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V.1 Milykh

Numerical-field analysis of active and reactive winding parameters and mechanical
characteristics of a squirrel-cage induction motor

Introduction. The active and reactive (inductive) winding resistances of three-phase inductions motors (IMs) are investigated. These
important parameters are determined during design and are the basis for calculating a number of energy parameters and
characteristics. Problem. In the classical design of IM, the winding resistances are determined with insufficient accuracy due to a
number of assumptions and conventions. Especially it concerns the operation of IM with increased slip and it affects the accuracy of
realization of its design data, starting parameters and characteristics. Goal. The paper aims to further develop the IM design system
by numerical-field computational analysis of active and reactive resistances of the IM windings in the whole range of changes in its
slip and calculation of the mechanical characteristic of IM to confirm the adequacy of the calculations of these resistances.
Methodology. Resistances of the IM windings are determined by numerous calculations of the magnetic fields of dispersion with the
FEMM program within stator and rotor teeth steps, and with current displacement in a squirrel-cage rotor core. Everything is done
in the slip range when operating from start-up to idle with changing currents in the slots and the corresponding magnetic saturation
of the core teeth. A Lua script has been created for the calculations, controlling the FEMM program and providing automation of all
calculations. Results. The numerical-field method shows that the classical design method gives very large errors in determining the
magnetic conductivities of IM slot dispersion, as well as current displacement in the bars of the squirrel-cage rotor winding. This is
especially evident with increased slips in the start-up mode. Originality. Numerical estimates of the differences between the classical
and numerical-field methods are given and the origin of errors is analyzed: the strong saturation of the teeth of the stator and rotor
cores. This leads to a significant decrease in the magnetic conductivities of slot dispersion and the practical absence of current
displacement in the rotor bars, on which the main emphasis was previously made. The obtained results made it possible to calculate
the mechanical characteristic of the IM according to a transparent formula without the use of correction coefficients and reference
graphical functions. Practical value. The provided technique of numerical-field analysis and the obtained results of the calculation
of active and reactive winding resistances and mechanical characteristic are recommended as a basis for the improvement of the IM
design system. References 18, tables 7, figures 13.

Key words induction motor, stator and rotor windings, active and reactive resistances, magnetic saturation, eddy currents,
mechanical characteristics, classical design, numerical-field calculation analysis.

Jocrioocytomscsa peaxmughi (IHOYKMu6Hi) onopu po3CisiHHa i aKmueHi onopu 06Momox mpugasuux acunxpornux oguzymie (TA/L).
Li ixui sasicnusi napamempu UHAYAIOMbCS NPU NPOEKMYBAHHI | € OCHOB0I0 O/ PO3PAXYHKY HU3KU eHepemuyHUX napamempie ma
xapaxmepucmuxk. Ilpu knacuunomy npockmyeanni TAL onopu 06momox eusnHauaromscsa 3 HedOCMammubol0 MOYHICIIO Yepe3 HU3KY
npunywens i ymosnocmeil. Ocobaueo ye cmocyemvcs pooomu TAJ 3 niosuwyenum KO83aHHAM I 6i0OUBAEMbCA HA MOYHOCI
peanizayii ti020 NPOCKMHUX OAHUX, NYCKOBUX napamempie ma xapakmepucmux. Memoio pobomu € nodanbuiuti po36UmMox cucmemu
npoexkmyeana TAL] wiasgxom uucenbHo-noIb068020 PO3PAXYHKO8020 AHANIZY AKMUSHUX | peakmusHux onopie oomomok TAL y ecoomy
Oiana3oni 3MiHU 11020 KOB3AHHS, I pO3PAXYHOK MexaHiunoi xapakmepucmuku TA/ 0ns niomeeposicenus adekeamuocmi po3paxyHKie
yux onopie. Onopu oomomox TA/] 6u3HAUAIOMbCA YUCETLHUMU PO3PAXYHKAMU MASHIMHUX NONi6 po3scisnus npozpamoto FEMM y
Medicax 3ybyesux Kpokie cmamopa i pomopa, a 8 Cmpudichi KOpOMKO3AMKHEH020 pomopa — 3 GUmicHenHAM cmpymy. Bce pobumsca y
Olana3oni K0G3aHHs npu pobomi 6i0 nYycKy 00 Hepobou02o X00y 3i 3MIHOK CMPYMI6 6 NA3aX I 8IONOBIOHO20 MACHIMHO20 HACUYEHHS
3y6yie ocepov. [lna pospaxynkie cmeopeno ckpinm Lua, saxuil xkepye npocpamoio FEMM i 3abe3neuye asmomamusayiro ycix
o6yucnenv. HucenbHoO-nOTLOGUM MeMOOOM NOKA3AHO, WO KAACUYHA MEMOOUKA NPOEKMYBAHHA Ode Oydice BeauKi NOoXubKu y
BUBHAYEHNI MAHIMHUX npogiOHOCmell na3oeo2o poscianna TA/, a maxooic eumicneHHs CMPYMy 8 CIMPUIICHAX KOPOMKO3AMKHEHOT
obmomku pomopa. Ocobauso ye NPOAGIAECMbCA NPU NIOBUWEHUX KOB3AHMHAX y Nyckogomy peodicumi. Haoano wuucnosi oyinku
PO3X00JICeHb KNACUYHO20 | YUCENbHO-N0Ib08020 Memo0di6 i NPOananizoéaHo NOXOOJICEeHHA NOXUOOK — CUNbHe HACUYeHHA 3Y0yie
ocepob cmamopa i pomopa. Lle npuzgooums 0o 3HauH020 3MeHUeHH MASHIMHUX NPOBIOHOCHEl NA306020 PO3CIANHA | NPAKMUYHOT
8I0CYMHOCIMI GUMICHEHHS CIMPYMY 6 CHPUDICHAX pomopa, Ha AKe pauiue pobuscsa ocnosuull akyenm. Ompumani pesynomamu
dosgonunu  pospaxysamu mexauiuny xapaxmepucmuxy TAH 3a nposopoio @opmynoro 6e3 BUKOPUCHAHHA KOPUSYBATbHUX
Koeghiyicnmie i 006iOHUKOBUX cpagiunux Gyukyiu. Haoana memoouxa u4ucenbHoO-noib08o20 aHANi3y [ OMPUMAHI pe3ylbmamu
PO3DAXYHKY ONOpI6 0OMOMOK MA MeXaHi4HOi Xapakmepucmuku peKoMeHOVIOMbCs K OCHO8A O YOOCKOHANEHMS CUcmemu
npoexmyeannst TA/[. Bion. 18, Tabmn. 7, puc. 13.

Kniouoei cnoéa: acHHXpPOHHMIl ABMI'YH, OOMOTKH CTaTopa i poTOpa, aKTHBHI i peaKkTHBHi ONOpPH, MArHiTHe HACHYeHHS,
BHXPOBIi CTPyMH, MeXaHIYHA XapAKTePUCTUKA, KJIACHYHE IPOEKTYBAHHS, YHCEJIbHO-N10JILOBHI1 PO3PaXyHKOBHIl aHAJII3.

Introduction. Three-phase induction motors (TIMs)
are among the most common motors in various spheres of
human activity. Their creation and improvement is always
relevant, especially considering their diversity and mass
production. This also applies to the design process with
ensuring the accuracy of the implementation of design
data, which allows to get rid of lengthy experimental
proofs of the created samples.

Active resistances and inductive resistances of
dispersion of stator and rotor windings are important
parameters of the TIM, which are determined during

design. They are the basis for further calculation of a
number of its energy parameters and characteristics, such
as operational, mechanical and starting.

For the calculation of these resistances in TIM
design systems, there are established methods, set out, for
example, in books [1, 2], which practically do not change
for decades. In these methods, the calculation of the
winding resistances at the level of the nominal load of the
TIM is usually not related to fundamental problems,
however, for slot, frontal and differential scattering, the
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formulas of the specific magnetic conductivities are quite
approximate. This is especially true for slot scattering,
because different shapes of slots require separate formulas
that are based on an a priori accepted simplified structure
of the magnetic field.

Determination of winding resistances is significantly
complicated for the operation of the TIM with increased
slip in the range from the starting point to the critical
point with the maximum electromagnetic torque. Here,
the winding currents increase significantly and the
winding resistances are affected by the saturation of the
tooth structures of the stator and rotor cores, as well as the
displacement of the high-frequency current in the rods of
the short-circuited rotor winding.

It was recognized in [1, 2] that these phenomena
primarily affect the slot dispersion of the windings and
the active resistance of the rotor core, as well as the
differential dispersion.

To calculate the components of the active and
reactive resistances of the TIM windings that change due
to the saturation of the teeth of the stator and rotor cores,
the methodology of their design provides certain
algorithms [1, 2]. They are built on significant
assumptions, which are added to what is accepted in the
calculations of the nominal load mode. For example,
displacement of current in rotor slots of various shapes is
based on the rectangular slots model, change of slot
scattering conductivity is based on a partial reduction of
its components in the upper part of the slots. And various
clarifying  coefficients and generalized graphic
dependencies, etc. are added to everything.

Thus, the real picture of the physical phenomena
taking place becomes opaque for the designer, and the
results of the calculations are very approximate.

Numerical field calculations using appropriate
software packages, for example, such popular ones as
ANSYS Maxwell, COMSOL Multiphysics, FEMM, etc.
can overcome conventions in the calculation of active and
reactive resistances of TIM windings.

A large number of works, for example, [3-15] are
devoted to the application of these complexes and other
computational and experimental studies of parameters and
characteristics of TIMs. But, fulfilling their specific
purpose, they did not delve into the analysis of the active
and reactive parameters of the TIM windings in the entire
range of accompanying sliding. That is, they used the
results of the TIM design and their created samples,
without referring to the design analysis of the specified
parameters. Therefore, such a task remains insufficiently
studied and relevant.

The goal of the work is the further development of
the TIM design system by numerical field calculation
analysis of the active and reactive resistances of its
windings in the range of slip s change from 1 to 0, and the
calculation of the mechanical characteristics of the TIM to
confirm the adequacy of the calculations of these
resistances.

Analysis of the latest research. Research and use of
active and inductive TIM parameters are very broad and
diverse in theory, design, and experimental work.

To the already mentioned design methods [1, 2], we
will add the article [3], where a numerical-field analysis
of the adequacy of the design data of the TIM and a
method of their refinement are proposed, which also
required the use of the specified parameters.

The work [4] is interesting, where it is emphasized
that in order to control and achieve an effective TIM
drive, a deep understanding and accurate determination of
its parametric characteristics is necessary. Accordingly, a
critical analysis of modern methods of their determination
is carried out, and based on the T-shaped replacement
circuit of TIM, an effective method is proposed, which
consists of a test without a rotor and with a double load.
In-depth experiments on the study of active resistances
and inductances of the windings are performed depending
on the stator current and frequency. It is noted that the
effect of magnetic saturation, losses in the core and skin
effect in the rotor rod is fully taken into account, which
ensures the accuracy of the measurement of TIM
parameters.

