtained results of this study are
compared with other results reported recently in the
literature [30, 31] (Table 4). The comparison includes the
SMES capacity used in each study as well as the
reduction rate of the real power fluctuations provided by
the WPGS. It can be seen from Table 4 that the proposed
system gives better reduction rates for the real power
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fluctuations than those proposed in the recent literature. It
is also clear from Table 4 that the proposed SMES has a
lower capacity than that published in the recent studies.

1200 T T
%1000 et e ————
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3
[-]
: a
£
o 800
-]
t,s
0 ‘ ‘ !
0 1 2 3 4 5 6 7 8 E] 10
1200
Em i ——
Z 100
g
°
% b
© 800
[=]
t,s
o0 | ‘ ‘ | ‘ ‘ |
0 1 2 3 4 5 6 7 8 8 10
Fig. 9. SMES DC link voltage during wind gusts:
a— scenario Ne 1; b — scenario Ne 2
Table 4

Comparative study of SMES systems for reduction of power
fluctuation generated by WPGS

9 MW SCIG |9 MW DFIG | Proposed:
wind power power 2 MW PMSG
generation generation | wind power
[30] [31] generation
. 1MJ 1.6 MJ 0.422 MJ
SMES capacity | g5 MW | for 1.5 MW | for 1.5 MW
Reduction rate of
real power o o o
fluctuations for 56.53 % 87.5% 89.02 %
scenario Ne 1
Reduction rate of
real power 53.1% 71.42 % 87.32 %
fluctuations for
scenario Ne 2

Conclusions. In this paper, an effective SMES
system with its controllers are proposed to mitigate the
fluctuations of power provided by the WPGS based on
PMSG integrated with the power grid. The FLC is
proposed for controlling the DC-DC chopper circuit,
whereas the PI controllers are proposed for controlling the
bidirectional VSC circuit. The FLC is designed so that the
SMES system can absorb/supply the real power from/to
the PCC according to the amount-generated power from
the WPGS during wind speed changes. The PI controllers
are designed for regulating the voltages on the two sides
(PCC and DC link capacitor) of the bidirectional VSC at
allowable and predetermined ranges. Simulations were
carried out using two different wind speed scenarios. As a
result, the following conclusions are drawn:

1. The effectiveness of the proposed PI controllers has
proven through the nearly constant at its predetermined
value, and avoiding the deep ripples in DC link voltage
during the fast charge and discharge processes of SMES
coil, consequently this is can help in preserving a longer
lifetime of the DC link capacitor.

2. The effectiveness of the proposed FLC has proven
by the fast response of the SMES system for

absorbing/supplying the real power from/to the PCC
during the wind speed changes.

3. The proposed SMES control strategy is found to be
very effective in mitigating the real power fluctuations
supplied by the WPGS, where the real power fluctuations
were significantly reduced by 89.02 % for the first
scenario and 87.32 % for the second scenario.

These results contribute to the improvement of the
reliability of the WPGS based PMSG.
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HinBumenns nemMngyw4Ynx BJIACTHBOCTEH BHKOHABYOI0 MATHITOPE0JIOTiYHOI0 MPUCTPOIO
CHCTEMM KepPYBaHHS MiABICKM TPAHCIIOPTHOTO 3aC00y

Ipodnema. Bionogiono 00 00HO20 i3 HANPAMKIE GUpiUieHH s NPObIeMU NIOBUWEHHS. NAAGHOCE X00Y MPAHCROPMHUX 3AC00i8, 3anPONOHO-
8aHO KePOBAHY MIOBICKY, AKY CIMBOPEHO HA 0a3i 3aCMOCY8AHHS <IHMENEKMYATbHUX» MAmMepiaié — MAaeHIMopeonoiyHUX elacmomepie, me-
XAHIYHI 61ACIUBOCE AKUX, 30KPEMA OEMNGDYBAHHS, MONCHA 3MIHIOBAMU 3d OONOMO2010 Kepylouo2o MazHimnozo noas. Lle peanizosano sa
00NOMO2010 BUKOHABHO20 MACHIMOPEON02IYHO20 NPUCMPOIO CUCIEMU KePYBAHHA NIOBICKU, KUl MAE GU2TA0 NPYIUCHOI 6MYIKU 6adicens
niOBICKU, WO CKIAOAEMbCSL [3 OCKIIbKOX eleKMPUYHO NOEOHAHUX Y NOCHIO06HE KOLO MOPONoOiOHUX KOMYWOK (3 0cepedosim i3 MacHimopeo-
JI02IUHO020 enacmomipy). IIpucmpitl HcueUmMbCst eNEeKMPUYHUM CIPYMOM, 6EIUNUHA K020 KEPYEMbCsL ONEPAmopom, abo agmomMamuiHo, 6
3aneACHOCMIE 8I0 00POIACHLO20 NPOPLNI0 ma pedxcumy pyxy. Buxonasui maenimopeonoziuni npucmpoi (npysici 6myiKie) posmiuyioms y
BACETAIX NIOGICKU 3AMICTb WIMAMHUX 2YMOGUX [ NOEOHVIOMb 13 KEPOSAHUM ddicepeniom cmpymy. Takum uuHom, niosicka cmae KepoeaHoio,
WO HAOAE MONCTUBICb 6CIAHOBTIIOBAMU HEODXiIOHe 0eMNQYBAHHS KOIUBAHL KOPHYCY MPAHCNOPIMHO20 3ac00y O NIOBUWEHHS 1020 Naa6-
Hocmi x00y. Hedonikom nonepeoHix KOHCMPYKYill 6UKOHABH020 MAIMOPEONO2IYHO20 NPUCIPOIO € HEOOCMAMHA BelUNUHA THOYKYI ma
HEPIBHOMIpHICIb 1T PO3NOOLTY 8 MEICAX NPYICHUX 6MYIOK. BHACTIOOK Yyb020 deMnehyioui 6nacmueocmi makux KepoeaHux niogicok Heoo-
Ccmammvo egheKmueHi, Wo 3HUICYE MOICTUBOCTI NIOBUWeHHs NIABHOCMI X00y mpaHcnopmuux 3acobie. Memoto podbomu € nioguiyens
Odemnghyrouux enacmueocmeil UKOHABYO20 MASHIMOPEONIOIUHO20 NPUCMPOIO CUCeMU KepYBaHHS NIOGICKU MPAHCNOPMHO20 3aco6y, Wo
30UIbWUMb eghekmugHicmb KepysanHsl. 3a80anHaA. YOoCKoHanumu KOHCMPYKYilo 8UKOHABYO20 MACHIMOPEONOTHHO20 NPUCTPOIO, NPOBeC-
MU PO3PAXYHKU CepeOHboi NO nepepizy NPUCMporo GeluduHy IHOYKYIl MASHIMHO20 NOASA Ma iT pO3NOOLLY, CKIACIU 3ANIeHCHICIb NOKAZHUKA
Odemnpysamnist npUCmMpPoIo i0 IHOYKYIl MAZHIMHO20 NOJsl, NOPIGHAMU NOKAZHUKU OeMNGDYEAHHS YOOCKOHANIEHO20 NPUCTPOIO 3 NONEPEOHIMU.
Memooonozia. 3a0aui 00CONCEHHS SUPIUYBATUCS 3 GUKOPUCIAHHAM MemOoOi meopii MAcHIMHO20 MO MA NPOSPAMHUX NAKemis
OLIDWORKS® i FEMM, a maxoac ananizy 3anesichocmi 0eMn@yrouux 1acmusocmeli 6myJoK 3 MACHIMopeoio2iuHux elacmomipie 6io
iHOyKyii' maenimnozo nona. Haeedeno onuc koncmpykyii ma npunyun Oii 6UKOHAGH020 MACHIMOPEONOIUHO20 NPUCMPOIO CUCEMU Kepy-
6aHHsL NIOGICKU MPANCHOPMHO20 3ACO0Y, HA OCHOBI 4020 pO3pobNIeHo po3paxyHkosy cxemy. Pezynemamu pospaxyuxie nokasanu, wo cepeo-
M5 eUUUHA THOYKYIT MACHIMHO20 NOA Y 3aNPONOHO8aHill Koncmpykyii npucmporo docsiena 0,85 T, ii po3noodin cmae docmammuvo pigHoMip-
HUl, @ 30HU, O€ B0HA AHOMATLHO Mand, giocymHi. CKIadeHa enepuie 3a1eXCHICTb NOKAZHUKA 0eMN@Y8anHs 6i0 iHOYKYIT Kepyrouoeo MazHi-
MHO20 NOJISL MAE O3HAKU HAYKOBOT HOGU3HU. OMPUMAHO, W0 OAHUL NOKAZHUK OIS 3ANPOROHOBAHOT KOHCMPYKYIT npucmporo 30inteuuecs Ha
22 % nopienano 3 nonepeoHimu KOHCMPYKYIAMU, WO NIOBUUNb eqheKMUBHICIb CUCIEMU KePYBAHHS MA NIAGHICHb X00Y MPAHCNOPIMHO20
3aco6y. Tosumuenuil pesynbmam 00CAHYMO 3a60AKU HACHYNHUM OCOOIUSOCHIAM 3aNPONOHO8AHOT KOHCIMPYKYIT 6UKOHABYO20 NPUCTPOIO.
NPYIICHA BMYTIKA CKIAOAEMbCS 13 OEKLIbKOX, POSMAUIOBAHUX CHIGBICHO, BUKOHYIOUUX NPUCIPOLE 3 AHI30MPONHO20 MASHIMOPEOTIOSIYHOO
enacmomipy, y K020 KOH2OMepamu (PepomMasHimHo20 HANOBHI8AUd 8 NPOYECE BULOMOBIEHHS POSMAUOBAHO KONIHEAPHO 00 HANPAMKY
Kymosux degpopmayiti 8mynKu ma 6eKmopy iHOyKyii Kepylouo2o MAeHinHO20 oA, d KOMYWIKY KEPYBAHHA 6UKOHAHO i3 CIPYMONDOBIOHO20
npyscnoeo eracmomipy. Cnocib xepyearHs, nonepeoHi KOHCmpyKYyii ma KOHCMPYKYito OaHOi Kepo8aHOi NIOGICKU 3aXULEHO NAMEeHMAaMU
VYpainu. Hanpsmku nooansuux 00cniodlcenb nonseaioms y onmumizayii napamempie KOmywox Kepysanis 3 Memolo 3HUICEHHS enepao-
cnooicusanns ma ix saxucmy 6io nepezpisy. biomn. 20, puc. 10.

Kniouosei cnosa: maruitHe moJjie, BAKOHABYUI MATHITOPEOJIOriYHUI NPUCTPIi, aHI30TPONIHUI MarHiTOpeoJIoriYHmii ej1acToMip,
CHCTeMa KepyBaHHs, MiIBiCKka TPAHCIOPTHOrO 3ac00y, AeMIipyBaHHsA.

Beryn. [lepcrieKTMBHMM HampsIMKOM —BUpILIEHHS  HeHa Ha MarHitopeoioriunuii enacromip (MPE), skuit no-

npoOJeMH MiIBUIIEHHS IUIABHOCTI XOAY TPAaHCIHOPTHUX
3aco0iB (T3) BBakaeThCsl 3aCTOCYBaHHS KEPOBaHMX ITi/IBi-
cok (KII). OcobnuBo akTyanbHO 1€ Ui BICHKOBUX Ma-
LIMH, SIK PYXAIOThCS C BIJHOCHO BHCOKMMH IIBHIKOCTSIMU
[0 TPYHTOBHM JIOpOTaM Ta TepecideHiit micueBocTi. Ox-
Hak, Bimomi TexHiuHi pimeHHs KII xXapakrepusyroTscs
CKJIQTHICTIO, BUCOKOIO BapTICTIO Ta HU3BKOK HAIIHICTIO.
YCyHEeHHSI JaHUX HENOJIKIB € CKJIAJHOI0 HAyKOBO-
TIPUKJIAZHOIO MPOOJIEMOI0, HaJl BUPIMICHHSM SIKOi MPAIIo-
10Th (haxiBii ycix po3BHHEHUX KpaiH. OIHHUM i3 BapiaHTiB
BukoHasuoro npuctpoto (BIT) KIT € rinpo nemndep, 3armo-
BHEHHMI MarHiTOPEOJIOTTYHOIO («IHTEIEKTYalIbHOIO») Piiu-
HOIO, BJIACTHUBOCTI 5IKO1, 30KpeMa I'yCTHHa, 3MIHIOEThCS TTiJT
BIUIMBOM MarHiTHoro mnosns. Lle mo3Boisie kepyBaTH #oro
JneMrQyrodrMH BIaCTUBOCTSIMU Ta BIUIMBATH Ha IUIABHICTh
pyxy T3 mpu pyci no 6e310pixxokio. Ajle IIMPOKE po3Io-
BeromkerHst Takux KII ctpumye mpoOnema, ska 00OyMOB-
JieHa aOpa3UBHOIO I€F0 MAaTHITHUX YaCTOK Ha B3a€MOII0U1
gactiHA BII, 110 3HIKY€E MOBrOBIUHICTE, Ta HECTAOUIBHIC-
TIO XapaKTEepUCTHK MArHiTHOI PiJuHH, sika OOyMOBIEHa
OCITaHHSIM MAarHiTHUX YacTOK JIOJY, IO 3HIKY€E e(EeKTUB-
HICTh KEpyBaHHS Ta IUIABHICTh pyxy T3. Bupimmru mpo-
OneMy MOXKHa LIISIXOM 3actocyBanHs BII, ne pinuna 3ami-

30aBiieHHni 1UX HenodikiB. Bukopucranus MPE y KIT T3
OyJ10 BIIEpIIIE 3alIPOIMIOHOBAHO ABTOPAMH — CIIOCIO Ta KOHC-
TPYKLil, MATBEPIDKEHO NaTeHTaMu YKpainu. J{ana pobora
NPUCBSYCHA yIOCKOHATIEHHIO BUKOHABYOTO MarHiTOpeosio-
riugoro npuctporo (BMII) 3 MeToro mimBuIimeHHsS HOTO
epeKkTuBHOCTI. BiH mpm3HavyeHWid I BICHKOBHX KOJIC-
HUX MallWH, aje MpuAaaTHUi 1 a1 inmmx T3, Hanmpukitag
JUIsL €JIEKTPOTPAHCIIOPTY, 10 Ma€ IOTYXKHI JuKepera CTpy-
My. Moro mizKmoyaoTs 0 po60TH KOPOTKOYACHO, J0/IAT-
KOBO JJ0 OCHOBHHUX IPY)KHHX €JIEMEHTIB Ta AeMII(pyH0dnx
NPUCTPOIB MIJBICKK Y pa3i HEOOXiTHOCTI 30UIbLICHHS AEM-
ndyBaHHS TPH MOAOJAHHI JUISTHOK 3 BaXKHM JIOPOKHIM
npodijieM Ha PE30HAHCHUX peKUMax pyxy. Lle mos3Bossie
30epert  HEOOXiJHY IUIABHOCTI XOXIy, O3 3HMKCHHS
MIBUAKOCTI pyxy. Y pasi Buxoay nanoi KII 3 many, T3 3a-
JIUIIATELCS 31 3BMYAHHOIO TMiJBICKOIO i HE BTPATUTH XOIY.
TakuM 4MHOM, BHPIIOIYIOTBCS 1 aKTyalibHI 3amadi 3a0e3rre-
YeHHs BUCOKOI HaxiiHOoCTI T3.

MPE sBastfoTh CO00I0 CyMmim mpykHOT MaTpuIi (Ty-
MH abo enacTomipy), Ta (hepOMarHiTHOro HalOBHIOBAYa,
HAIpPHKIIA/, TOPOUIKY KapOOHUILHOTO 3aj1i3a, 13 po3MipoM
4acTOK Oyn3bko 5 MkM. CyMilll MOJIMEPHU3YIOTh 1 OTPH-
mytotb MPE 3 piBHOMIpHUM (i30TPOIIHMM) PO3IOJIIOM
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YaCTHMHOK B MaTpHili, a00 3 aHI30TPOIHHUM, SKIIO MPOIIEC
moJIiMepu3altii MpoBeaeHO y MarHiTHoMy noui. [Ipu mpo-
MY, YaCTHHKM HAallOBHIOBauYa yTBOPIOIOTH KOHIJIOMEpaTh
y BHUIJISAI CTOBITYMKIB, SIKI PO3TALIOBYIOTHCS Y3HOBX JIi-
HIl 1HIYKI{ MATHITHOTO TIOJISL.

Binomo, mo anizorpomHi MPE 6inbmoro miporo 3mi-
HIOIOTh CBOI IPYXHI Ta AeMIyodi BIACTUBOCTI MiJ €0
KEepYyIOUoro MarHiTHOIO MOJIsI, HX i30TpornHi. 1le BruBae
Ha aMIUTITYIHO-4acTOTHY XapakTepucTuky (AUYX) xomu-
BaHb HigpecopeHoro kopmycy T3. 30impmenHs geMndy-
BaHHS BHUKJIMKAE 3MCHIIICHHS aMILTITY/] KOJIMBAaHb Ta I[PH-
IBUAIICHD 1, BiAMOBIIHO, BUCOTH PE30HAHCHOTO MAKCH-
MyMmy AUYX. 3pocTaHHS KOPCTKOCTI MiABICKK 301IBIIyE
BJIACHY 4acTOTY KOJIMBaHb MiJIPECOPEHOT0 KOPITyCYy Ha HiMd.
Ile mopyrrye cmiBmamiHHg i 3 4aCTOTOK 30YIKEHb BiJ
HEPIBHOCTEH JOPOKHBOTO MPOMITIO 1 3aXHIIA€ BiJl BUHHUK-
HEHHsI Pe30HAaHCHUX KOJMBaHb. MK THM, BUHHKAIOTh I1e-
BHI mpobniemu npu BukopucranHi MPE, mo oGymoBineHi
CKJIQJHICTIO OTPUMAaHHS HEOOXITHOI IHAYKINi Kepyrdoro
MAaTHITHOTO TIOJISI Ta PIBHOMIPHOTO HOTO pO3IOIiTy B Me-
xkax BMII. Benmka KinmbKicTh IyOIikariiid, MaTeHTiB Ta
MPUKJIAIB MPAKTHYHOTO 3aCTOCYBaHHS JIOBOJHUTH MEPCIIe-
KTUBHICTh HAINPSAMKY BHPIMICHHS MPOOIEMH ITiIBHUIICHHS
mwraBHOCTI xony T3 mumsixom 3actocyBanHs KII. V 3B’s13Ky
3 UM, aKTyaJlbHIMH € HAyKOBO-TIDAKTHYHI po0oTH, II0
crpsiMoBaHi Ha ynockoHanenHs KII, 3okpema, nuisxom
BUKOpHUcTaHHs y HuX BMII, Ha noniniieHHs aemngyodnx
BJIACTUBOCTEN SIKMX CIIPSIMOBAHO JIaHy POOOTY.

AHaji3 momepenHix xocaimkeHb. Y po6oti [1]
CTBEPJUKYETHCA, 10 MOAJbLIE MiJABUIIEHHS SKICHUX I10-
Ka3HUKIB T3 3a paxyHOK YZOCKOHAJEHHS CHCTEM IIiape-
COPIOBaHHSI BUMAarae 3acTOCYBaHHS KEPYBaHHS XapakTe-
PHUCTHKAMH iX MPYKHHUX Ta AeMI(YIOUUX OPUCTPOIB. Ale
TpamuiiiiHi Matepiaau (MeTaau, KOMIIO3UTHI MaTepialiy,
TYMH, €J1acTOMIpH, ra3u, piiMHH, TOUIO), SIKi 3aCTOCOBY-
I0ThCS y JTAaHUX BYy3JlaX, BUUEPHAIH CBOI MOXIUBOCTI IO
3a0e3MeYeHHI0 HEOOXiJHOTO KepyBaHHsS XapaKTepHCTH-
KaMH CUCTEM miJpecopioBaHHs. Lle moB’s3aHO 3 HE3MiH-
HICTIO (DI3MYHUX BIACTHUBOCTEH i XapaKTEPUCTHK LIUX Ma-
TepialliB, 0 IPU3BOAUTH JIO CKIIJHUX, BHCOKOBapTICHUX
Ta HEHAIIMHMX TEXHIYHHMX pIlIeHb 1 CTPUMYE BIIPOBa-
mxenHs KIT na T3.

BupimmT naHy akTyaipHY mpoOiieMy aBTOPH IIpO-
MOHYIOTh HUIIXOM 3acTocyBanHsi y KII anbTepHATHBHUX
MaTepiaiiB, BITOMUX y CBiTi SIK iHTENIEKTyaJ bHI MaTepia-
1 (smart materials). Lle 103BONIKUTE CIIPOCTUTH TEXHOJIO-
riro purorosieHHst KII, ta ciipustume iX BIPOBAIKSHHIO
Ha T3. Ha gaci orpumanu neBHe posnoBcromkerHs KII, y
SKHX POOOYHM €JIEMEHTOM € MAarHiTOpeosIoriuHa piauHa
(MP). Mix TuMm, il npuTamMaHHi CyTTEBI HEJOMIKH, OJMH 3
SKHAX TOJISITa€ y CEeOMMEHTAlll MarHiTHUX YaCTUHOK B
piauHi. ABTOpH PO3IJISIAIOTh KUIbKA 3aXOAIB IOJ0 OI-
TuMi3anii ocamkenHs MP 3 mornsmy B’s3KOCTI aucmep-
CIIHOrO cepeoBHINa, CHIIM CYCHCHAYBaHHS TUCIEPCHOT
(a3u Ta iHHOBAIH y H0OaBKax. 3ampOIIOHOBAaHUN aKTHB-
HUU MEXaHi3M ISl BHPIIICHHS MPOOIEMH CeTUMEHTAIlil
00IIs1€ MOMIIMIIIATH Tpare3aaTHicte MP-ngemndepis, Ha-
BITh SIKIIO Ocan 30epiraeThcs. Ane ocamkeHHs MP mox-
Ha 3HU3WTH JIMIIE 0 TIeBHOI MipH [2].