In the practice of -calculating parameters and
characteristics of TIMs, the evolution took place
depending on the availability of technical capabilities and
software.

The article [5] is devoted to determining the
parameters of the TIM replacement circuit according to
the passport data of induction motors and constructing
their mechanical characteristics with an analysis of the
calculation error. Variants of refinement of the well-
known Kloss formula and a modified critical slip formula
are considered. But it is not talking about changes in TIM
parameters due to saturation of the magnetic core and
displacement of current in the rotor winding.

Inductances of stator and rotor windings and
magnetic scattering in [6] are determined by the Finite
Element Method. The studies are carried out when the
magnetizing currents and rotor speed change and reflect
the change in TIM parameters. But they are determined
for windings as a whole without analysis of components
of inductances and current displacement in the rotor rods.

In [7], the parameters of the TIM with a complicated
stator winding are also determined by numerical field
analysis to prove the improvement of the harmonic
composition and performance of the machine. The basis
of the analysis is a T-shaped TIM replacement circuit, the
parameters of which are based on generally accepted
assumptions.

In [8], a 3D mathematical model of transient
electromagnetic fields was developed to identify the
active and inductive resistances of a short-circuit of the
TIM, which takes into account the nonlinearity of the
electrophysical and magnetic properties of materials.

In [9], the equation obtained for determining the
active resistance of the stator phase winding, which
consists of the relationship of the average values of the
integral functions of the current and voltage in the steady
state mode of operation is considered, which is focused on
the analysis of the parametric asymmetry of the induction
motor.

In [10], an overview of identification methods for
obtaining accurate parameters of an induction motor
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offline and online, taking into account the increase in
winding temperature, skin effect and saturation of the
magnetic core, is provided. During identification, the
motor is kept at a standstill and a DC voltage or single-
phase AC voltage signal is applied.

The article [11] presents an induction motor
parameter estimator based on the model reference
adaptive system (MRAS). A new concept of the PQ-
MRAS estimator is proposed, which allows simultaneous
calculation of the stator and rotor resistances, which is
considered its main advantage. The estimator uses the
active and reactive powers of the machine, which are
calculated from the single measured stator voltage and
current.

In [12, 13], an algorithm for calculating mechanical
characteristics and methods for analyzing starting modes
of induction motors with a short-circuited rotor are
proposed. The developed calculation methods are based
on a mathematical model of TIM, which takes into
account the change in own and mutual differential
inductive resistance due to the saturation of the magnetic
core and the active resistance of the rotor winding due to
the displacement of the current in its rods. However, the
actual active and inductive resistances as such are not
provided and not analyzed.

The article [14] presents a new methodology for
measuring the resistance of an induction motor for mass
production, and analyzes the dependence of the
inductance of its winding on the magnetizing current and
higher-order voltage harmonics, and also provides a
simulation model of the motor’s resistance to their
influence.

In [15] adaptive modeling of TIM is discussed for
the purpose of its refined design and compliance with
protection standards and a specific purpose. An algorithm
for the implementation of static and dynamic simulation
of an induction machine is provided, which is verified on
the basis of several common methods. One of the
foundations of modeling is the T-shaped substitution
circuit in various variations of its structure and
parameters.

Object of study. To demonstrate the ongoing
research, a TIM variant with nominal power Py = 15 kW;
phase voltage Uy = 220 V and frequency f; = 50 Hz;
number of phases m; = 3 and number of pairs of poles
p =2 was adopted. According to the design calculation of
this TIM, in [2] the following was determined: the height
of the axis of rotation 2 = 160 mm, the outer diameters of
the stator d;, = 0.272 m and the rotor d, = 0.184 m; air gap
6 = 0.5 mm; nominal slip sy = 0.0026; active length
[, = 0.13 m; rated stator phase current Iy = 29 A; the
number of its slots O; = 48 and consecutive turns on the
phase winding N, = 112, the number of parallel branches
a; = 2, the winding coefficient Ky, = 0.959; rotor phase
current /.,y = 442 A; the number of slots O, = 38.

The stator winding is single-layer, diametrical,
which is typical for TIM of certain power. The rotor
winding is short-circuited cast of an aluminum alloy,
there is no bevel of the slots, therefore the bevel
coefficient K, = 1.

The general layout of the TIM is given in Fig. 1.

Fig. 1. TIM electromagnetic system with the distribution of
currents in its windings and the picture of the lines of force of
the magnetic field at nominal load

In this TIM, common shapes of stator and rotor slots
of general industrial TIMs [1, 2] are used, which are
shown in Fig. 2 together with teeth and size designation
(in mm). The rotor core is complicated by a jumper of
thickness 4,4, which makes the slot closed.

L5 =

i
brl =

i _
N ¢ | ba=37 < S
[ [
. P
hy =20 —
hy =10
S hy =218

Fig. 2. Slots of the rotor and stator of the considered TIM

Specific formulas of the specific magnetic
conductivities of slot scattering correspond to the specific
shapes of the slots in the classical method of TIM
calculations. But this does not complicate numerical field
calculations of magnetic fields, because they are universal
and the calculation algorithm does not change when
changing from one shape of slot to another. The same
applies also to the calculation of the current distribution in
the slots of the rotor, taking into account the effect of its
displacement.

Fundamentals of numerical-field electromagnetic
calculations. Magnetic fields in the TIM are calculated
using the well-known Finite Element Method in the
popular FEMM software package [16]. Since many
calculation options were planned, the process of designing
the TIM, building its physical and geometric model in the
FEMM software environment, control of magnetic field
calculations and determination of the necessary
electromagnetic parameters were automated. For this

Electrical Engineering & Electromechanics, 2023, no. 4



purpose, following the example in [17] and other author’s
works, a script was created in the algorithmic language
Lua, integrated into the FEMM program.

The stationary magnetic field of the TIM in its
central cross-section is described by a well-known 2D
differential equation [16]:

rot[u; 'rot(k4,)] = kJ. (1)

where A4, J, are the axial components of the magnetic
vector potential (MVP) and current density; p, is the

absolute magnetic permeability; k is the ort along the
axial axis z.

The propagation of the magnetic field is limited by
the outer surface of the stator core, where the Dirichlet
boundary condition is set for the MVP: 4, = 0. Figure 1
provides an example of a picture of the lines of force of
the magnetic field of the TIM at the nominal load.

When calculating the magnetic field together with
the eddy currents in the rotor slots, the formulation of the
problem changes. In this case, the FEMM program solves
the harmonic problem of a plane-parallel electromagnetic
field based on the solution of the equation [16]:

_ e - 0A
rotfpy rot(kA )] = k(.5 7 41 =) )

are the values of MVP

04
where 4,, J,y, Jooe =—Yu atz

and density of external and eddy currents that change in
space and time; vy, is the specific electrical conductivity
of the rotor bar material.

Now, in the complicated case of the mathematical
model (2), the axial component of the current density has
two components:

Jo=J 0+ e 3)

Note that when solving equation (2), the FEMM
program operates with complex values that reflect
harmonic electromagnetic quantities that change with the
frequency of the external current. The calculation results
are outputted in the same form, i.e. in their complex
values.

To determine a sufficient zone for calculating the
distribution of currents in the rotor slots, test calculations
were previously performed.

From the considered variants of the electromagnetic
field modeling zone, the full geometric model of the TIM,
which is shown in Fig. 1, is first selected.

When calculating the current distribution in the rotor
winding rods, two rotor winding rods in diametrically
located slots are designated as active. The currents in
them are directed oppositely to ensure their asymmetry
and zero balance of the total current in the calculation
zone. There were no currents in the remaining slots of the
rotor and stator. The frequency of change of the rotor
currents in the start-up mode for the FEMM program is
set as f, = f;.

For the rods in the slots of the rotor, the electrical
conductivity of the aluminum casting in the cold state is
adopted vy, = 27 MS/m [1]. It was found that in both slots
the current density distribution was the same with a
change of sign.

After preliminary calculations, another calculation
model was applied, which is shown in Fig. 3. This is, in
fact, a fragment of the complete model in Fig. 1, but
within the tooth pitch of the rotor with the capture of the
back part of the rotor core and the air gap with the
conventional part of the adjacent stator core. Calculations
of the magnetic field with eddy currents on this model
gave almost the same results as in the previous case. This
corresponds to what is done when determining inductive
parameters and current displacement in TIM design
methods. Moreover, there the calculation zone is limited
only to the slot without involving the adjacent parts of the
tooth zone, for which the magnetic permeability is
considered infinitely large.

Fig. 3. Calculation models of rotor and stator slots
within their tooth pitches

Similarly, the zone of magnetic field calculation is
also adopted for the stator slot — it is also shown in Fig. 3
and captures the g slot pitch of the stator core with
adjacent parts of its teeth and back, as well as the gap and
conventional part of the rotor core.

Thus, when calculating magnetic fields, the
calculation models shown in Fig. 3 are used: for the stator
slot — according to (1), for the rotor slot — according to (2)
taking into account eddy currents.

Since in both cases the magnetic field of slot
scattering is calculated, it is considered that beyond the
outer limits of the calculation models in Fig. 3 it does not
propagate. Therefore, the already mentioned Dirichlet
boundary condition is set here for the MVP: 4, = 0.

When calculating the magnetic field of the rotor slot,
the magnetic properties of the adjacent part of its core
were set by the magnetization curve of the corresponding
steel, and the constant magnetic permeability L, was set
for the conventional part of the stator core. When
calculating the magnetic field of the stator slot, it was
done similarly, and in the conditional part of the rotor
core, a constant magnetic permeability p. was set. This is
indicated in Fig. 3, and below p, and p, are the relative
magnetic permeabilities and their values are given in
relative units (p.u.).

Solution of (1), (2) for the FEMM program is a
trivial task. Here, external currents are set in the slots, and
as a result of the numerical calculation, the program
provides the distribution of MVP, and for the rotor slot,
the distribution of eddy currents.

After that, it is time to determine the magnetic
conductivities of the slot dispersion of the conductors and
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the active resistance of the rotor rod. Let’s consider the
method of this on the example of the rotor slot, for the
magnetic conductivities of the stator slot it works
similarly.

Examples of pictures of the calculated magnetic
fields for the slots of the rotor and stator are given in
Fig. 4 (so far without eddy currents in the rotor slot).

For the slot of the rotor or stator, a single (for one
conductor) magnetic flux linkage (MFL) is determined
together with the «ballast», which is provided by the
magnetic field that goes into the gap and the core behind
it, Wb:

1
Your =< ,[AzdS > “4)
nut Smu

where S, is the area of the conductor part of the sot, m’.