Y po6oti [3] po3risHYTO IIe OAMH HEMOJIK TiApo
amopTu3aropiB i3 MP, skuii OB’sA3aHUM 13 YYTIHMBICTIO
JI0 IMITYJIbCHHX HaBaHTa)KeHb, 110 HeOaKaHO TP 3aXHUCTI

BiZ ynapiB. lle cpuuuHse BenuKi CHIM aMOPTH3aLil, sKi
mepenaTbes 10 Kopmycy T3 Ta CTaHOBIATH CEpio3Hy
3arpo3y Ui MacaKUpiB Ta MEXaHIYHMX KOHCTPYKIIIH.
[MoBigomisieTsest mpo po3podku MP — rigpo amoptuzarop
yAapy 3 HHU3bKOI YyTJIHMBICTIO JO IMITyJbCHHX HABaHTa-
JKCHb. AHANITUYHI Ta EKCIIEPUMEHTAIBHI IOCHIHKEHHS
JIOBEJIH, 110 YYTJIMBICTB J10 yaapy HOro 3MeHIImacs.

PoGory [4] npHCBSYEHO TECTYBaHHIO Ta MOJEIIO-
BaHHIO BiacTuBocTell i3oTpormanx MPE min miero cratu-
KO-IMHAMIYHMX CTHCKAIOYMX HaBaHTa)X€eHb. Ha ocHOBI
CHITIKOHOBOTO ellacToMipy BHToTOBIIeHO i30TpornHi MPE 3
pi3HUM BMicTOM MarHiTHuUX 9acTHHOK. 1106 3acTocyBaTn
KepoBaHe MarHiTHe mosne A0 MPE mig yac auHamidHHX
BUIIPOOYBaHb, OYB PO3POOJICHUI €IEKTPOMArHIT 13 1HIY-
Kiiero MarditHoro moys xo 0,9 Tn. Iletni ricrepesucy
«Hanpyra — nedopmaisp» Burorosienux MPE Oyiu exc-
MEPUMEHTAIBHO OTPUMAHI TiJl i€ TUHAMIYHUX CTHUC-
Kalo4YMX HaBaHTA)XEHb Yy IMOE€JHAHHI 3 PI3HUMHU CTaTUYHH-
MU TonepenHiMu nedopmanisMu. JIOCHiHKEHO BIUIHB
BMICTY YaCTHHOK, aMILTITyX Aedopmalliii, CTAaTHYHOI I10-
nepeaHpoi Aedopmariii Ta YACTOTH HABaHTaXKEHHS Ha
Moxyi 30epiranas ta BTpaT MPE. PesynbpraTti mokasanm,
10 HE3JIEKHO Bij MPUKIIAJEHOTO0 MArHITHOTO TOJS, Je-
(opmariitna moseninka MPE Oyna B mpubnmsaomy Jii-
HIIfHOMY B’SI3KO MPY>XHOMY CTaHi, SIKIIO aMIUITyna Je-
dhopmariii Oysa meHoro 3a 7,5 %. Sk abcomoTHuUi, Tak i
BigHocHuit edpext MPE 3poctae 3i 3011bLICHHSIM BMICTY
YaCTHMHOK 1 3MEHLIYEThCS 31 30UIBIICHHSM aMIUTITYAN
nedopmarii. 3MiHA YAaCTOTH HABAHTAXKCHHS Maike HE
BomBae Ha MPE. 3anpomonoBano eMmipudHi MOIeNi uist
NIPOTHO3YBaHHS MOJYyiB 30epiranns Ta Brpar MPE, sx
(yHKIIA 1HIYKIT MarHiTHOTO IIOJIsA, BMICTY MAarHiTHHX
YaCTHHOK, aMILTITyTu AeopMaIlii, 4acTOTH, OMIEPEIHBOT
nedopmanii Ta HaBaHTaKeHHs. MoJenl MOXYTh JIaTh
e(eKTHBHI MPOTHO3U MOJYJIB 30epiranus Ta Brpar MPE
JUTS 3aCTOCOBAHUX y LIl poOOTI yMOB HABaHTaKEHHS.

Y po6oTi [5] po3rIsIIaEThesi XapaKTePUCTUKA CTHC-
HeHHs MPE Ha ocHOBi kpemHir0. Po3pobnenuii enexrpo-
MarHit J03BOJISIE MPOBOJUTH JHHAMIYHI BUIPOOYBaHHS
Ha ctuck 10 300 I'rp 3paskiB posmipom 40 X 40 X 8 mwm.
JlocsrHyTo MarHiTHY iHaykuiro 6mussko 1 To, 1 orpuma-
HO TMPOTHO30BaHE 30LTBIICHHS ITUHAMIYHOI KOPCTKOCTI
MPE. EnexTpoMartit Mo>kHa BHKOPHCTOBYBATH IJIsI BU-
TOTOBJICHHS Ta 3aTBepAiHHA aHi3oTporrHNX MPE.

VY pobori [6] Bim3Haueno, mo MPE wmarote mmpoki
MOXKJIMBOCTI UIsl 3aCTOCYBaHHSI Ha TPAHCIOPTi y SIKOCTI
aMOPTH3ATOPIB MMIABICKH, 3aBISKH BIAHOCHO MEHIIIH CKJIa-
JTHOCTI 1 BapTOCTI KOHCTPYKIIil MOMIMHAIOYUX MPUCTPOIB
Ha TX OCHOBI, €KOJIOTIYHIl JOCKOHAIOCTI Ta BIICYTHOCTI
HENOJIKIB, 110 mpuTaMaHHi MP. Ane aBTopu He HaBOIATH
xapakrepuctuk MPE Ta pe3ynbTariB iXx BAKOPHCTaHHSI.

PoGoTa [7] mpucBAYeHA OTPUMAHHIO 3AJICKHOCTI
BiTHOCHOI MarHiTHOI MPOHWUKHOCTI BiJ{ KOHIICHTpAIll Ha-
nosuroBaya MPE. i makcumanbhe 3Hagenns (6,6) otpu-
MaHo st 50 % 006’ eMHOT KOHIEHTparlii yacTHHOK. [losic-
HEHHS MIBUIIEHHSI MAarHITHOI NMPOHHUKHOCTI y poOoTi
BIZICYTHE.

O1iHKy BIUTMBY KE€PYIOYOr0 MarHiTHOTO TIOJIS Ha Bi-
6poizomroroui BnactuBocti MPE nmocnimkeno y po6oTi [8]
Ta YUCICHHOMY PSIKY IHIIMX poOiT. BusiBneHo 3HauyHe
noJinieHHs aemMndyrounx Biractusocreit MPE min Brumm-
BOM MarHiTHOTO TOJISL.
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YV pobori [9] BimzHa4eHO, IO BiIOMHIA METOJ BHIO-
toeneHHs MPE 3aiimae OinbIrie 100H, OCKITBKH MAaTPHITM
3 HaTypaJIbHOTO KaydyKy a00 CHJIIKOHOBOTO KaydyKy IO-
TpiOHO TpWBaNMMi Yac sl MoJIiMepr3allii. 3amporIOHOBaHO
BHKOPHCTOBYBATH SIK MATPHUINEO (IIOJi)INMETHIICHIOKCAH 3
moJliMepu3aIli€ro #oro mpu BHCOKiK Temmeparypi. Lle cko-
pouye yac BuroroBiernss MPE no 90 xpuun. J{ocmimken-
HSl IMHAMIYHUX BJIACTUBOCTEH BHTOTOBJICHOTO 332 HOBHM
MerogoM MPE nanu no3uTuBHI pe3ynbTaTH.

BruiB 3minn moxayns FOwnra (0,14 — 14,6 MIla) Ha
¢bizuuni xapakrepuctuku MPE  nocnimkeno y poOori
[10]. Takoxx DOCIiKEHO 3alIeKHICTh AeMII(YIOUNX Biac-
THUBOCTEH KOMITIO3MTIB BijJ BMicTy yacTuHOK (7, 10, 14, 21,
31 06. %), Ta Bix mexaniuaux BiaactuBocteir MPE. ITin-
BHUINEHHA AEMII(YIOUNX BIACTUBOCTEH BHHHKA€E Y TEBHOI
YaCTKM MarHiTHUX YaCTHHOK, II0 MOKHA IMOSICHUTH Mar-
HITHEM OOMiHOM MiX HHMH. [lemrndyroun BIIaCTHBOCTI
(tictepesuc) ripmi y MPE 3 6imemmm mMoxysnem HOHTa.
BusiBneHo HepiBHOMIpHY y4acTh MarHiTHUX yacTok MPE
y TicTepesuci.

Y poboti [11] 3ampomoHoBaHa IiHiiHA MarHi-
TOB’SI3KOIIPYKHA MOJeNb s aHizorponHux MPE, ska
JI03BOJISIE BU3HAYATH BIUTMB MarHiTHOTO MOJISL HA TUHAMI-
YHHUHA MOAYJb 3CYBY B 3aJIS)KHOCTI BiJl HAIPY>KEHOCTI Ta
YaCcTOTH Mar"itHOro nosist. [Toxnbku Mix excriepuMeHTa-
JIBHUMH 3HA4€HHSMH Ta pO3paxyHKamH, L0 OTPUMAHO
[UITXOM MOJETIOBaHHS, He mepeBUInyioTs 10 %.

VY pobori [12] 3anponoHOBaHO METOJ PO3PaxyHKY
€JTACTOMIPHHUX KOHCTPYKIIiH, 10 BPaXOBY€E X 0COOIMBOC-
Ti. Y mporeci po3paxyHKy 3HaXOAUTHCS BEKTOP BY3JIOBUX
MepeMIIIeHb, Ha OCHOBI SIKOTO BU3HAYAIOTHCSA OIS Aedo-
pMaltii i Harpyr Ta X 3HaYeHHSI.

JocmimkenHs KoHi4HOTO BiOpoizonsaTopa 3 MPE
JIOBEJIN HOoT0 e(DeKTUBHICTH: BiH 3a0e3Meuye HaAiiHy BiO-
POI30IIALI0 3aBASKK 301IBLICHHIO B NPOIECI KepYBaHHS
YacTOTH KOJHMBaHb Ha 46,29 % Ta Kepyrouux 3yCHIb 110
75 H. Bigsnadeno, mo BiGpoizoasTopu i3 MPE maroTh
BEJIMKE CHOXXKHMBAHHS €Heprii Ta HepeHTabenbHe BHPOO-
HuTBO [13].

VY poboti [14] HaBemeHO pe3yNbTATH IOCIIIKEHBb
naryrka nedopmanii, sIKHH CTBOPEHO Ha OCHOBI JIPOTO-
Boro MPE, 1110 MiCTHTB TIOJIiypeTaHOBY I'yOKY 31 CpiOHUM
HaHOAPOoTOM (AgNW), Ta 9acTHHKH KapOOHIJIFHOTO 3alli-
3a 1 HONIMAMMETHICHIIOKCaH. JlOCHiKeHHS BUSBIIIN, IO
BIJTHOCHA 3MiHa Woro omopy nocsrana 91,8 % mpu gedo-
pmamii 20 % mpu momadi Kepyr4oro MarHiTHOTO MO
0,428 Tin. € mepcriekTHBa BUKOPHCTaHHS JaHOTO MaTepi-
aly B IHTEJEKTYaIbHUX NPUCTPOSX, KOMIIO3UTHHUX €JIEKT-
pozmax Ta M’SIKHX AAaTYNKaX.

Y poboti [15] HaBemeHO pe3ynbTAaTH IOCIIIKEHBb
Jatyrka y ¢opmi aucka (hepoMarHiTHUI Mapkep), sIKHH
BOy0oBaHO y mmminapuunuii MPE. Voro TtpusnmipHe
3MIIIEHHS OMIHIOETHCS MUIIXOM MOHITOPHHTY 3MiH IHAY-
KTUBHOCTI YOTHPBHOX KOTYIIOK iHXyKTHUBHOCTI. Jlocii-
JUKEHHSI KOTYLIOK 1HIYKTUBHOCTI BUSIBUIM ii MOHOTOHHY
3MiHY Ta JiHIHHICTh BITHOCHO MPUKIAJCHOI HOPMAaIBHOT
CHJIM Ta CHJIM 3CyBY. 3p0oOJIEHO BUCHOBOK HpO e(eKTHB-
HicTh Bukopuctanus MPE y naruukax.

Pe3ynpraTi mOCHiIKEHb JaTYMKa MArHITHOTO IO,
mo crBopenuii Ha ocHoBi MPE, HaBeneno y po6ori [16].
JlaTunk MOXHa BHKOPHUCTOBYBaTH JUisi BHUMIpPIOBaHHS

OHOPITHOTO MAarHITHOTO moJisl. JJaT4MK JEMOHCTPY€E IIBHU-
KU Binryk (20 Mc), Ta TapHi XapaKTEPUCTUKU BUSBICHHS
MAarHiTHOTO 1moJist B Aiana3oHi Big 40 mo 100 mTm.

Y pobGoti [17] HaBemeHO pe3yJbTaTH JOCIHIIKEHb
aJ[aTUBHKUX IOTJIMHAYIB, Y SKHX BUKOPHUCTAHO BJIACTH-
BICTh 3CYBY pE30HaHCY LuIIXOM BukopuctanHs MPE.
Bimomo, 110 macuBHI HEJTiHIHHI MOTJIMHAYI MAOTh HIMPIIY
e(eKTUBHY CMYTy 4acToT. ABTOpH 00’€THAIM IIi JIBi Xa-
pakrepuctuku B riopuaaomy MPE-nornmnaui, skuit npu
FOMY MOXE€ 3MIIyBaTH CBOKO BJIIACHY YaCTOTY 1 Ma€ IIU-
pIlly CMyTy MOTJIMHAHHS. Pe3ynbTaTté JAOCIiKEeHb I0Be-
T, TI0 aalTHBHICTH TIOPUIHOTO MOTIIMHAYA 3a0e3medy-
eThes 3aBasku MPE.

Amnaii3 HaBeIeHUX IOCIIIKEHb IMOKa3aB, IO HEIO0-
CTaTHBO PO3KPHUTO 3AIEKHICTH AEMII()YIOUNX BIACTHBOC-
teit BMII Bin cipssMyBaHHS: KOHTJIOMEpAaTiB HAIlOBHIOBA-
4a J10 #oro nedopmaiiiii Ta 10 BEKTOpa IHAYKIII Kepyro-
YOTr0 MarHiTHOTO MOJIS.

VY 3B’s13Ky 3 UM OyJI0 MPOBEACHO KOMILUICKCHI JOCITi-
JOKEHHS: PO3PAaXyYHKOBI — IIUIIXOM KOMIT FOTEPHOTO MOJEe-
JIFOBaHHS PO3NOALTY MarHiTHoro mons y BMII mixBicku
T3, Ta HaTypHi — NpyXHUX 3pa3kiB i3 MPE (w1 mopiBHSH-
HS i3 TYMH) Ha TMHAMIYHOMY CTEHIi. 3pa3Ku Malli JiaMeTp
20 MM, IEHTPATLHUI OTBIp 3 JiaMeTpoM 8 MM 1 TOBIIUHY
10 MM; BMiCcT KapOOHUIBHOTO 3aJTi3a (32 00’€MOM) CKIIa/iaB
40 %. YactoTa BIacCHUX KOJIMBAHb MAaCH Ha IUX NPY>KHUX
3paszkax ckiagana 6mmspko 2 I'm. 3 ypaxyBaHHS JOCBinmy,
0 HaBeZieHWi y poOoti [11], 3pa3ku BUrOTOBISUTHCS 13
MPE 3 aHI30TpOIHOI0 CTPYKTYpoto: iX Oyso mosimepizo-
BaHO Y MarHiTHOMy moJjii. HampsiMok BEKTOpY IbOTO MOJIS
Y OJIHOi YaCTHHH 3pa3KiB OyB OPTOTOHAILHHUM, a Y IPYTOi —
KOJIIHEapHUM JI0 HANPSIMKY KEPYHOUYOro MarHiTHOTO ITOJIS.
Jemridbyrodi BIACTUBOCTI 3pa3KiB OI[IHIOBAIUCS 32 yCepe/-
HEHHM BiJJTHOCHUM ITOKa3HUKOM aemridyBanas D

D =[In(A, / A)]/ 27, (1)
ne A; ta A, — TIOCTIIOBHI aMIUTITYAX Ha OCHMJIOTPaMax
BJIACHUX KOJIMBaHb.

BusiBnieHo, 1m0 NpU OPTOTOHATBHOMY CIPSIMYBaHHI
BeKTOpa Kepyrouoro marsitHoro nosist (0,6 Ti) no Ha-
MpSIMKY KOHIJIOMEpATiB HAIOBHIOBaYa 3pa3KiB, BiTHOC-
HU#l mokasHuk nemidysanas ckiagas 0,04 — 0,05, a mpu
konineapaomy 0,071 — 0,083, To6T0 3HAUHO OlnbIIIE.

Takox mpoBoamIacs po3podKa Ta KOMIT FOTEPHE MO-
JIEITIOBaHHS KOHCTPYKIii migsicok T3 3 BMII [18, 19].

Ha puc. 1 HaBenmeHO Bi3yanmi3amio KEpyKUYOro mar-
HITHOTO TOJIA y BUIJISAI MarHiTHUX CHWJIOBHX JIHIA Ha
nepepizax 3a nepuum (@) ta apyrum (D) Bapianramu npy-
Horo mapHipy miasicku 3 BMII. Kepyroue marniTHe
TIOJIE CTBOPIOBAJIOCS CTPYMOM KOTYIIIKH KEPYBaHHS 3, Ky
po3ramioBaHo Ha 30BHimHIN noBepxHi BMII. Ile mo3Bo-
JWJIO PO3MICTHTH ii B rabapurax cepiiHoro mapHipy 4,
IO CTIPOIIYBAJIO 3aMiHy €JIeMEHTY i3 Tymu Ha BMIL.

BusiBneHo, mo IHAYKIIO KEPYyYOro MAarHiTHOTO
morst B Mexax BMII (mo3umist 2) po3nomiieHo HepiBHO-
MipHO — BoHa MeHIe 3a 0,1 Tn Ha 3HauHIH Mo y cepe-
nuHi, Ta gocsirae 0,6 T Gins TOPIEBUX YaCTHH.

Le o3nauae, mo 6mausbko 20 % Bixg 06’emy BMII He
npuiiMae y4acTi y CTBOpEHHI JeMIi(yrodol CHIIH, 110 Bij-
MOBIZIHO 3HIDKYE €(QEeKTUBHICTh KEpyBaHHs ITiJBICKOIO
[10]. Po3nineHHs: KOTYINIKH KEpyBaHHS Ha JIBI YaCTUHH Y
BapiaHnTi (D) HeCYTTEBO 3MIHMIIO KapTHHY.
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a b
Puc. 1. Bisyauizaiiist KepyrO4oro MarHiTHOTO IOJISI 3@ TepepizaMu
BMII 3a nepuuum (a) Ta qpyrum (b) BapiaHTaMu KOHCTPYKIIii
mrapHipy: 1 — Bice mapsipa; 2 — BMII; 3 — koTymka kepyBaHHS;
4 — mapHip

CepenHs IHIYKIIS CKIajga y 000X BapiaHTax OIH3b-
ko 0,25 Tu, ToOTO 3HAYHO MEHIIE 3a 1HIYKIII0, IpU SIKiit
NOYHMHAEThCS MarHiTHE HACHUYCHHS YaCTOK HAIlOBHIOBAua
BMII. V 060x BapiaHTax HE BAAIOCS CIPSIMYBAaTH BEKTOP
IHAYKOii KepyHo4oro MarHiTHOrO MOJIS KOJNIHEapHO [0
HanpsMKy nedopmaniii BMIT: Bonu € opToroHansHUMHE.

BusiBiieHO BHHUKHEHHS 3 TOPLEBHX YacCTHH IPYX-
HOTO IIAapHIpY «MAarHiTHUX MICTKiB», A€ 1HIYKIis mepe-
pumryBana 1 Tn. Tomy mpuierii 4acTHHH MarHiTHOTO
KoOJIa JOCSATajdd HACHYEHHS, IO 3aBa)KaJIo 301JIBIICHHIO
IHAYKIIT KEPYIOYOT0 MarHiTHOTO TIOJSL.

VY TperprOoMy BapiaHTI KOHCTPYKIIii KOTYUIKY Kepy-
BaHHS Oyno posramoBaHo 3 Topus BMII, mo no3Bommio
30UIBIINTH KUTBKICTh BUTKIB IIPOBOMY Yy HE Ta, BiIMOBi-
HO, MarHiTopyriduy cury (MPC) (puc. 2).

Puc. 2. Bizyanizariis kepyro4oro Maraitaoro mosist mo BMII 3a
TPETIM BapiaHTOM HOTO KOHCTPYKIIi: 1 — Bick mapHipa;
2 — muninapuyna yactuaa BMII; 3 — topuesa wactura BMIT

BMII po3gineHo Ha ABi YaCTWHU: mepuy (TOPLEBY)
— Y BHUIIAAI KOHIYHOTO KUIBIL, Ta APYTY — Y BUIJIAII KO-
HIYHOTO LWIITHJAPY Ha oci oOepTaHHs wapHipy. Jocsaray-
TO KOJIIHEapHICTh BEKTOPa KEPYIOHOro MAarHiTHOTO MOJIs
Ta CIpPSIMYBaHHS KOHIJIOMEpAaTiB MarHiTHUX 4acTok. Lle
Mae migBuImuTH 10 21 % dakrop 3aracaHHs KOJHBAaHb y
nopiBHAHHI 3 i30TportHnM BMII [9, 11].