Fig. 4. Pictures of the magnetic field of the rotr bar
at 11, =1000 and stator at p1, =1000 and nominal currents

MFL of scattering of the inner part of the slot, Wb:
\Pm: lenut - q)vnuta (5)

where ®@,,,, is the magnetic flux behind the slot spline
(ballast), Wb:

(Dvmtt = Avnut' laa (6)
where 4,,,, is the value of MVP, Wb/m, on the surface in
the upper part of the slots — at the points given in Fig. 3.

According to MFL (5), the unit inductance of the
slot dispersion of conductors in the slot, H, is determined:

Loy =¥ rn ! Ly (7)
where /,,, is the amplitude of the external current, A, in
the slot: for the rotor 7, = NEY; - (without eddy currents,
which ultimately give a zero contribution); for the stator
Lt = zQS\/EI o+, where 1,, I, are the effective values of the

currents; zo, is the number of effective conductors in the
stator slot.

The main result is the desired specific magnetic
conductivity of the scattering of the inner part of the slot,
ie.:

7\'rn = Lcrn / (HO la)a (8)
where 11, is the magnetic constant (o = 4-7-10"’ H/m).

To determine the active resistance of the rotor rod,
taking into account the nonuniform distribution of the
current density in it, the following steps are carried out.

According to the found distribution of the current
density J, the active power losses in the rotor core, W,
are directly determined by the FEMM program:

P, =—% [J2dS. 9)

Then the desired active resistance of the rotor
winding rod, taking into account the displacement of the
current in it, Q:

2
Ry =2-Fy /oy - (10)
With uniform current distribution, the active
resistance of the rotor rod, 2:
/
Ry0=—%—. (11)
YAlSnut

The degree of change in resistance of the rotor rod is

estimated by the coefficient of displacement of its current
kpy =Ry, /RnrO : (12)

Analysis of the results of calculations of magnetic
fields, eddy currents and parameters of conductors in
the slots of the rotor and stator. The main part of the
calculations was performed based on the working
temperature of the TIM windings, which in the project
according to [2] is equal to 115 °C. Here, the specific
electrical conductivity of aluminum casting vy,;;5 ¢ for
the rods of the rotor winding is taken to be equal to
20.5 MS/m.

In order to have basic points of reference, we will
give the values of TIM parameters from the project [2]:
the magnetic conductivities of the slot dispersion of the
rotor A, = 2.64 and the stator A, = 1.48, the cross-
sectional area of the rotor winding rod S, = 173.2 mm’
and its active resistance R,,o = 34.2:10° Q at temperature
of 115 °C.

Considering different calculation modes, the
currents in the slots of the rotor and stator (Fig. 3) will be
given in relative units (p.u.) as their multiples relative to
the nominal values .y and -

klr :]r/[rN; k]s = IS/ISN' (13)

To enter the calculations of the magnetic field and
parameters at a clear level, let’s start with the nominal
mode with k;, = 1, k;; = 1 and the corresponding slip sy.
We will perform the first calculations with unsaturated
inactive parts of the calculation models in Fig. 3, for
which it is sufficient to take p, = 1000 or p, = 1000.

The results of the numerical-field calculation of
magnetic flux linkages and inductive parameters
according to (4)—(8) for the rotor core are given in Table
1, for stator conductors — in Table 2 (in the first rows of
the tables), and the pictures of the magnetic fields are
already shown in Fig. 4.

Table 1
MFL and inductive parameters of the rotor core
ats=sy; ki =1; f,=1.3 Hz

Mg, Woues Avputs D,y ¥, Loy, My
pu. |[10°* Wb|10° Wb/m | 10* Wb |10* Wb|107 H| p.u.
1000 | 8,982 4,511 5864 | 3,119 | 4,989 |3,054
50 | 8,400 3,985 5,180 | 3,220 | 5,152 |3,154
1 | 4280 | 06622 | 08609 | 3,419 | 5469 |3,348
0,01 | 3,621 | 0,1591 | 0,2068 | 3,414 | 5462 |3,343
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Table 2
MFL and inductive parameters of stator winding conductors
at k]_; :1;ﬁ: 50 Hz

[ k S Aty D5 Y, Ly, Aens
pu. |10* Wb | 102 Wb/m | 10*Wb|10* Wb|107 H| pu
1000| 5,41 2,96 3,85 | 1,562 | 2,721 | 1,665
50 | 4,96 2,62 3,40 | 1,562 | 2,720 | 1,665
1 2,02 0,42 0,556 | 1471 |2,561 |1,568
0,01 1,52 0,070 | 0,0904 | 1431 |2,492 |1,526

For the main parameter — the magnetic conductivity
of slot scattering, the numerical field calculation gave
results that exceed the data of classical calculations for
rotor and stator slots by 15.7 and 12.5 %. Due to the low
frequency of the rotor current f, = 1.3 Hz, the influence of
eddy currents is practically absent.

It can be assumed that the increase in magnetic
conductivities was due to a more natural structure of the
lines of force of the magnetic field in the upper parts of
the slots, where their density and, accordingly, their role
is the most significant, while the classical technique is a
priori based on an overly simplified structure of the lines
of force.

Let us analyze in more detail the structure of the
magnetic conductivity of the rotor slot in its upper part —
in the jumper zone, which is shown in Fig. 2, 5.

Magnetic conductivity of the slot on the thickness of
the jumper according to the conditional formula from the

design methodology [2]
112- -
Ao _LM20hro 03— 760, (14)
rN
and it is also through a numerical field calculation:
M pnhop = A = Aot _ 1 543, (15)
MOInut

where A, Ave are the values of MVP at the lower and
upper points of the jumper, which are indicated in Fig. 5.

|

K = 0,01
Fig. 5. Fragment of the rotor slot in its upper part

It can be seen that the difference is very large and
amounts to 63.5 %, although in the full value of the
magnetic conductivity of the dispersion of the rotor slot it
looks like 15.9 %. Here, the magnetic flux density in the
middle of the jumper is 3.28 T, and the relative magnetic
permeability is 12.

It is interesting that if there were no jumper, then
this very place, but non-magnetic, would give magnetic
conductivity

ho _ 0,20,
rl

that is, the steel jumper of the slot significantly increases

the value of the inductive parameters of the rotor winding.

(16)

}"rnhO =

In the absence of current displacement in the rotor
slot, the active resistance of the rod according to (10)
R, = 36.2:10° Q, which is slightly different from the
design value R, given above. This is due to the fact that
the FEMM program by its means determines the cross-
sectional area of the rotor winding rod more accurately:
S =175.1 mm”.

On the calculation models in Fig. 3, it was checked
how the value of the magnetic conductivity of the inactive
part of the calculation zones affects the calculation
results. For this, to the already used values p; = 1000 and
1= 1000 we also added values of 50, 1, and 0.01.

The resulting pictures of the lines of force of the
magnetic field are given for the rotor slot in Fig. 6, for the
stator slot — in Fig. 7, and the results of the calculations
are placed in the next rows of the same Tables 1, 2.

Fig. 6. Pictures of the magnetic field of the rotor rod at
different values of the magnetic permeability of the stator core
zone

w-=0,01

Fig. 7. Pictures of the magnetic field of the stator slot at
different values of the magnetic permeability of the rotor core
zone

po=1

Naturally, as the magnetic permeability of the
inactive part decreases, a smaller fraction of the magnetic
field passes through the gap, and in the extreme case, at
iy = 0.01 and p, = 0.01, this path is almost completely
closed. This just corresponds to the usual assumption
when considering slot scattering in [1, 2].

But in other versions, formula (5) singles out exactly
the inner slot part of the magnetic field, therefore, in
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Tables 1, 2 the conductivity values change relatively
weakly. Although there are changes, and this means that
there is still some redistribution of the magnetic field. But
all the same, the values of A,,, and A,,, turn out to be larger,
compared to the basic values from the design calculation.

In classical TIM design, it is considered that the
effect of current displacement in the rods of the rotor
winding is most pronounced at the initial moment of
starting when slip s = 1. Moreover, the current
distribution is initially determined by analytically solving
the equation of the electromagnetic field for a rectangular
slot with unsaturated core teeth. Then, for specific shapes
of the slot, the result of calculating the active resistance of
the winding rod is adjusted on the basis of reference
dependencies and correction coefficients formed based on
the experience of TIM design. The slot scattering
magnetic conductivities obtained for the nominal mode
are also corrected in a similar way, and here the saturation
of the teeth is indirectly taken into account. It is clear that
there is not enough specific physics of the process here,
and as a result, a lot of errors in the calculation of the
starting parameters accumulate.

Numerical-field calculations are able to bring clarity
to this issue and clarify the results, because here
conventions and assumptions are made much Iless,
although it is impossible to completely do without them,
considering the complexity of the process.

So, let’s start as in the classical design, considering
the eddy currents in the rotor slot with unsaturated teeth at
the multiplicity of the rotor current &, = 1, but with the
slip s = 1 and the frequency f, = 50 Hz.

The resulting toned picture of the current density
distribution in the rotor slot is given in Fig. 8, where its
increase in the upper part of the slot is visible. This is
confirmed in Fig. 9, which shows the graphs of the
distribution of the current density on the line of symmetry
of the Flot by its height. Here there are three options from
the complex value of the density of the combined external
Jy; and eddy J,. currents: |J; + J,.| — module; RelJ, + J.| —
real and Im|J, + J,.| — imaginary components.

%LJBJJJJX

TS

Fig. 8. Picture of the magnetic field of the rotor rod at
nonuniform distribution of its current
(f, =50 Hz, u, =1000)

A/mm?
- . 5 I,]swj

_-—'—‘_'_?H-—-—._.
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h

Fig. 9. Distributions of current density components
by the height of the rotor slot

A number of calculation results obtained by
(8)—(10), (12) are given in Table 3.

Table 3
Data of calculating the parameters of the rotor rod and
conductors in the slot of the TIM stator
atf, =50 Hz and k;, =1, k;; =1

Hs, P nrs Rnr er J, rmaxs erim }"rn s 7\:}1
pu | W [uQ A/mm? | A/mm pu. | pu. | p.u
1000| 9,6 |49,0/1,352] 5,08 | 1,85 |2,907]1000]1,665
50 | 9,9 |50,6(1,398| 5,19 1,73 12,989 50 |1,665
1 ]10,65|54,5|1,506| 5,42 1,45 [3,133] 1 |1,568
0,01 ] 10,7 [54,8|1,513| 5,43 1,43 3,126 0,011,526

In numerical form, the nonuniformity of the current
density distribution is revealed by the difference in the
real component of the current density in the upper J,,.
and lower J,,,;, points of the slot. This is the algebraic sum
of the density of external J;; and eddy J,. currents. The
FEMM program provides output of such data, and they
are at pu, = 1000 in the first line of the Table 3. Naturally,
the J;, component throughout the slot is constant and
equal to 4.83 A/mm?, and J,. varies from top to bottom
from 0.26 to —2.98 A/mn’.

Note that at p;, = 1000 in this control test version, a
noticeable displacement of the current into the upper part
of the slot and a corresponding increase in the active
resistance of the rod by 1.35 times are manifested, as
evidenced by the current displacement coefficient k.

It is also interesting that the specific magnetic
conductivity of the rotor slot A, compared to the data in
Table 1 (without current displacement) decreased by
4.8 %, and the magnetic conductivity of the stator slot Ay,
is not related to this.

What was done in the presented calculation at
K, = 1000 was repeated at other values of the magnetic
permeability of the stator core, as it was in Table 1. It can
be seen that even when taking into account the
displacement of the current with a decrease in p, the
coefficient of displacement of the current in the rotor core
and the magnetic conductivity A,, increase. That is, for
M., the same happens as in the absence of current
displacement, but in the new variant, the values of A, turn
out to be somewhat smaller.

The performed calculations showed such a level of
displacement of the rotor current, which is usually used in
the classical design of the TIM. But in these
demonstration calculations, the nominal current of the
rotor core was artificially accepted, and accordingly the
teeth of the rotor core were not saturated (except for the
jumper). The value of magnetic flux density and relative
magnetic permeability of the rotor tooth at the control
points marked in Fig. 3, are given in Table 4 with the
specified options for .

Table 4
Magnetic flux density and magnetic permeability in the rotor
tecthats=1and k.= 1

Rotor tooth
pu il’ Jumper Crown Schlitz Leg
- B rh0 Wrno B rc e B rs Mo B rz Mz
1000 | 3,28 | 12 | 1,63 | 1982 | 1,91 | 1587 | 2,19 | 1068
50 3,30 | 11 | 1,50 | 2137 | 1,89 | 1624 | 2,04 | 1347
0,01 |3,45| 8 |0,52| 2508 | 1,26 | 2323 | 0,87 | 2435
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To increase the level of adequacy, further
calculations are performed taking into account realistic
values of the currents in the slots of the rotor and stator,
which correspond to the start of the TIM. According to
the slip s = 1, the frequency of the rotor current is
/- = 50 Hz, and the multiples of the currents are taken
according to the TIM project from [2], according to which
at the initial moment of start-up k;, = 6.33 and k;; = 5.84.
Here, as in the previous calculations, a number of relative
magnetic permeability values L, and p, are taken for the
inactive parts of the models shown in Fig. 3.

The calculation results are given in Table 5 — they
are determined by (9), (10), (12) and (8), as well as the
current density in the upper and lower points of the rotor
slot is given (average value J,, = 22.6 A/mm?).

The saturation level of the rotor and stator teeth is
characterized by the data in Tables 6, 7, where the values
of magnetic flux density and relative magnetic
permeability at the points marked in Fig. 3 are given.

Table 5
Parameters of the rotor rod and conductors of the TIM stator slot
atf,=50 Hz, k;,= 6.33 and k;, = 5.84

Hs> P nrs Rnr er erax’ J, rmins 7\,,.,1 Hos )\'sn
pu | W | uQ A/mm* | A/mm?* | p.u. | pu. | pu.
1000|284{36,28 1,002 | 23,0 22,6 10,501]1000]0,435
50 [284]36,32(1,003| 23,1 22,3 10,555] 50 10,476
1 |314]40,20|1,110] 26,3 | 18,4 |1,260] 1 |1,092
0,01 1342143,72]11,208 | 28,0 16,2 |1,508] 0,01 1,305

Data in Table 4, 6, 7 show that when going from the
unsaturated magnetic state at k. = 1 and k;; = 1 to the
highly saturated state at k;, = 6.33 and k;; = 5.84, the
magnetic flux density increased significantly, and the
magnetic permeability decreased accordingly.

Table 6
Magnetic flux density and magnetic permeability in the rotor
teethat s =1, k;, = 6.33 and k;, = 5.84

Rotor tooth
p“ 1‘1’ Jumper Crown Schlitz Le
- B rh0 Hyho B re My B rs s B rz Mz
1 4,32 3 1,83 | 1701 | 3,18 | 17 | 2,94 | 99
50 3,5 7 2,45 583 2,79 | 191 | 3,06 | 38
Due to the change in saturation, there were

significant changes in the electromagnetic parameters in
the slots of the rotor and stator, as evidenced by the
comparison of the data in Tables 1, 2, 3, 5.

Table 7
Magnetic flux density and magnetic permeability in the rotor
teeth at s = 1 as well as different £;,. and &,

Rotor tooth
pu:; kl;)/fl” Schlitz Leg
- - Bss Lss Bsz sz
1 6,33 /5,84 1,62 1998 2,78 196
50 6,33 /5,84 1,67 1939 3,06 39
50 1/1 0,85 2437 1,64 1975
1000 1/1 0,92 2433 1,79 1768

The coefficient of current displacement in the rotor
rod kg, significantly decreased, especially in the options
Ky = 50 (the most realistic) and p, = 1000. The same

happened with the magnetic conductivities of slot
scattering X, and Ay, which at g, = 50 and p,. = 50
decreased by 5.49 and 3.5 times respectively. It can be
imagined that for the characteristics of the TIM, this will
have a more significant impact than changes in the active
resistance of the rotor rods, which is usually the focus of
attention during their classical design. Moreover, as can
be seen from the Table 5, displacement of the current in
the rotor bar is practically not manifested.

Mechanical characteristics of TIM. In order to
bring all the active and reactive resistances of the TIM
windings together and see their realism, their adequacy
was checked using the calculation and analysis of the
mechanical characteristic M,,(s) — the dependence of the
electromagnetic torque on slip in the range of its change
from O to 1.

When calculating the electromagnetic torque, the
well-known formula from the TIM theory is used:

pmyU; £
M, = X .(17)

'\ 2
R /
Wy [Rs + CGS Srj + (Xcs + Ccs Xcr

The following algorithm is used to calculate the
parameters of TIM windings by analogy with [1, 2].
Active resistance of the rotor winding

R, =R, +R. 5, (18)

where R, is the resistance of the rod, which is determined
by (10); R,; s the resistance of the short-circuited rings
reduced to the rod current.

The inductive resistance of the dispersion of the
phase winding of the stator

2
fs 'la 'Ns 'kcs
5
pP-4qs- 10
where its total coefficient of scattering conductivity
Aos =Agn+hsq + }"sfh

X5 =158- , (19)

(20)

consists of the coefficients of scattering conductivity of
slot A, ,,, differential A, ; and frontal A, g,
Inductive resistance of the rotor winding

Xop =79 f, -1, Xy, 1075, (1)
where its total coefficient of scattering conductivity
Aor=hpnthpg+heg+h.g (22)

consists of the coefficients of scattering conductivity of slot
A, differential A, ; and short-circuited rings A, 4 (A5 — the
coefficient of dissipation of slot bevel in this case is absent
due to the absence of a bevel).

Formula (17) includes the active and inductive
resistances of the rotor winding reduced to the stator
winding

R;" =KyR,; Xc;r =K - X

- Sr

(23)

or
where K, is the reducing factor.

Among the values that provide (17) according to
numerical-field calculations, R,,, A, », A, , and values
dependent on them change.

Differential conductivities, according to [2], also
depend on the saturation of the teeth of the cores, but
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specific formulas and recommendations are not provided,
which requires separate studies. Therefore, in order to
reflect the fact of dependence, conventional formulas for
the saturated differential conductivities of the stator and
rotor are adopted:

Asa = ksduxsdb 5 Mg = krdu}"rdb >
where are the current-dependent reduction factors
A 7 B el 75

(kg1 =1) (kpy =1

in which A, 2, A, 45 are the base values of conductivities in
the unsaturated state (s —> 0); k1, k;q are the multiples of
currents at s = 1; ky, is the multiplicity of the differential
conductivity at s = 1 relative to the base value at s = 0,
which was taken to be equal to 0.7 (in reality it may be
less, taking into account the detected changes in slot
conductivities). The decrease in differential conductivities
is explained by the «smoothing out» of the magnetic
inhomogeneity of the tooth-slot structures with strong
saturation of their teeth. This issue can be considered
separately by analyzing the harmonic composition of the
EMF of the windings on the basis of, for example, that
presented in [18].

A number of values from (17) — (23) are considered
independent of the slip and saturation of the teeth of the
cores, and they are accepted according to the project,
namely: R, 5 = 16.2:10° Q; R, = 0.402 Q; A, 4 = 1.57;
Aeap = 2.08; Ay 5y = 1.45 and A, 5 = 0.61; K, = 3636 (the
last four are in p.u.).

According to the design calculation of the TIM, the
following are also determined: Cy, = 1 + kg is the
coefficient of the magnetic circuit for the stator winding,
where ko = X5, / X, is its dispersion coefficient; X, is the
main inductive resistance; o, = 2nf; = 314 s is the
angular frequency of the stator current.

As a result, the dimensionless coefficient Cg, varied
from 1.018 to 1.027 when the slip changed from 1 to 0.

When calculating the mechanical characteristics
according to (17) when the slip s changes, the multiples of
the currents of the stator and rotor windings ;. and ki
were determined according to the design method [2]: their
dependence on s in graphic form is given in Fig. 10.

24

P ; 5

0 0,2 0.4 0.6 0.8 pu 1.0

Fig. 10. Dependence of rotor and stator currents on slip
and mechanical characteristics of TIM

Calculating each point of this characteristic
according to the models in Fig. 3, for inactive parts, that

is, parts of the stator and rotor cores, the relative magnetic
permeabilities p, and p,. were taken to be equal to 50.
Considering the data in the tables, this level corresponds
to the saturated state of the teeth, but gives stable results
for points with reduced saturation.

A set of parameters for this calculation option for the
starting point at s = 1, k. = 6.33 and k;; = 5.84 is provided
in Tables 5 — 7. The patterns of the magnetic field in the
slots of the rotor and stator are shown in Fig. 11, where it
can be seen that displacement of the current of the rotor
rod actually does not occur: this can be explained in the
case of small slips by the low frequency of the current,
and in the case of large slips by the strong saturation of
the teeth. Note that the detected absence of current
displacement in the rotor rods in the start-up mode
contradicts the classics, which is news!

Fig. 11. Pictures of the magnetic field in the slots of the rotor
and stator of the calculated version for the starting point

The actual mechanical characteristics in a
dimensionless form are shown in Fig. 10, where k, is the
multiple of the torque relative to its nominal value.

According to the calculation of the mechanical
characteristics, it was found that the nominal
electromagnetic torque 102 N-m; when slip s = 1, the
multiplicity of the starting torque ky,; = 1.41; overload
capacity ky;,, = 2.93 at critical slip s., = 0.20. Note that in
the project according to [2], the values of similar
quantities were as follows: M.,y = 99.4 N'm; k), = 1.44;
kg =2.5 at s, =0.15.