JocmimkeHns BUsSBIIO, 1m0 y 1isoMy BMIT BuxmmroueHo
YaCTHHH, J€ IHAYKIIS KEPYIOUOro MarHiTHOTO TOJIS 3aHAATO
Maja. 3aBIsSKd I[bOMY JIOCSTHYTO OULTBIII BHUCOKE il CepelHe
3Ha4deHHs (0,6 Ti). Ane npu 1bOMy He BIajocs JOCATTU KO-
JIHEapHOCTI BEKTOPY 1HIYKIil KepPyIOUOro MarHiTHOTO TOJIs,
SIKAIA IOTHYHWH JJO MarHITHAX CHJIOBUX JIiHIH, 3 HAMPSIMKOM
nedopmartii BMIT, sikuit OpTOrOHAITBHUIA IO HUX.

B ycix BapiaHTax Ha TOPIIEBUX YaCTUHAX BHHUKAIOTH
«MaTHITHI MICTKH», III0 3aBakKa€ 30LTBIIYBATH IHIYKIIO
KepyIUoro MarHiTHOro Toiisi. Bce 1l BHMaramso mozjoB-
JKeHHSI TIOIITYKY OUTbII TOCKOHAIO1 KOHCTpyKIii BMIT.

Ha puc. 3 maBeneno cxemy minsicku T3 3 BMIL

c d
7

31 32

= is

Puc. 3. Cxema miasicku T3 3 BMII: 1 — Bick; 2 — Koieco;

3 — moBOpOTHHUII Kynak; 4 — BepXHill BaXiJb; 5 — HIOKHIN
Baxinb; 6 — BMII; 7 — 10 — Bici; 11 — nixpecopenuii kopryc;
12 — topcionnwuii Bax; 17 — kpoHwTeiin; 18 — rigpasiiunuit
amoptu3atop (['A); 19, 20 — ynopu; 23 — BMII KIT; 30 — 6110k
natynkiB; 31 — 670K KepyBaHHS; 32 — IKEPENo CTpyMy

MeTo10 podoTH € MiABUIICHHS AeMII(YIOUUX Blac-
tuBocted BMII cucremu kepyBanHs miaBicku T3, nuis-
XOM YJIOCKOHAJICHHSI HOr0 KOHCTPYKIIil.

J11st TOCSITHEHHSI METH MOCTABJICHO 3aBIaHHS:

® [IPOBECTH aHaJTi3 Ta NOpiBHAHHA Bimomux BMII ta
PO3pOOUTH HOBY, YAOCKOHAJIEHY KOHCTPYKIIIIO;

e BU3HAUUTH cepenHe 3a mepepizom BMII 3HaueHHS
Ta PO3MOLT IHAYKIIT KEPYIUOT0 MarHiTHOTO TIOJIS;

® CKJIACTH 3aJISKHICTh IIOKa3HUKA JeMI(yBaHHI
BMII Bix iHAyKIlii KEpyrOUOTr0 MarHiTHOTO TOJIS;

® TIOPIBHATH MOKa3HWKH AEMIIQyBaHHS PO3pOOICHOTO
BMII 3 BizoMIMH KOHCTPYKITISIMH.

MeToanka mpoBeneHHSI AOCTIKeHb ToNsraiga y
YHCENILHOMY PO3paxyHKY MarHiTHOTO IOJIsl, II0 BHHUKAE
y MPE mpucrpoi cucremu kepyBaHHs miaBicku T3, 3a
joroMororo mporpamMuux makeris SOLIDWORKS® Ta
FEMM, Ta Bu3HAueHHIO JAeMI(YIOUUX BIIACTUBOCTEH
MiZBICKM Ha TJICTaBi BHUSBICHOI y MOIEPEIHIX poboTax
3aJIeKHOCTI TIOKa3HWKa JAeMII(pYBaHHS Bl IHAYKIIT Kepy-
F0Y0T0 MarHiTHOTO TIOJIS.

00’exkToM Jociitkedb € ymockoHaiueHuit BMII,
SKNH CKJIAIA€ThCsl 3 KOTYIIKN Y BUTTIIIAIL TOPOifa, ocepenms
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AKO1 BUKOHAHO 3 aHi3oTporHOro MPE, a koTymika otpumye
CTPYM Bifl OJIOKY >KUBIICHHS, IIPH LIbOMY 3HAYEHHS CTPyMY
BCTAHOBJIFOETHCSI OJIOKOM KepyBaHHs. JlaHa KOHCTPYKIIis
3axwuieHa natenToM Ykpainu [20]. BMII 23 (puc. 3) moxke
OyTtu BcTaHOBIIeHO Ha BHCsX 7 — 10.

Crnin 3ayBakuTH, L0 BIATBOPUTH aHI30TPOITHUH
BMII 3 HanmpsiMKaMu KOHIJIOMEpATiB HalOBHIOBaua, SIKi
CHIBNAIAI0Th OJTHOYACHO 3 yciMa pPi3HOMaHITHUMH aedo-
pMarisiMu TpykHOi BTYNKH Tpu pyci T3, HEMOXIHBO.
Tomy Oyno crBopeHo BMII, HampsMoK KOHTIIOMEpAaTiB
HaIOBHIOBAYA SIKOTO CIIBIIAAE JIUIIE 3 HATPIMKOM KyTO-
BHX JleopManiil Mpy>KHUX BTYIOK.

Posrnsremo pob6oty BMII B KII. XKopctkicts KII
BU3HAYAETHCA SIK CyMa MPHUBEICHUX JI0 KOJeca )KOPCTKOC-
Tei TopcionHoro Basia 12 ta BMII 6, ski MOXKyTh BCTaHO-
BJIIOBaTHCS B yCix (200 MeBHIN YacTWHI) IIApHIPIB Baxe-
niB. Jemngyroui cumm I'A 18 Ta BMII 6 npuBoasTscst 10
Bici Koieca i ckianaroTecs. Kepyrode MarsitHe mnose
CTBOPIOETHCS CTpyMOM | y KoTymkax kepyBaHHS 24, siKi
€JIEKTPUYHO MOETHAHO y MOCTiIOBHE Koo (puc. 4 — 6).

AN
Rk

R

Puc. 4. Ilepepiz A-A (3a puc. 3): 6 — npyxHa BTyJIKa i3 II’SITH
BMIT; 10 — Bick; 11 — minpecopenuii kopmyc; 12 — TopcioHHMIA
Baj; 13, 14 — uuninpoBi 3’ eaHanns; 15 — raiika; 16 — maiiba;
17 — xponiureiin; 21 — Brynka; 22 — 60JTOBE KPIlJICHHS;
23— BMII y Burisizi Topoina; 24 —KOTYIIKH KepyBaHHS;

26 — 29 — KOHTaKTHI KiJbLs

Jlane nose HamarHiuye (epoMarHiTHI YaCTUHKH Ha-
noBHOBaua BMII 1 BOHM MOYHMHAIOTH B3a€MOIISATH MIXK
c00010, CTUCKAIOUH ITyXKHY MaTPHIIO, SKa PO3TAIIOBaHA
Mk HEUMH. [{e BUKIIMKae 30UTBIICHHS CHJI TEPTSA MiXK MO-
JIEKYJIIPHUMH CTPYKTypamu y MaTpHlli Ta, BiANOBIIHO, i
JeMI(Y0YUX CHI Y ITiABICI, NPOMOPLIHHO 10 CTpyMYy .

[Mpouec peryntoBaHHS KOJMBaHb IAPECOPEHOTO KO-
prycy BinOyBaeThCs HACTYIMHUM YUHOM. HaiiOutein Hebes-
TIEYHIMH BBXKAFOTHCS TIEPIOAMYHI HEPIBHOCTI, SIKi HA BiJ-
TIOBIHIN IIBUAKOCTI PyXY BHKIUKAIOTH PE30HAHCHI KOJH-
BaHHA. [Ipy mboMy KoJieco 2 mepeMilly€eThest IO BEpTHKAIL
13 9acTOTOIO HEPIBHOCTEH 1 Tepenae MepeMillieHHs depe3
Bich 1 Ha Kynak 3, BepxHiii 4 Ta HIWKHIM 5 Baxkei, siki 00e-
pratotbes BimHOCHO Bicedl 7 — 10, 1 BUKIMKAIOTh KyTOBI
nedopmarii + y BMII 6 Ha nanux Bicsx (puc. 3).

Buxopucranns anizorponHoro MPE, y sikoro koH-
riioMepaT (pepoMarHiTHOrO HarOBHIOBAYa B MPOIIECI BHU-
TOTOBJICHHS PO3TAIIOBaHO KOJIiHEApPHO 10 HANPSIMKY KyTO-
Bux nedopmarniii BMII 6 ta BekTOpy iHAYKLII KEpyIHO4Oro
MarHiTHOro mossi, 3a0e3reuye OTPUMaHHS HaHOIIBIIOro
HOT0 BIUIMBY HA X JeMII(pYIOUi BIaCTHBOCTI (puC. 6).

Puc. 5. Byzox E (3a puc. 4): crpinka | Bkazye HanpsIMOK CTpyMy
Y KOTYILIKH KepyBaHHs 24; B — BekTop MarHiTHOT iHIyKIIiT;
10— Bich; 17 — kponmreiin; 23— BMIT; 25— rieHTpanbHa Bich cume-
Tpii mepepi3y KOTyIKu KepyBaHHs 24; 26 — 28 — KOHTAKTHi KiJIbLIS

25 17

5 6 24 2110 12
Puc. 6. ITepepiz F-F (3a puc. 4): 12 — TopcionHuii Ban npu ioro
TIOBOPOTI Pa3oM i3 HIDKHIM BaxkeJeM 5 Ha KyT y; 0 — HaPSIMOK
nedopmMariii 3cyBy; B — BEKTOp MarHiTHOI iHAYKLiT KepyHOYOTro
MAarHiTHOTO 1oJist; 5 — HwkHi# Baxiiab; 6 — BMII ; 10 — Bich;
12 — Topcionnuii Bam; 17 — kponmTeiin; 21 — BTyiKa;
24 — xory1ika KkepyBaHHs; 25 — leHTpabHa BiCh CUMETDii
nepepizy KOTYIIKH KepyBaHHs 24

Bukonanus kotyniku kepyBanHs 24 (puc. 4, puc. 5) 3
€IIACTUYHOTO TPOBITHUKA CTPYMY, HAIPHUKIIAM, i3 Toiale-
THJIEHY, MOZYJIb IPY>KHOCTI SIKOTO HAONVKEHUH 10 MO IS
npyxaocti MPE, Bukimtouae B3a€MHi nepeMileHHs Ta Tep-
TS KOHTAKTYIOUMX IIOBEPXOHb KOTYLIKH KepyBaHHS 24 3
MPE, 110 mifBUIIUTE HAIIHHICTE PoOOTH mpHCTporo. [Ipu
30UIBIICHH] CTPYMY Y KOTYIIIKaxX KepyBaHHs 24 iX MarHitHe
T0JIE 3POCTE, BIATIOBIIHO 30UIBIIATHCS JKOPCTKICTD 1 IeMII-
¢yBannst BMII 6, 1o BuKiIMue HEBEJIMKE 3pOCTAaHHS 4acTo-
TH BJIACHHMX KOJIMBaHb IiipecopeHoro kopycy. Lis yacrora
BI/IPI3HATHUMETBCS BiJ] 4aCTOTH CJiAyBaHHS HepiBHOCTEH
JIOPO’KHBOTO TPOQiITI0 (30YIKEHH), B HACIIOK YOTO aMIT-
JTyO PE30HAHCHHUX KOJHMBAHB IIiIPECOPEHOTO KOPITyCY
3MEHINAThCs. 3aBASKH KEPYBAaHHIO TaKOXK 3POCTE CHJIa JIEM-
ndysaans y BMII, sixka nomactecst 1o cwim AeMiQyBaHHS
I"A. Ile mpu3Bee A0 MOKPAIIEHHS IIaBHOCTI Xoay T3.

PesyabTaTH nocaigskenb. (s JoCATHEHHS TOCTaB-
JICHHUX 3aBJIaHb OyJ10 cHOPMYJIHOBAHO TIMOTE3Y: OCKLILKU
6I00MO, WO KOMYWKU y 8U2TIA0L MOPOIOi6 KOHYEHMPYIOmb
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eNleKmpoMAzHimHe noje 8 ix oceposix, Mo MOICHA OHiKy-
eamu, wo moponodionuii BMII niosuwums iHOyKyito Ke-

PYIOY020 MASHIMHO20 NOJs, 3a6e3nedums pPiGHOMIpHUL i

PO3N0O0LN 3a 00' EMOM MA BUKTIOYUMb KMASHIMHI MICHIKUY.,

BuxigHUMH NaHUMH U JOCHTIDKeHb OyiHu Kpec-
nennst BMII (puc. 6), MarHiTHI XapakTepHCTHKH CTai
mapHipy i HaroBHIoBaua MPE, cTpyM 1 KiJIbKiCTh BHTKIB
KOTYILIKH KEPYBaHHS Ta Il FreOMETPUYHI apaMeTpH:

e cepenHiii miamerp BapiroBaBcs B Mexax 70 — 100 mm;
ZiaMeTp paaiaJbHOTO mepepisy 15 mm;
JiaMeTp KOHIIEHTPHYHOTO OTBOPY 8 MM;
MaTepiall MaTpHIli — CHIIKOHOBA T'yMa;
pO3Mip YacToK HarmoBHIOBada 5 — 10 MKMm;
BMICT HalmoBHIOBaYa 3a 00’ emoM 40 %;
Marepial HaloBHIOBaua — KapOOHIIbHE 3aJ1i30;
BiZITHOCHA MarHiTHa npoHukHicTs BMII BapitoBanacs
B Mexax 6 — 8,9.

Yac poborn BMII (yac moxadi cTpyMy A0 KOTYIIKH
KepyBaHHs) OyB npuiitHaTrii 10 ¢, mo gonomMorio 3amnooi-
I'TH iX meperpiBy. [laauii 9ac oOTpyHTOBAaHO HACTYITHHM.
Bimomo, 1110 32 CTaTUCTHKOIO BaXXKUH 3 TOUKHU 30py TLIaB-
HOCTI XOIy IOpOXHill mpodine 3ycTpidaeThcs Ha Miclie-
BOCTI JIMIIIE TIEPIOANYHO, 1 Ma€ 4 — 6 BEepIIMH Ta BHAJUH
Ha aiustHI npoTspkHicTio 30 — 50 M. [Ipu Hai3gi Bke Ha
TPETIO HEPIBHICTh YacTO CIOCTEpiraeThcs MpoOii miBic-
KU Ta CYTTEBE IEPEBUIIEHHS JIOMyCTUMUX 33 €PrOHOMIY-
HUMH HOpMaMy{ BEPTHKaJIbHUX NPUIIBUIIICHb. Y pe3yJb-
Tari BoAii T3 BUMyIIEHUH Pi3KO 3HMKYBATH IIBUIKICTb.
1106 3amo0irté HFOMy came 1 MiJKITI0YaloThCS 3aIpoIio-
Hosani BMII KII (xpame aBToMaTW4HO, HAINpUKIal, 3a
JIOTIOMOT0I0 JIaTYNKA BEPTUKAIBHUX MPHUIIBHIIICHD ITiJ-
PECOPEHOro KOPITYCy) JIMIIE Ha Yac ITOAOJAaHHS BayKKOL
ninsakn. Ha mBuakocti 8 — 11 m/c me Oyzne ckimamatu
omm3bpKo 5 — 7 ¢. Omxe, yac pobotn BMII 3 HeBennkum
3amacoM MoxHa npuitaaTH 3a 10 c. Ile monomoxe 36epe-
I'TH HEOOX1IHY IUIABHICTh X0y 0€3 3HIKCHHS MBUAKOCTI
pyxy. Y pasi Buxogy BMII 3 mapgy T3 3amumurecs 3i
IITATHOXO ITiJ{BICKOIO, 1110 3a0€3I1eYnTh HOT0 HAMIHHICTE.

KiHneBo-enemeHTHa CiTka CTBOprOBajIacsi IMporpam-
HuM naketoM FEMM y aBTOMaTuyHOMY pexunMi 3 MOXKIIH-
BICTIO il KOpPUTYBaHHS Ul YTOYHEHHS pe3yJIbTaTiB JIOCIi-
JUKeHb. 3 BHKOpHCTaHHsM mnporpamn  SOLIDWORKS®
CKJIaJICHO PO3PAaXyHKOBY CXEMy Ta IOCTAHOBY 3ajadi pPo3-
paxyHKy MarHiTHoro mojii BMII (puc. 7). ITicns 3aBmaHHs
napaMeTpiB, KOHCTPYKTUBHUX MaTepialliB, a TaKoX GopMy-
BaHHS OOMOTKHM KOTYIIKH KepyBaHHs, mporpama FEMM
Bi3yaslizyBaJla MarHiTHE IOJI€ Y BUIJISII CHIJIOBHX JIHIM.
[puknaau pe3ynbrartiB po3paxyHKiB HaBeIeHO Ha puc. 7, 8.

Po3paxyHOK MarHiTHOTO II0JIsi IPOBEJCHO Ha Iepe-
pi3i TBipHOTO KOJIa TOpOiAa, KUl 00YMOBIIIOE KOHCTPYK-
uito BMII. IlpuitHaTo mpumylieHHs, 0 YacTHHA KoJia
o0epTaHHs TOPOily 3a TOBIIMHOIO PO3PaxyHKOBOI oOiac-
Ti, € IpsIMOI0. TakuM YMHOM, PO3paxyHKOBa 00JIaCTh CTae
OWTHIPUYIHOIO 3a (opMoro, pamiyc sSkoi 0OyMOBIEHO
paziycoM TBIpHOTO Kollia TOpoimy. 3 ypaxyBaHHSIM IIpH-
ITyLIEHHsI, MAarHiTHE TOJIe TOPOigy MOXKIMBO BH3HAYUTH
MpU aKCiaIbHO CHMETPUYHIA TOCTAHOBII 3adadi. Bick
cuMeTpii Oy/ie TOTUIHOIO 10 KOla 00epTaHHS TOPOiy.

I'pannuHi yMmoBHU: 3a rpaHuIeto 4 BEKTOPHHUI MarHi-
THHUU MOTEHLiaJl JOPIBHIOE HYJIIO, 3a rpanuisiMu B ta C
NPUIHATO NEpioAMYHI TPaHUYHI YMOBH. Y pO3paxyHKO-

Bilf obmacti 1 — marepian BMII, 2 — momianeTusieH, mo €
0OMOTKOIO 3 KEPYIOYHM CTPYMOM, 3 —CTallb.

Puc. 7. Jlo OCTaHOBKH 3a/1avi po3paxyHKy MarHiTHOTO MOJIS:
1 - o6nacts 3i crpymom; 2 — BMII; 3 — crpym

Ha puc. 8 nHaBeneno pospaxyHkoBy obiacte BMIL.
JlocipKkeHHsT BUSIBIJIO, 1[0 TIPH CTPpyMi B oOMoTii 7,18 A,
MPC F = 17232 A, minbHocti ctpymy J = 42 A/mm?,
posmnonin MarHiTHOT iHaykuii y BMII Onusbkuit go pis-
HOMipHOTO — B cepennbomy 0,85 Tn, ToOTO HaitbibImIa
cepen IHIIMX BapiaHTiB KOHCTPYKLiH. 30HH, A€ IHIyKis
He nepesutnrye 0,1 T, (mo y 2,5 MeHme 3a 1 cepeHio
BEJIMYHMHY ), Ta «MaTHITHI MiCTKI» (I¢ 1HIYKIig OlbIa 3a
1 Tn 1 yacTKM HaNOBHIOBAYa IOCATIA MardiTHOTO HacCH-
4eHHA) — BiACyTHI. ['ycTHHA cTpyMy Ha KOHTakKTax (puc. 5
mo3. 26 — 28) HeBucoka i ckiagae 2,4 Aln?, TOMY 11O
IUTOIIA KOHTAKTy 3HAYHO OUIbIIa 3a IUIONITy Iepepidy o0-
Motku. Korymka BMII %HMBUTBCS CTPYMOM B iMITyJIbC-
HOMY peXHMi 3 €(pEKTUBHUM OXOJIOPKEHHSIM — POJib pa-
JiaTopy BUKOHYE MOBEPXHs BY3IiB X0/10Bo1 yactuuu T3,
mo obyBaeThes MoBiTpsAM. Po3paxynku neperpisy BMIT
JIOBEJH, 110 Horo Temmeparypa 3a IUKJI poOoTH He mepe-
Burye 45 — 47 °C.

PesynbraTi HOCTIDKEHHS IUIIXOM KOMII IOTEPHOTO
MO/ICTIFOBaHHS 3aJIEHOCTI CepeHbOI IHAYKIII Kepyodo-
TO MarHiTHOTO ITOJISI BiJl CEPEIHBOTO JiaMeTpy Ta BiJIHOC-
HOi MAarHiTHOi MPOHWKHOCTI ymockoHameHoro BMII Ha-
BEJICHO Ha puc. 9.
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Puc. 8. ITocranoBka (a) Ta pe3ynsratu Bupimenus (D) 3axa4i po3paxyHkKy maraitHoro mosis BMIT

B, T

0,8

0,6

0,4 ‘\
N
T —

0,2

0 0,05 010 015 020 Ds,m
Puc. 9. 3aiexHICTh cepenHbOi IHAYKIIIT KePyIUoro MarHiTHOrO
nosst Bix cepennboro aiamerpy BMII Ta iioro BizHOCHOT
MAarHiTHOI MpoHUKHOCTI: 1 — U =6; 2— 1= 8,9

Sk BHIHO 3 pHC. 9, 3MEHIIICHHS CEPEIHBOTO JiaMeT-
py topoina BMII crnpusie minBUMIEHHIO IHAYKIT KEPYIO-
YOro MAarHiTHOTO TIOJS, a 30UThIIICHHS — HABIIAKH, IO
3MEHINy€E Horo. 301IbIICHHS BiTHOCHOT MarHITHOI MPOHHM-
KHOCT1 JOIUIBHO, TOMY IO I MPOMOPLIHHO 301iIbIIye
IHAYKIII0 Kepyrovoro MaraitHoro moist BMIL

ITpu HaGmxenHi HarmoBHOBadYa BMII mo crany mar-
HITHOTO HACHYEHHS BiJHOCHA MarHiTHa MPOHUKHICTH IO-
YMHA€E 3MEHIIIYBATHCS, 110, BIMIOBITHO, BILUIMBAE HA IHIYK-
IO KEPYIOUOTr0 MarHiTHOTO TOJIsl T2 Ha JeMIl(pyroUi Biac-
tuBocti BMII. Tomy nHa Bemuunuu MPC Ta kepyrodoro
€JIEKTPUYHOTO CTPYyMY HaKJIa/ICHO BiAIIOBIIHI OOMEKEHHSL.