But it is also possible to compare the data of the
calculated mechanical characteristics of a serial four-pole
TIM type AIR160S4 with similar parameters: Py =15 kW;
h=160 mm; I,y =290 A; k;y = 7; kyn = 1.9; kpp = 2.9;
My = 98.1 N'm (nominal torque on the shaft). Then we
can verify the adequacy of the given numerical-field
method of calculation (we are not talking about
experimental confirmation in the general sense, because
not all data of serial TIM are known).

In addition to the calculated mechanical
characteristics Fig. 12, 13 provide accompanying
dependencies of the TIM start-up parameters, where the
stability of active and large changes in reactive resistances
are visible.

Usually, to increase the starting torque, designers try
to make deep slots in the rotor, so that the increase in the
active resistance of its rods works. And it turns out that it
is not this that works, but a very significant reduction of
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slot scattering due to high strongly saturated rotor teeth,
as well as stator teeth.
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Fig. 12. Active resistance and current displacement coefficient
of the rotor rod and magnetic conductivities of the stator and
rotor slot scattering as a function of slip
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But the influence of the change in the magnetic
conductivities of slot scattering on the electromagnetic
torque (17) is somewhat smaller, as can be seen from the
data in Fig. 12. Because their changes «dissolve» against
the background of other more stable active resistances and
magnetic conductivities, which are included in (18), (20),
(22), (24).

The graphs of the active and reactive resistances of
the rotor and stator windings, which are included in (17)
as the final values of influence, are given in Fig. 13. And
here the undeniable role of reactive resistances and their
change in the formation of mechanical characteristics can
be seen. But the effect of current displacement, as already
mentioned, is practically not manifested, because the

active resistance of the phase winding of the rotor R',
remains practically unchanged.

1,2
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Fig. 13. Active and reactive resistances of TIM windings in the
range of changes in slip characteristic of its motor mode of
operation

Conclusions.

1. Active and reactive resistances of the windings are
important in the TIM design system, but their definition
still needs clarification, especially in operating modes
with increased slip. Therefore, this problem remains
relevant and many theoretical and experimental studies
are still devoted to its solution.

2.1t was found that for the calculation of the slot
scattering fields of the stator and rotor, it is sufficient to

use the calculation zone within their tooth pitches with
the capture of the slots themselves and adjacent parts of
the cores.

3. With unsaturated teeth of the cores, the numerical-
field calculation of the magnetic conductivity of slot
scattering gave results that exceed the data of classical
calculations for rotor slots by 15.7 % and for stator slots
by 12.5 %, and for the rotor slot, the main contribution to
the error is made by its jumper.

4. Numerical-field calculation of eddy currents in the
rotor slot in the same formulation as in classical design,
i.e. with unsaturated teeth, nominal current and frequency
f, = 50 Hz gave the current displacement coefficient of
1.35 and an nonuniform distribution of current density
with a difference of 2.75 times from the bottom to the top.
But when calculating the starting point with real current
and strongly saturated teeth, the corresponding values are
1.002 and 1.02, that is, the effect of current displacement
is almost absent, contrary to the classics.

5. The method of calculating mechanical characteristics
based on the proposed numerical-field approach becomes
«transparent» and does not require conditional correction
coefficients and reference graphic functions.

6. The calculation of the mechanical characteristics in
the slip range from 0 to 1 using the numerical-field
method for determining the resistances of the windings,
taking into account the corresponding currents in the slots
and the saturation of the teeth of the cores, gave results in
terms of electromagnetic torque that correspond to the
designed and manufactured samples of the TIM, which
actually confirms the adequacy of the developed
methodology.

7. The analysis showed that when the slip changes,
changes in the reactive resistances of the windings have a
decisive influence on the shape of the mechanical
characteristic and the value of the starting and maximum
electromagnetic torques of the TIM, while the active
resistances remain practically stable and the effect of
current displacement in the rotor slots is almost not
manifested, and the main factor is a significant decrease
in reactive resistance due to strong saturation of the teeth
of the rotor and stator cores.

8. The shown changes in the reactive resistances of the
windings are associated with even more pronounced
changes in the magnetic conductivities of their slot
scattering and, in part, differential scattering. And this is
precisely what is affected by the increase in the height of
the teeth of the cores, which is associated with an increase
in the depth of the slots, but the point is not in the slots
and the current squeezed out in them!

9. Thus, the revealed unexpected insignificant effect of
current displacement in the squirrel-cage rotor rods on the
mechanical characteristics is non-trivial news, and it
requires further deeper study and verification on other
motors with other shapes and sizes of slots.
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Voltage regulation using three phase electric spring by fuzzy logic controller

Introduction. The renewable energy sources such as solar and wind power have increased significantly in recent years. However, as
the generation of renewable energy has become more integrated, its intermission and instability have a major impact on the power
system’s stability, such as voltage instability and frequency flicker. Purpose. In order to address the different power quality issues
brought on by intermittent and unreliable renewable energy sources, electric spring offers a novel solution. It was proposed as a
technique for regulating load and adjusting output power. For the integration of electric springs with noncritical loads, a
contemporary control mechanism is described in this paper. Novelty. The suggested work is innovative in that it presents an
improved control technique that efficiently maintains voltage stability as voltage changes. Method. The proposed technique is based
on an analysis of the initial conditions and input data for developing fuzzy rules for calculating compensating voltages in relation to
the difficulties. Results. This suggested fuzzy controller will be able to maintain the regular operation of the electric spring of power
output control stability as well as continuing to provide power factor improvement and voltage control for significant loads,
including the home’s protection system. Practical value. A detailed study of typical voltage regulation is undertaken, supported by
simulation results, to demonstrate the effectiveness of the applied control scheme in cancelling the corresponding issues with power
quality. References 25, tables 2, figures 8.

Key words: voltage stability, fuzzy control, electric spring, power factor, microgrid, renewable energy sources.

Bcemyn. Bionogniosani 0dicepena enepeii, maxi sik COHAYHA Ma 8iMposa enepeis, 3Hauno 30invuwunucs ocmanunimu poxkamy. OOnax y mipy
moeo, K GUPOOHUYMBEO BIOHOGNIBAHOL eHepeii cmano Oiibul THMEeSPOBaAHUM, U020 nepeOOi ma HecmabilbHICMb GNAUBAIOMb HA
cmabinbricmy enepeocucmemu, HaNPUKIAO, HecmabinbHicmy nHanpyeu ma Koaueannsa yacmomu. Mema. LL{o6 eupiwiumu pizni npobremu
3 AKICMIO eeKmpOoeHepeil, SUKIUKAHI YPUGHACUMU A HEHAOIUHUMU BIOHOGTIOBAHUMU 0JICEPeNamMU eHepeii, eNeKMmPUYHA NpPYICUHA
Nnpononye Hoge piwents. Bona 6yna 3anpononogana sik Memoo pe2yio8anHs HA8AHMAICEHHs MA Pe2yIH08AHHS GUXIOHOT NOMYICHOCIM.
[l inmezpayii’ enekmpuyHuUX npysIcur i3 HeKpUMUYHUMU HABAHMAICEHHAMU Y Yill cmammi ONUCAHO CYYACHUL MEXAHI3M KepyBaHHsL.
Hoeusna. Ilpononosana poboma € HOBAMOPCHKOIO, OCKUIbKU NPeOCmasiac 800CKOHANEHUL MemoO YAPAGIiHHA, KUl e@heKmueHo
niompumye cmabinvhicms Hanpyau 3a 3minu Hanpyeu. Memoo. 3anpononosana Memoouka 3aCHOBAHA HA AHATI3I NOYAMKOBUX YMOE |
BUXIOHUX OanuX Osl PO3POOKU HEHimKUX NpASUl PO3PAXYHKY KOMNEHCYIOUUX Hanpye cmocoeHo mpyonowis. Pezynomamu.
Ipononosanuil Hewimxkuil pe2yismop 3Modce NIOMPUMY8amu Ccmadiibhy pooomy eneKmpuyHol NPYICUHU KOHMPOMO SUXIOHOT
NOMYIACHOCMI, 4 MAKOJIC NPOO0BICY8amu 3a6e3newysamu NOKpaujerts KoeQiyicHma nomysicHocmi ma KOHmMpOib HAnpyau Ois 3HAYHUX
Hasanmaoicenv, GKmoYarouy cucmemy 3saxucmy 6younky. Ilpakmuuna uinuicme. 3pobreno O00KiaOHe OO0CHIONCEHHS MUNOBO20
Pe2ynIosan s Hanpyau, niomeepodicene pe3yibmamami. MoOe08anH s, Wob nPOOeMOHCIMPY8amu epeKmueHICMb cxeMu YNpagiints, o
3aCmMOCO8YEMbCS 8 YCYHEHHI BION0GIOHUX npobiiem 3 aKicmio eiekmpoenepeii. biomn. 25, tabin. 2, puc. 8.

Kniouosi cnosa: cTabiNbHICTh HANIPYTH, HeYiTKe YNPABJIIHHSA, eJIEKTPUYHA NPYKUHA, KoeillieHT MOTYKHOCTI, MikpoMepe:ka,

BiIHOBJIIOBAHI [7epeJia eHeprii.

Introduction. The electricity systems are now
incorporating the «Smart Grid» idea, which makes the grid
smarter by enabling two-way energy flow between the grid
and the consumer. One aspect of the smart grid concept is
the integration of renewable energy sources (RES). The
system should incorporate major RES’s due to the
impending energy problem as well as environmental
considerations. Solar energy is the most important RES
since it is neat, unrestricted, and free. Production of
electrical energy in conventional systems is dependent on
load demand [1]. In addition, solar energy is infrequent and
longwinded. As a result, the emphasis has shifted from
source following load to load following source, creating a
new paradigm for electric springs (ES). Contrarily, solar
photovoltaic (PV) systems produce a low output that is
increased by converters and then transformed by inverters
for grid synchronization into a pure sinusoidal form. The
entire PV system performs at peak efficiency and generates
its maximum output power at a certain location on the
voltage-current (V-I) or voltage-power (V-P) curve known
as maximum power point (MPP) at varied irradiance and
temperatures. The MPP can be monitored using a number
of methods. Through the use of maximum power point
tracking (MPPT) techniques, the operating point of the PV
array is kept at MPP [2, 3].

The power imbalances, voltage instability, voltage
swings, and other grid-related problems are all being brought
on by solar grid integration. These power quality issues have

been addressed using a variety of technologies, including
capacitor banks, capacitor reactors, static compensators, and
static synchronous series compensators.