JIist oniHKK TeMI(YOYNX BIACTUBOCTEH YIOCKOHA-
neHoro BMII y Burmsiai Topoiza BUKOPUCTAHO Pe3yiIbTa-
TH JOCHIDKEHb, 10 BUKIaaeHl y [18], me Oyno excriepu-
MEHTaJIBHO JIOCHIKEHO 3pa3ku 3aBTOBIIKK 10 MM i3 aHi-
3otporrHOr0 MPE, sxwmii mictute 40 % (3a 06’emom) Ha-
MoBHIOBada (KapOOHUILHOTO 3aiiza). HampsMok koHTIIO-
MepariB y MPE cmiBnagas i3 HampsMkoM aedopmarriit
3pa3KiB Ta BEKTOPOM Kepyr9oro MarHiTHoro mojs. Ocki-
JIKA 1I€ CIBIAAa€ 3 OCOOIHMBOCTSAMHU YIOCKOHAJICHOTO
BMII, To MOXXHa HPUITYCTUTH, 110 iX nemr(yodi Biac-
THUBOCTI OYyyTh JOCTATHHO HAOJIIKEHI MK COOOIO.

3 ypaxyBaHHSIM LEOTO, CKJIAJICHO 3AJIC)KHOCTI MTOKa-
3HHKA JeMIIpyBaHHS BiJl IHAYKIT KEPYIOYOTO MarHITHOTO
ToJISL ISl OJIM3BKUX IO JIIHIHHUX YaCTHH KPHWBHX Hamar-
HivyBaHHs MPE, koiy 4YacTHHKHM HalOBHIOBaYa INe HE
JIOCSITIIA MAarHITHOTO HACUYCHHS:

D =0,038 + 0,075B. )

Omxe, TpU 30UIBIICHH] THAYKIIT KEPYyOYOro MarHi-
THOTO 1OJsA 10 0,6 Ti BiZHOCHMI MOKA3HUK AeMII(byBaH-
Hs 3pocTae 3a JiHidHUM 3akoHoM Bim 0,038 mo 0,083,
T00TO ¥ 2,2 pasu. [Ipu oMy aMILTITyIM KOJMBaHb MacH
Ha 3paskax i3 MPE 3menmryBamucs ynsidi [18].

3 BUKOPUCTAaHHSM 3aJIeKHOCTI (2) po3paxoBaHO Bif-
HOCHHI mmoka3HUK Jemidysannss BMIT Dy y Burisiai Topa
IpH 1HIYKIIT Kepyrdoro maruirHoro mojis B = 0,85 T,
o Oyna y HboMy AocsTHyTa (puc. 7, 8):

Dy=0,102; 3)
ADy =0,102 /0,038 =2,68. 4)

TakuM YHMHOM, TOKa3HUK AeMIbyBaHHS 3pic v 2,68
pasu y MOPIBHIAHHI 3 BHITAIKOM, KOJH Kepylode MarHiTHe
nose BifgcyTHe. Le Ha 22 % Oinplue, HiX OyJI0 JOCATHYTO
y noriepeaHix KoHCTpyKUisix BMIT (puc. 1, 2).

OuiHroBaHHs eeKTHBHOCTI ynockoHaeHoro BMII y
BUTJISIIII TOpa MPOBEICHO MUITXOM ITOPIBHAHHS 32 BiXHOC-
HUM TTOKa3HUKOM JIeMIT()yBaHH Ta 32 CHJIOIO HE TIPYKHOTO
omopy ((H/(m/c) abo xr/c) meox T3. Ilepmmii 3 HUX 06ma-
HAHO TiJBICKOIO, L0 MICTUTh MPYXKHI IIAPHIPU 13 I'ymH, a
Jpyruii — npyxHi mapHipu 3 BMIT y Burmsizni topa.

Ha nemmn¢yroui BIacTHBOCTI I'yMU MarHitTHe MoJje He
BILUIMBAE, TOMY 11 BiIHOCHUI MOKa3HUK nemrpyBaHHs Dy,
SKMHA OTPUMAaHO IpPU CTEHIOBHUX BHIPOOYBaHHSX, € IIO-
CTIHHUM 1 TOpiBHIOE

D, =0,035. 5)

ExcrniepuMeHTaIbHO OTpHMaHa CHja HE IPYXKHOTO

onopy I'A mrraTHoi nizBicku oxHoro 3 T3 HOpiBHIOE:
Pa=4000 kr/c. (6)

Jyisl BU3HAYEHHS CHJIA HE TIPY>KHOTO OTIOPY ITiIBICKH
3 BMII BHKOpHCTaEMO BiIOMY 3aJI€KHICTh JJISI KPUTHIHO-
T0 Koe(illieHTy o1mopy [ KOIMBaJIBHOI CHCTEMH [Kr/c]:

fe=2:(Cm)°*, (7
Jie M— maca, mo oepe ydactpb y konuBaHHsx; C — xopcT-
KICTB ITIABICKH.

IIpu maci m = 2000 Kr 9acTHHU KOPIYCy, SKa MPH-
nazae Ha oJiHe koiyieco T3, Ta >KOpCTKOCTI PYKHOT MifBi-
cku C = 117800 H/m, kpuTudHa cuia HE MPYKHOTO OIIO-
py migBicku 3 yaockonanenum BMII f, cknazie

B = 2-(117800-2000)"* = 30699 kr/c. ®)

Cuna He npyxHoro onopy miaBicku T3 3 BMII 6e3
A g,

S,=0,102-30699 = 3099 kr/c. )

Cuna He mpyxHoro omopy minsicku T3 3 'A Ta
NpY>KHUMH IIapHipaMu BaxedniB i3 BMII S,

Sy = 4000 +3099 = 7099 kr/c. (10)
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Cuna He TIpy>XKHOTO OIOpPY MiABICKK T3 3 TYMOBHMH
mapHipamu 6e3 A £
S =0,035-30699 = 1074 xr/c. an
Cuna He mpyxHoro omopy mimBicku T3 3 T'A Tta
MIPYKHUMH IAPHIPAMHU BaXKETIB 13 TYMH [y
Sar = 4000 +1074 = 5074 kr/c. (12)
BigHocHuit moka3HUK JeMI(yBaHHS KOJMBaHb ITiJ-
Bicku T3 3 'A Ta npyXHUMH IIapHIpaMH BaXKETIB i3 TyMH
CKJIaJlae
Da=(fat )/ B (13)
Dar = (4000 + 1074) / 30699 = 0,165. 14)
BigHocHuil noka3HUK AeMI(yBaHHS KOJMBaHb ITiJ-
Bicku T3 3 'A Ta npy>KHUMH IIapHipaMH BaXKeliB i3 y10-
ckonanenuM BMII ckitagae
Da = (bat )/ B (15)
Da = (4000 + 3099) / 30699 = 0,231. (16)
BoueBunp, 3aBmsku 30inpmenHto y 7099/5074 = 1,4
pa3u CHIM He TPYXKHOTO OMOpPY MiABICKH MpH 00NaTHaH-
HA i ygockonaneanM BMII cyTTeBO mominmryroTees Jie-
MIQYyIo4i SKOCTI 1 IaBHICTh Xoay T3.
Jluist ouiHkK e(eKTUBHOCTI KepyBaHHs aemidyBaH-
HaMm migBicku T3 Ha puc. 10 HaBeaeHO 3aJ€XKHOCTI BiJHO-
CHOTO MMOKa3HWKa JEeMI(YBaHHS KOJUBaHb BiM 1HIYKIIIT
KEPYIOUOIro MarHiTHOTO IMOJIs AJIsl BapiaHTiB KOHCTPYKIIN
BMII Ta mrraTHOI minBicku koiicHoro T3.

D
j//——
020 ——
//8( 6
0,15 =
7
\ 5 fm—

0,10

3
//
/4
= N

0,05

0 0,25 0,5 0,75 1.0 BT
Puc. 10. 3anexHOCTi BiTHOCHOTO IIOKa3HHKA AeMII(yBaHHS KO-
BaHb IIJBICKH BiJ] IHAYKLIT Kepyrouoro MartirHoro nosst BMIL.
Excnepumenmaneni: 1 —nepumii Ta apyruii Bapiantu BMII;
2 — tperiii Bapiant BMII; 3 — ynockonanenuit BMIT; 4 — rymoBi
npyxHi mapHipy; 5—'A; 6 — mraTHa miaBicka 3 'A Ta rymoBu-
MH TIPY>KHUMHU IapHipamu. Pospaxynxosi: minsicka 3 I'A Ta npy-
JKHUMH IIapHipaMu: 7 — 3a HepIinM Ta ApyruM Bapiantamu BMIT;
8 — 3a Tperim Bapiantom BMII; 9 — 3 ynockonaneanm BMIT

I'padixu Ha puc. 10 103BONAIOTH MPOBECTH IMOPIB-
HSAHHS e(eKTUBHOCTI paaky miaBicok T3. I'padik 1 moso-
muTh, o BMII 3a nepmmM Ta qpyrum BapiaHTaMH KOHC-
TPYKILIiH, Ma€e BiTHOCHUIN NMOKa3HUK AEMI(YBaHHS KOJU-
BaHb He Oinbiie 3a 0,03. [Ipu BcTaHOBICHHI HOTO A0 Mij-
BickM pa3oM i3 wtatHuM ['A (5) peanizyerscst BinHOCHHI
TOKAa3HUK JeMI(yBaHHS KOJIMBaHb He Ounbmmii 3a 0,16,
(7), ToO6TO Ha MiHIMaJIbHOMY piBHI PEKOMEHIOBAHOI'O
(0,15 — 0,25) mns T3. [IpuyrHM HBOTO TOB’sI3aHi 13 HasIB-
HicTio y BMII 06’ €My 3 HaATO MaJoI0 iHAYKIEIO KEPyIo-
YO0 MarHiTHOTO IOJIs, KMarHiTHUMH MICTKaMI» Ha TOp-
LEBHUX YaCTHHAX MArHiTHOTO KOJIa MPYXXHOTO IIApHIpy Ta
BIJICYTHICTIO KOJIIHEAPHOCTI BEKTOPY IHAYKIIT KEPYy040ro

MAarHiTHOIO IOJS 3 HalpsSIMKaMH KOHIJIOMEpAaTiB HaroB-
HIoBaya i meopmartiit BMIT.