Their rapid and dynamic controllers can effectively
minimise problems with power quality. The literature
claims that ES outperforms existing technologies in
dealing with the aforementioned problems [4-6]. This
study emphasises the practical integration of a PV system
with the grid. The ES is a fast device that controls voltage
across significant loads that are prone to voltage
variations. A power electronics-based circuit called ES is
based on the idea of applying Hook’s law to the field of
electricity. The ES differs from typical custom power
devices in terms of the better voltage profile of the power
system. On the load demand side, ES is utilised to
stabilise voltage variations brought on by RES.

The ES is a highly dynamic low-cost current control
voltage source device [7-10]. The ES is connected in
cascade with a noncritical load (NCL) that is less
susceptible to voltage fluctuations in order to create a
smart load. In order to achieve voltage regulation across
the critical load (CL), which is voltage sensitive, the ES
creates the compensation voltage or ES voltage Vig
perpendicular to the noncritical load current Iz In the
past, simulations were used to research how well ESs
worked in the real world. The works [11, 12] discuss the
implications of large-scale integration of renewable
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energy sources, such as PV, into the grid and its
consequences [13-16].

The goal of the paper is to design controller for
electric spring to regulate voltage and which allows to
increase the reliability of the entire system mechanism
operation and significantly simplify the design.

Subject of investigations. This paper carries out a
comprehensive study of the ES and understanding of the
different parameters to design suitable controller for
voltage stability in the system under different
environmental condition. This paper gives idea about the
behavior of ES as capacitive mode and inductive mode.

Basic calculation relationships and assumptions. By
comparing ES to a conventional mechanical spring, the
concept was first established [17, 18]. It might be
implemented using an inverter and connected in series with
noncritical loads like electric heaters, refrigerators, and air
conditioners in a RES-powered microgrid, as shown in Fig. 1.
This creates a smart load. A building’s security system is
connected in parallel with this smart load, as are other
critical loads. An input-voltage control method was used
in earlier iterations of ES to produce reactive power
compensation and offer steady-state voltage and power
regulation to important loads because RESs only produce
power intermittently, the noncritical load voltage and
power fluctuate in response to grid fluctuation.

Critical Smart Load

I_nc Load ‘

<
Vool 3 Rnci  Non-
nc| i
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— WA= >
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Fig. 1. Structure of ES

The compensation voltage, or ES voltage, V,,
should be perpendicular to the noncritical load current, 7,.,
in order for the ES to exclusively offer reactive power
adjustment, where V; is the line voltage, V,. is the
noncritical load voltage, and V, is the ES voltage,
governs the ES voltage. A significant reactive power
injection can degrade the system’s power factor and lower
power efficiency in a distribution system with a variety of
inductive and capacitive loads.

Vie +Ves = V5. (1)

Thus, in addition to the current qualities of voltage
and power regulation, a power factor correction (PFC)
function can be added to the ES. The both active and
reactive power correction could be provided from an ES
by using a DC source, like a battery, to power the
inverter, as shown in Fig. 1. The line current, /;,, might be
shaped to be in phase with the line voltage, V;, using this
characteristic of an ES. In a system with resistive-
inductive loads, or one that has a generally trailing power
factor, the phasor diagram in Fig. 2 demonstrates the ES

compensation voltage, Ves, could help increase the power
factor in the distribution system and offer voltage and
power support in steady state [19].

Vnc

1'I.I'rn'».-r

Fig. 2. Phasor diagram of current and voltage for PFC:
a) undervoltage; b) overvoltage

When the line voltage V; is less than the reference
line voltage Vs 230 V is the root mean square (RMS)
value this is referred to as the undervoltage case. When
the line voltage is higher than the reference line voltage,
this is referred to as the overvoltage situation. As seen in
Fig. 2,a, the ES injects real and capacitive power into the
system in the undervoltage situation to raise the line
voltage V; to the reference value of 230 V and maintain
the phase of the line voltage V; and line current 7,
According to Fig. 2,b, the overvoltage scenario, for
similar tasks to line voltage control and PFC, the ES
injects a mix of actual and inductive power into the
system. The input voltage, voltage across the line
impedance, line voltage, noncritical load voltage, and ES
voltage are represented in Fig. 2 by Vi, Vy, Vi, Ve, and Vg
respectively. The critical load current, noncritical load
current, and line current are represented by I, 1., and [,
respectively. Additionally, R, + jX, is the power circuit’s
line impedance, where R, is resistance, X, + L, and L, is
the line inductance.

Basic control action in fuzzy logic control (FLC) is
governed by a set of linguistic rules. These rules are set
by the system. Since numerical variables in FLC are
converted to verbal variables, mathematical modelling of
the system is not required. The FLC is divided into three
sections:  fuzzification, interference engine, and
defuzzification [20]. The FLC is specified as 7 fuzzy sets
for each input and output. Triangular membership
functions are employed for simplicity. Fuzzification by
the utilisation of an endless universe of discourse,
Mamdani’s «min» operator is used to imply implications.
Defuzzification uses the height technique.

Fuzzification. The 7 fuzzy subsets used to assign
membership function values to the linguistic variables are
NB (Negative Big), NM (Negative Medium), NS (Negative
Small), Z (Zero), PS (Positive Small), PM (Positive
Medium), and PB (Positive Big). The partition of fuzzy
subsets and the membership change in error CE(k), error
E(k) function’s shape adjust the form to the proper system.
The value of input error and the change in error are
standardised using an input scaling factor. The membership
function plot of these variables is shown in Fig. 3.
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Fig. 3. Fuzzy membership function

This system’s input scaling factor was constructed
so that input values fall between —1 and +1. This
arrangement’s membership function has a triangular
shape, which suggests that there is only one dominant
fuzzy subset for each given E(k) input [21, 22]. The input
error for the FLC is as follows.

Inference approach. The max-min and max-dot are
two composition approaches that have been put out in the
literature. In this study, the min method is used. The
output membership function of each rule is determined by
the minimum and maximum operators. Table 1 displays
the FLC’s governing framework.

Table 1
Fuzzy rules
Change Error
in error NB | NM | NS Z PS PM | PB
NB PB PB PB PM | PM PS Z
NM PB PB PM | PM PS Z Z
NS PB | PM PS PS Z NM | NB
V4 PB | PM PS Z NS | NM | NB
PS PM | PS Z NS | NM | NB | NB
PM PS Z NS | NM | NM | NB | NB
PB Z NS | NM | NM | NB | NB | NB
Defuzzification. Since most plants require a

nonfuzzy control value, a defuzzification stage is
necessary. The FLC output is calculated using the «height
technique» and the FLC output has an impact on the
control output. The FLC output also manages the switch
on the inverter. It is necessary to maintain the capacitor
voltage, line terminal voltage, active power, and reactive
power. To regulate these parameters, they are discovered
and contrasted with reference values. The following are
the membership duties of FLC to achieve this: error,
change in error, and output. The following sources served
as the basis for the FLC rules. The notation £ stands for
the system error, C for the change in error, and u for the
control variable. A high error E value denotes the absence
of a balanced state in the system. The controller should
immediately increase the amount of its control variables if
the system is out of balance in order to bring it back into
balance. A low error E value, on the other hand, indicates
that the system is nearly balanced.

Initial conditions and input data. The critical loads
of 100 kW and 150 kVAr and noncritical loads of 100 kW
and 100 kVAr are both taken into consideration into both
cases capacitive and inductive. MATLAB/Simulink is
used to model the hybrid power system with the ES as
shown in Fig. 4. To lessen harmonics brought on by
inverter switching transients, a harmonic filter is
connected after the inverter [23]. To control voltage

magnitude and frequency as well as to account for
reactive power by load, an ES is connected prior to the
load in parallel with the critical load and in series with the
noncritical load [24, 25].

DC-DC Boost "
Converter ps$

NC Load
Fig. 4. Hybrid power system in MATLAB/Simulink

Simulation results. Case I: capacitive (voltage
boosting) mode of operation of ES. To illustrate the
voltage support capability of ES the disturbance source is
programmed at # = 0.2 s to generate a voltage of 208 V. In
order to restore the line voltage back to its nominal
reference value the ES is activated at £ = 0.3 s and voltage
of the ES is increased from its near-zero value to about
175 V. As soon as ES is activated, it is observed that
voltage across noncritical load decreases to 70 V as
indicated in Fig. 5. The voltage is regulated back to its
nominal reference value 230 V at ¢ = 0.3 s. The
corresponding instantaneous value of noncritical load
voltage, ES voltage and critical load voltage are clearly
indicates that current leads the voltage by 90°. Thus
successful implementation of ES in capacitive mode is
conducted using MATLAB.

C.L. Voltage
T T

Sl | | | I I |
P

%

180 | | | | | | |
0 0.1 02 03 04 0.5 0.6 0.7 08 09 1

N.C.L. Voltage
T T

I I I I I I I
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
ES Voltage

T T 1 I I i 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time

Fig. 5. Observed RMS value of critical voltage, noncritical
voltage and ES voltage in capacitive mode

ES voltage in capacitive mode, critical load voltage,
and noncritical load voltage are shown in Fig. 6.

C.L. Voltage
T

Voltage (V)

Voltage (V)
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Fig. 6. Observed instantaneous value of critical, noncritical load
voltage and ES voltage in capacitive mode
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Case II: Inductive (voltage suppression) mode of
operation of ES. To test the voltage suppression
capability of the ES a disturbance source is programmed
at t=0.2 s to generate a voltage of 254 V.

In order to suppress the increased line voltage back to
its nominal reference value the ES is activated at = 0.3 s
and voltage of ES is changed to stabilize the line voltage as
shown in Fig. 7. As soon as ES is activated,; it is observed
that voltage across noncritical load increases to 250 V.
Finally, the voltage is regulated back to its nominal
reference value 230 V at ¢+ = 0.3 s. The corresponding
instantaneous value of noncritical load voltage, ES voltage
and critical load voltage clearly indicates that current lags
the voltage by 90°, representing efficacious working of the
ES in inductive mode. Thus successful implementation of
ES in inductive mode is conducted using MATLAB.

C.L. Voltage
T T T

T T T
S50 t
Py
3
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Z 100 i -
>
50 -
I
0 0.1 02 03 04 05 0.6 0.7 08 09 1
ES Voltage
= T — T
S 300 T T T
5,200
£ 100 - 4
s
> ok |

I T T T T T
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
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Fig. 7. Observed RMS value of critical voltage, noncritical
voltage and ES voltage in inductive mode

The voltage of an ES operating in inductive mode is
shown in Fig. 8 together with its critical load and
noncritical load.

C.L. Voltage
T T T

t L ¢ i i =|
04 0.5 0.6 0.7 0.8 0.9 1
Time

Fig. 8. Observed instantaneous value of critical, noncritical load
voltage and ES voltage in inductive mode

Table 2 gives comparative results values in
percentage with considering different load conditions and
without ES and with ES.