I'pagix 2 moBoguts, mo BMII 3a Tpetim BapianTOM
KOHCTPYKIIi, Ma€ BiJHOCHHN ITOKa3HUK JeMII(pyBaHHS
kommBade 0,05. [Ipu BcTaHOBIEHHI HOTO A0 MigBICKH pa-
30M i3 mTatHUM ['A (5) peanizyeTbcs BiTHOCHHH MOKa3-
HUK nemngyBants konuBasb 0,18 (8), To6TO Ha MiHIMa-
nbHOMY piBHI. [IpUunHOI0 HBOTO € MOsSIBa «MarHITHUX
MICTKIB» Ta BIJICYTHICTb KOJIIHEAPHOCTI BEKTOPY 1HIAYKIIT
KEpYIOUOro MarHiTHOTO MOJIst 3 HaNpsIMKaMu JieopMartii
Ta KOHIJIOMEpPATiB HAallOBHIOBAYa.

I'padix 4 noBOAUTS, 110 MITATHI TYMOBI IPY>KHI IIa-
PHIPH BiATBOPIOIOTH BiTHOCHUI IOKa3HHK JeMI(pyBaHHS
konmBaHb Ha piBHi 0,035. [Ipu BcTaHOBJICHHI iX A0 MiABi-
cku paszoM i3 mratHuM ['A (5) peamizyeTscs BiTHOCHUIA
MOKa3HUK JemrdyBaHHs KonuBaHb (6) Ha piBHi 0,165,
ToOTO Maibke MiHIMANBHUIA pexoMmeHAoBaHWA. Lle minm-
TBEPUKEHO EKCIEPUMEHTAIEHUMH JIOCIHIUKEHHAMH PYXY
T3 mo goporam 3 BaxkuM TpodiseM, B MPOIECi SKUX BH-
SBJIEHO, L0 Ha TaKWX JOporax aemn(yBaHHSI HE BUCTa-
yae, a mratHi ['A neperpiBatorsest [1].

I'padix 3 noBoauTh, 1m0 oOmagHaHHs miaBicku T3
yIIOCKOHaJIeHHM BapianToM koHcTpykuii BMII BinTBOproe
BIJIHOCHMI TIOKa3HHWK JeMI(yBaHHA KOJMBaHb Ha piBHI
0,102. ITpu BcTanosienHi BMII o minBicku pa3oM i3 mmira-
tHUM ['A (5) peanizyeTbcst BiTHOCHUI NMOKa3HUK JeMdy-
BaHHs koymBaHb 0,231 (9), mo HaOMMKEHO 10 HOro Mak-
cUManbHO pexkomeHnoBaHoro 3HadeHHs (0,25). [MpuunHa
IIFOTO TIOJIATAE B HACTYITHOMY: 320€3€YCHO KOMIHEAPHICTh
BEKTOPY 1HAYKLII KepyIO4Oro MarHiTHOTO IOJIS 3 HAIpPSAM-
Kamu aeopmalliii Ta KOHrIIOMepaTiB HarmoBHIOBaua BMIT,
Kepyloye MarHiTHe IoJjie KOHLEHTPOBAHO JIMIIE y TOpOini
Ta PIBHOMIPHO PO3MOAUICHO B MOro 00’€Mi, a «MarHiTHI
MICTKI» BIJICYTHI.

301blIEHHS MPU KePYyBaHHI Mi/IBICKOIO BIIHOCHOTO
NOKa3HUKa neMrndyBaHHs konuBaub Bix 0,165 mo 0,231
(To6T0 ¥y 1,4 pasm), Mae CyTTEBO MONINIINTH TUIABHICTH
xony T3.

BucHoBkmn.

1. AHami3 mKepea BUSBHUB, IO MarHiTOPEOJOTivHi
€JIaCTOMIPH MalOTh IIE€BHI NEPCHEeKTHBU LI0J0 BHKOPHC-
TaHHs y TEXHIYHUX MPHUCTPOSAX. BiIOMHM KOHCTPYKIIiSIM
BHKOHABYHX Mariropeosoriauux mpuctpois (BMII) ke-
poBanux miagicox (KII) Tpancnopraux 3aco6iB (T3) npu-
TaMaHHI HEJONIKH: HEMOXXJIMBO JOCATTH HEOOXiIHOI 3a
3HAYEHHSAM 1HIYKIIl KepYI04Ooro MarHiTHOTO IOJIs, CIIps-
MyBaTH i1 y340BX KOHIJIOMEpaTiB ()epOMarHiTHOrO Haro-
BHIOBaya Ta aedopMarliif, i HasBHICTh 30H, JI¢ BOHA 3a-
HA/ITO MaJa, 1o 3HIXKYe epeKTuBHICTh KepyBaHHs KII.

2. YIOCKOHANICHO Ta 3alaTeHTOBAHO KOHCTPYKIIiIO
BMII, 110 mo36aBiieHuii 3raJjaHiuxX HEIOJIKIB, SKUH BHUKO-
HAaHO y BUIJIALI TOPOIMiB 3 KOTYIIKAMH KEpyBaHHS i3
CTPYMOIIPOBITHOTO MPY>KHOTO TOJIIMEDY.

3. BusBieHO, 1110 CepeHE 3HAYCHHS HIYKIIT Kepy-
I0Y0T0 MarHiTHoro mnosst yaockonanenoro BMIT nocsirae
0,85 Tn (to6TO Mexi, ne (hepoMarHiTHUI HaNOBHIOBAY
TUIBKY [TOYMHAE MArHiTHO Hacu4yBaTHcs, a rpadik Hama-
THIYYBaHHs OJIM3BKUH 110 JIiHIHHOTO, 1 HOro BimHOCHA
MarHiTHa NMPOHMKHICTD HalOUIbIIa 1 Maibke mocriiiHa), a
30HH, JI¢ IHIYKIIiS 3aHATO MaJjia — BiICYTHI.

4. CknaneHo 3alIe)KHICTh MOKa3HHMKaA AeMII(pyBaHHS
3pa3kiB 13 MPE Bijx iHIyKIii Kepyr4yoro MarHiTHOTo Io-
s, SIKa 103BOJIsiE Ha cTasii mpoekTyBaHHS KII mporunosy-
BaTH 11 nemiyrodi KOCTi.
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5. IopiBHAHO €QEeKTHBHICTH MiNBICOK 3 yIOCKOHA-
neanM BMII Ta i3 mTaTHOO IMiABICKOIO, IO MICTHTD TIPY-
JKHI MIApHIpH i3 TyMH, 32 BiTHOCHUM IOKAa3HHKOM JEMII-
¢yBanHs. BigHocHMI MOKa3HUK JeMiipyBaHHS KOJIUBAHb
migBicky T3 3 mITaTHUM TiIPaBIiYHAM aMOPTH3aTOPOM Ta
NPY>KHUMH IIapHipaMK BaXkelNiB i3 yaockoHaseHum BMIT
IpU HaiOUIBIIOMY CTpyMi KepyBaHH: ckianae 0,231, mo
y 1,4 pa3u Oinpliie, HIXK y MITATHOI MiABICKH, IO MO3UTH-
BHO BIUIMHE Ha IUIaBHICThL X0y T3.

6. HanpssIMKY MOAATBIINX JTOCHIIKEHD MMOJIATAI0OTh Y
ONTUMI3AIlil mapaMeTpiB KOTYIIOK KepyBaHHS s 3a0€3-
MeYeHHs 1X 3aXHCTY BiJ IEPErpiBy.

KonduikT intepeciB. ABTOpH CTaTTi IEKIapyrOTh
BIJICYTHICTh KOH(QIIIKTY iHTEPECIB.
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Increasing the damping properties of the magnetorheological
actuator of the vehicle suspension control system.
Introduction. In accordance with one of the ways of solving the
problem of increasing the smoothness of the vehicles, a con-
trolled suspension is proposed, which is created on the basis of
the use of «smart» materials — magnetorheological elastomers,
the mechanical properties of which, in particular, damping, can
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be changed with the help of a controlling magnetic field. Thisis
implemented with the help of the magnetorheological actuator
of the suspension control system, which has the form of an elas-
tic bushing of the suspension arm, consisting of several electri-
cally connected in series toroid-like coils (with a core of magne-
torheological elastomer). The device is powered by current, the
value of which is controlled by the operator, or automatically,
depending on the road profile and driving mode. Magnetor-
heological actuators (elastic bushings) are placed in the holes of
the suspension levers instead of standard rubber ones and com-
bined with a controlled current source. Thus, the suspension
becomes controllable, which makes it possible to set the neces-
sary vibration damping of the vehicle body to increase its
smoothness. Problem. The disadvantage of the previous designs
of the magnetorheological actuator is the insufficient amount of
the magnetic flux density and the unevenness of its distribution
within the elastic bushings. As a result, the damping properties
of such controlled suspensions become insufficiently effective,
which reduces the possibility of increasing the smoothness of the
vehicles. The purpose of the work is to increase the damping
properties of the magnetorheological actuator of the vehicle
suspension control system, which will increase the control effi-
ciency. The task is to improve the design of the performing
magnetorheological device, to carry out calculations and de-
velop a calculation scheme of the study, to determine the aver-
age magnetic flux density value and its distribution across the
cross-section of the device, to calculate the dependence of the
device damping indicator on the magnetic flux density, to com-
pare the damping indicators of the improved device with previ-
ously known ones. Methodology. Research tasks were solved on
the basis of magnetic field analysis using methods of magnetic
field theory and SOLIDWORKS® and FEMM software pack-
ages, as well as analysis of the dependence of the damping
properties of bushings from magnetorheological elastomers on
magnetic flux density. A description of the design and principle
of operation of the magnetorheological actuator of the vehicle
suspension characteristics control system is given, based on
which the calculation scheme was developed. Results. The re-
sults of research calculations showed that the average value of
magnetic flux density in the proposed design of the device
reached 0.85 T, its distribution became fairly uniform, and there
were no zones where it was abnormally small. For the first time,
the dependence of the damping index on the magnetic flux den-
sity of the controlling magnetic field has signs of scientific nov-
elty. It was found that this indicator for the proposed design of
the device increased by 22 % compared to previous other de-
signs, which will increase the efficiency of the control system
and the smoothness of the vehicle. A positive result was
achieved due to the following features of the proposed design of
the suspension actuator: the elastic sleeve consists of several
coaxially located actuators made of anisotropic magnetor-
heological elastomer, in which the conglomerates of the ferro-
magnetic filler during the manufacturing process are located
collinear to the direction of the angular deformations of the
sleeve and the control magnetic field flux density vector, and the
devices have control coils located on their surfaces, which are
made of conductive elastic elastomer and electrically connected
in a series circuit. Originality. The control method, previous
designs and construction of this controlled suspension are pro-
tected by patents of Ukraine. Practical value. The direction of
further research is to optimize the parameters of the control
coilsin order to reduce the energy consumption for them and to
protect them from overheating. References 20, figures 10.

Key words. magnetic field, magnetorheological actuator,
anisotropic magnetorheological elastomer, control system,
vehicle suspension, damping.
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