Table 2
With and without ES simulation results

Without ES 100 | With ES 10 kW, | With ES 100 kW,
P rer |KW. 150KVAr(CL)| 15kVAr(CL) | 150kVAr (CL)
arameter and 100 kW, and 10 kW, and 100 kW,
100 kVAr (NCL) | 10kVAr(NCL) | 100 kVAr (NCL)
Voltage
variation, % >0 2 21
Frequency
variation, % 3 0.1 0.2

Conclusions. It has been shown in this paper and
previous research that electric spring is an effective
approach for dealing with the issue of power system
instability associated to alternate sources driven grids. The
employment of a fuzzy control technique by an electric
spring to maintain line voltage, power the important load,
and increase the device’s power factor is shown in this
paper. The proposed fuzzy control approach is frequently
contrasted with the conventional controller. It has also been
demonstrated that voltage regulation and power system
enhancement can be handled by a different organization. It
is possible to verify the proposed converter by simulating it
in the hybrid system using MATLAB/Simulink. The results
from the electric spring under various lodes circumstances
effectively stabilise the voltage.
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Model reference adaptive system speed estimator based on type-1 and type-2 fuzzy logic
sensorless control of electrical vehicle with electrical differential

Introduction. In this paper, a new approach for estimating the speed of in-wheel electric vehicles with two independent rear drives is
presented. Currently, the variable-speed induction motor replaces the DC motor drive in a wide range of applications, including electric
vehicles where quick dynamic response is required. This is now possible as a result of significant improvements in the dynamic performance
of electrical drives brought about by technological advancements and development in the fields of power commutation devices, digital signal
processing, and, more recently, intelligent control systems. The system’s reliability and robustness are improved, and the cost, size, and
upkeep requirements of the induction motor drive are reduced through control strategies without a speed sensor. Successful uses of the
induction motor without a sensor have been made for medium- and high-speed operations. However, low speed instability and instability
under various charge perturbation conditions continue to be serious issues in this field of study and have not yet been effectively resolved.
Some application such as traction drives and cranes are required to maintain the desired level of torque down to low speed levels with
uncertain load torque disturbance conditions. Speed and torque control is more important particularly in motor-in-wheel traction drive train
configuration where vehicle wheel rim is directly connected to the motor shaft to control the speed and torque. Novelty of the proposed work
is to improve the dynamic performance of conventional controller used of model reference adaptive system speed observer using both type-1
and type-2 fuzzy logic controllers. Purpose. In proposed scheme, the performance of the engine is being controlled, fuzzy logic controller is
controlling the estimate rotor speed, and results are then compared using type-1 and type-2. Method. For a two-wheeled motorized electric
vehicle, a high-performance sensorless wheel motor drive based on both type-2 and type-1 fuzzy logic controllers of the model reference
adaptive control system is developed. Results. Proved that, using fuzzy logic type-2 controller the sensorless speed control of the electrical
differential of electric vehicle EV observer, much better results are achieved. Practical value. The main possibility of realizing reliable and
efficient electric propulsion systems based on intelligent observers (type-2 fuzzy logic) is demonstrated. The research methodology has been
designed to facilitate the future experimental implementation on a digital signal processor. References 27, table 3, figures 16.

Key words: electrical vehicle, induction machines, model reference adaptive system, field oriented control, electric differential,
fuzzy logic controller.

Bcemyn. 'V yiii pobomi npedcmagnenuii Hoguil nioxio 00 OyiHKU WEUOKOCHI KOICHUX e1eKMPOMOOINi8 i3 080Ma HE3ANEHCHUMU 3AOHIMU
npusodamu. B Oanuil vac acunxpouuuil 08uyH i3 pe2ynbO8aHol0 WEUOKICIIO 3aMIHIOE 08USYH NOCMIUHO20 CIPYMY 6 WUPOKOMY
0ianasoui 3acmocy8ams, KIIOYAIOYU eNeKMmpoMOOini, 0e NnompiOHull WeuoKul OuHamiynuil 8i0cyK. Tenep ye MOXMCIUBO HACTIOOK
3HAYHO20 NOKPAUeHHs OUHAMIYHUX XAPAKMEPUCIUK eleKMPONPUBOOis, GUKIUKAHO20 MEXHON0THHUMU OOCACHEHHAMU MaA PO3POOKAMU 8
eany3i npucmpoig Komymayii nOmyalcHocmi, yu@posoi oOpoOKuU CUSHANI6 MA OCIAHHIM YACOM [HMENEKMYAIbHUX CUCEM VAPAGIIHHSL.
Haoiiinicme ma cmitixicms cucmemu nioguwyiomocs, a 8apmicmv, po3mip ma umozu 00 00CIY208Y8AHHA ACUHXPOHHO20 O8USYHA
SHUICYIOMbCA 3A605KU CIMpAmeziam Kepysanus Oe3 0amuuxa weuokocmi. Ycniuine 8UKOPUCTHAHHA ACUHXPOHHO20 08U2YHA De3 0amuuxa
OV10 BUKOHAHO 0711 pOOOMU HA CEPeOHIX Ma BUCOKUX wisuokocmsx. Ilpome HU3bKOWBUOKICHA HecmabinbHicmy | HecmabintbHicmb 3a
VMO8 30ypenHsl 3apaody NPoO0EHCYIOMb 3ATUMAMUCA CEPUOSHUMU NPoOIeMamu y yitl 2any3i 00cioxiceHs i 00Ci He upiuieni epeKmueHo.
V Oeaxux sacmocysanmsx, maxux ax mseo8i npuoou ma Kpanu, nompiono niompumyeamu oaxcanuii pieeHs KpymHo20 MOMEHNTY adc
00 HU3bKUX PIGHI8 WEUOKOCH] 3 HeBUSHAYCHUMU YMOBAMU 30YPeHHsI KpYMHO20 MOMenmy Hasanmadcenns. Konmpons weuokocmi i
KDYMHO20 MOMeHmy 6ilbll 6adcIusuil, ocoonuso 6 Kougicypayii mseoeoi mpauncmicii 3 Osucynom 6 Koaecl, de 00i0 Koxeca
MPAHCNOPMHO20 3ac00y 6e3n0cepeOHbo 3'€OHanULl 3 8aIOM 0BUSYHA O YNPABGNIHHA weuoKicmio i kpymuum momernmom. Hoeusna
3anponoHoeanoi pobomu noAac y NOMNWeHHi OUHAMIYHUX XAPAKMEPUCTNUK 38UHAIHO20 pPe2yIAmopa, Wo GUKOPUCMOBYEMbCS 6
EeMAanoHHIN MOOEi Cnocmepieaia WeUOKOCME A0anmueHol cucmemu 3 6UKOPUCIAHHIM Pe2ylsmopié HeuimKkoi 102IiKu K neputo2o, max i
opyeozo muny. Mema. Y 3anpononosaniti cxemi KOHMPOIOIOMbCA XAPAKMEPUCUKY OBULYHA, HEHIMKULL 102IUHULI KOHMPOep YNPpaeise
OYinHOIO Yacmomolo obepmanis pomopd, a NOMiM HOPIGHIOIMbCA pe3yibmamu 3 sukopucmannuam muny 1 i muny 2. Memoo. /{ns
0B0KOIICHO20 MOMOPU30BAHO20 ENEKMPOMOOIIAL PO3POONEHO BUCOKONPOOYKMUBHUL De30AMUUKOBULL OBUSYH-NPUBIO KOJIC HA OCHOBI
HeYimKux J102UHUX KOHmMponepig Ax 2-eo0, max i 1-eo munie emanonnoi cucmemu aoanmugno2o ynpaeninns. Pesynemamu. /Josedeno,
Wo 3 BUKOPUCTNAHHAM pe2yIAmopa Hewimkoi nociku 2-20 muny ona 6e30amuuxogo2o ynpasninus weuokicmio EV-cnocmepieaua
eleKmpuuHo20  Ougepenyiana enekmpomoding docsearomspcs 3HayHo Kpawi pesyiemamu. Ilpakmuuna winnicms. [loxazano
NPUHYUNOBY MOJICIUGICIE peanizayii HadiliHuUX ma egheKmueHux enekmpopeaKmugHUX pyxoeux YCmMaHo80OK Ha OCHOBI IHMEeNeKMYalbHUX
cnocmepieauie  (Hewimka nocika 2-e0  muny). PospobrenHo  memoodonocito  00CniOdceHHs O NONeSUleHHs  MAtlOymHboi
eKCnepuMeHmanbHol peanizayii Ha yughposomy cueHarbHomy npoyecopi. bion. 27, Tadn. 3, puc. 16.

Kniouoei cnosa: enekTpoModiib, ACHHXPOHHI MAIIMHH, €TAJOHHA aJaNTHBHA CHCTeMa, I0JIeOpPiEHTOBaHe KepyBaHHs,
eJleKTPUYHMIA AuepeHLial, PeryIaTop 3 HeYiTKOIO JIOTiKOI0.

Introduction. Type-2 fuzzy logic was presented in
the mid-70s through the work of Zadeh [1] and later
improved by several researchers, with emphasis on the
work of Mizumoto and Tanaka [2], and Karnik and
Mendel [3]. Type-2 fuzzy logic represents an extension of
traditional fuzzy logic (usually called fuzzy logic type-1)
or even a second approximation for addressing
uncertainties inherent in the real world [4].

Type-2 has been fuzzy logic gaining more and more
attention and recognition, especially in systems modeling.
While type-1 fuzzy logic presupposes the need for exact
knowledge of membership functions, in type-2 fuzzy
systems this premise is conceptually questioned, giving
rise to so-called type-2 fuzzy sets which, in general terms,
offer the possibility of raising the logical and systematic

treatment ability for the low accuracy of the information
[5]- In this sense, the following very typical situations can
be highlighted that suggest the approach or modeling
from type-2 fuzzy inference systems:

e identification of fuzzy models for
prediction, using noisy data or information;

e rules obtained through information generated by the
human expert.

In this sense, type-2 fuzzy logic is effectively
applied to the problems of identifying models or inference
systems based on human information or that have this as a
fundamental element of their construction.

Uncertainties are also present in the daily life of
human beings, for example in decision-making, where
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uncertain, imprecise, ambiguous or even contradictory
terms can be evaluated to originate a decision. Electric
vehicles (EVs) are an area where decision-making takes
place at all times, in order to promote the movement of
the vehicle in a safe, orderly and fast manner. Due to the
use of electric motors and inverters in drive systems,
electric cars offer many benefits over those powered by
internal combustion engines, including quick torque
response and independent control of each wheel [6, 7].
Although many control methods with similar benefits
have been proposed, their controllers often depend on
irrational variables like slip angle and vehicle velocity.
Each wheel follows a different trajectory when passing in
corners, resulting in a variable distance traveled. This is
why differentials are used in automobile technology. The
trajectory of the outer wheels also follows a circular arc
with a larger radius than that of the inner wheel.

The power transferred to the driving wheels is then
divided by the differential, causing the outer wheel to
accelerate and the inner wheel to slow down. This suggests
that it prevents slippage and improves vehicle handling [8, 9].
There are various benefits when comparing electric
differential-based EVs to their conventional counterparts
with a central motor. It is undeniable that putting the
motors on the wheels substantially simplifies the
mechanical design. The electric differential system will
minimize the drive line components, improving overall
efficiency and dependability [9, 10].

The goal of the paper is the study of Model
Reference Adaptive System (MRAS) speed sensorless
control is presented where the speed estimation the of in-
wheel EVs with 2 independent rear drive was chosen as a
case study for the application of a type-2 fuzzy system.
Also a comparative study between type-1 and type-2
fuzzy logic controllers (T1FLC, T2FLC) in term of
robustness will be simulated and discussed.

Mathematical model of the EV. Dynamics analysis.
The vehicle’s aerodynamics are taken into account by the
control approach suggested in this study, which is not
limited to induction motors. This concept is based on the
physics and aerodynamics of moving objects. A vehicle’s
tractive force (F,) is composed of its rolling friction force
(F,), aerodynamic force (F,), lift force (F}.), acceleration
force (F},) and angular acceleration force (F,,,):

Fe=Fop+Fuq+Fp+F,+F,,. (1)

The force that propels the vehicle forward and is

transmitted to the ground by the wheels is shown in Fig. 1.

Fig. 1. Elementary forces acting in the EV

The force that will propel the vehicle will depend on
the aerodynamic resistance of the wvehicles, rolling,
auxiliary components and vehicle acceleration if the
speed is not constant:

By =ty -m-g , (2)
where F,, is the rolling resistive force; u,, is the rolling
resistance coefficient (depends on the tire type and tire
pressure, typically on EVs it takes values of 0.005); m is
the vehicle mass; g is the gravitational constant.

This resistance depends on the shape of the vehicle,
and the way the air surrounds it:

1 2
Fag =P+ 4-Cy 0%, 3)

where the aerodynamic force (F,,) characterizes the
aerodynamic resistance; p is the air density; A is the
frontal area of the vehicle; v is the speed; C, is the drag
coefficient with values typically between 0.3 and 0.19 in a
well designed vehicle.

Climb force F). represents the effort the vehicle
makes when climbing a given slope:

Fhe =m-g-siny, “)
where i is the grade angle.

According to Newton’s second law, the acceleration
force is the force that will apply a linear acceleration to
the vehicle:

Fy=m-a, Q)
where « is the vehicle acceleration.

For this sizing we need to know what engine torque
T is needed to make the wheels rotate:

T=%.r, ©)

where r is the tire radius; F,, is the traction force; G is the
gear ratio of the engine to the wheel shaft.

The equation in terms of F, is given by:

Fe=201. ™)

The angular speed of the motor will be @ = a-G/r,
rad-s'; and the angular acceleration respectively @ = v-G/r,
rad-s % [11, 12].

The torque for this angular acceleration is 7' = a-J-G/r,
where J is the rotor moment of inertia of the motor. The
force the wheels need to reach the angular acceleration
and determined by:

2
szg.J.G.ﬁz%.J.Q_ (®)
r roor
Since mechanical systems are not 100 % efficient,
we still have to consider the efficiency of the system p,:
G? G?
F = —2 -J-a= 3
r e pg

wa

And finally, the power required to move a vehicle at

a speed v must compensate for the opposing forces:
Pte:UFte:U(Frr+Fad+ic+Fla+Fwa)’ (10)

where v is the vehicle speed; P, is the vehicle driving power.

Induction motor model and control structure. In this
section, the vector technique for induction motor modeling is
used, which is important for the study of field oriented
control [1, 4]. A system of complex orthogonal axes d and ¢
is defined to represent the three-phase machine. With regard
to the flux-current relationship, the dg model can be
interpreted as being a two-phase machine with 2 solid and
orthogonal magnetic axes d and ¢ [13].

The equations describing the dynamics of the
induction motor are:

Jea. )

_ - M do, - M
u, = R +0Lsi+—ﬂ+joLsa)Sis +j—w;
L, dt L, (11)
1_ M- do. . _
O=—0¢.——ig+——+jo,9,,
T, ” dt

where w, is the induced rotor current frequency; w; is the
stator current frequency; j is the inertia; R, and R, are the
stator and rotor resistances; L, and L, are the stator and
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rotor inductances; 7, is the rotor time constant; o is the

leakage flux total coefficient; M is the mutual inductance;

o is mechanical rotor frequency; ¢, and @, are the stator

and rotor fluxes; i; and u; are the rotor current and voltage.
The mechanical equation is written as follows:

r,-n (12)

where I, is the induced electromagnetic torque; /7 is the load

torque; f is the coefficient of viscous; € is the rotor speed.
The electromagnetic torque is:

:j.ﬂ_hf.g’
dr

(13)

F P M(Isq “Ord — Isd ¢rq)

L}"
where p is the number of poles pairs.

The observation of stator currents from a fixed
reference to a reference flux is what vector modeling in
practice aims to achieve. As a result, when a new coordinate
system is defined with the direct reference axis, d, or real
axis (Re), coincident with the rotor flux vector (¢,), the
component of the rotor flux vector on the quadrature axis, g,
or imaginary axis (Im), is eliminated, that is:

?rg =0. (14)

The torque determined by (13) can be represented
using (14), as follows:

Te:kc'lsq'¢rs (15)
where I, component represents the direct flux; I,
represents the torque control variation, with k. =p-M/ L,.

Speed observer based on MRAS. In the MRAS
techniques, rotor speed can be estimated by using 2
estimators (one reference and one adaptive), which estimate
the rotor flux components to subsequently use the difference
between these estimates to control the speed of the rotor
model speed adaptive to the current speed. The MRAS basic
setup is shown in (Fig. 2) [14-16].

I/lv — gpar
’ Refrence
Model Py

i

s

[x] ~Q-£
X
A +
Doy
~ le
Adaptation
Py Mechanism

\ (PI controller)

Fig. 2. Induction motor speed estimation using MRAS

Adaptative
Model

The model in the stator reference frame is expressed as:

L_ly:Rv'lT§+G~Lq-%+£.d¢S;
S Yodt L, dt

1 M- dp, (16)
O:_.q_)r_ ¢r+J p- 0. gDr

T T d

In the stationary frame (o, f), the time derived from the
rotor flux vector is calculated by the MRAS speed observer
using 2 independent equations obtained from (4). In [17] are
provided these equations which are generally defined as follows:

- the voltage model (reference model):

— L — - L -
¢r:ﬁ'v|.<”s Rs'lxht_ﬁr'o-'l‘s'ls;
- the current model (adaptive model):

o =[||-L+ipep+ i ay)
T T,

7

(17

Equation (18) can be expressed in an estimated form
for the same input:

o =I{T£ i —[i—j - Qj(prjdt (19)

r }"

The estimation error of the rotor flux is expressed by:
E(p =0~ (20)
By subtracting (18) and (19), the dynamic equation
of the estimation error is obtained:

- | _ A
eq::_(7—1-19'9]'%+J'P'(0—Q)~¢r~ D
r

In order to ensure stability of (18); the error (E¢)

must necessarily this converged to zero [16].
Equation (21) can be rewritten as:

e =A-2,-W . (22)

To return to ensuring the global stability of the
MRAS observer and make the system hyper-stable, we will
apply the Lyapunov’s stability theorem, where a positive
definite function V" is chosen such that its derivative is
negative semi definite. The proposed function is described
in (23). The derivative of this function is shown in (24):

_zT5 .

V=eye,>0; (23)
;_<T— | =T= T _ 27
V=e,e,+e,e,=¢, (A +A)€ —T—eq,e(/J (24)

The function (24) is negative definite. Inferring the
adaptation law from Popov’s criterion thus:

ol ez 2.

Usmg the same theorem previously mentioned,
assuming that the speed varies slowly, we have:

2=60P[lepa eppltrdt = 5P (6t~ i it (26)
There is an incorporated open-loop in the adaption
law (offset problem). A low pass filter was recommended

in [18] to improve the estimation response.

Equation (26) becomes:

Q=k,)(@ ®p)+k[ (@, ®p)dt.  (27)

The classic MRAS observer’s poor estimating at low
speeds and rotor resistance variation sensitivity is its primary
issues. A reviewer provided a number of solutions to this
problem. As functional candidates, where an online rotor time
constant estimation using the MRAS approach is described in
[19-21]. Where the following adaption law gives the
estimated value of the inverse rotor time constant (1/7,.):

I/, =K, (% (Mlsa ~bra )+ e¢ﬂ(M1sﬁ ~brp ))+

+K[J‘(€¢a(Mlsa —¢ra )+e¢ﬂ(M[Sﬂ _¢rﬂ) t.
Design of type-2 fuzzy logic controller. The dynamic
model of the asynchronous machine is non-linear and
strongly coupled, in addition the vehicle dynamics. The use
of PI controllers is not suitable for this application; we chose
to use fuzzy logic [19-21]. Solutions that are adequate can be
found using the T2FLC approach. In this context, we suggest
using the T2FLC algorithm to estimate rotor speed in place
of the conventional PI of the adaptation mechanism. The
rotor flow static and dynamic faults indicated above in (20)
serve as the proposed algorithm’s inputs and may be
expressed as follows [21, 22]:

J' Twdr = J'(PA.Q (25)

. (28)
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Aey (k) =e,(k)—e,(k—1). (29)

The f(A)llowing is how the 3 quantities e, Ae,
(inputs), A€ (output) are standardised:

ep =Ge €y de,, =GAe¢Ae¢; A2 =G,AQ2 . (30)

The value of the estimated speed is obtained after a

discrete integration is performed. Figure 3 shows the
structure of the T2FLC created.

Rules base

€y

Joy1zznyg

Inference

Fuzzy System Controller (FSC)

Fig. 3. Proposed type-2 fuzzy logic controllers

The estimated speed constant’s expression is as follows:
k)= Qk -1)+ G, A2(k). (1)
The error and variation flux type-2 membership
functions are given on the interval [-1, 1] and are similarly
determined with Gaussian forms (Fig. 4,a). The type-2 fuzzy
membership functions of the variation are chosen with
intervals form on the interval [-1.5, 1.5] (Fig. 4,b).

1LNB_ NM _NS _Z0_
|

ps_IPM_ PB| [INB _NM

|

|

05— — r
|

L

Fig. 4. Fuzzy type-2 membership functions to represent:
a — error and variation flux; b — estimated speed

Implementation of the electric differential. Figure 5
shows the implemented system (composed of electrical and
mechanical parts) in the MATLAB/ Simulink environment.

S Speed Discrete time
¥ Controller PI

>

<

'
'
'

|1, | 1 Induction Motor
'
'
'

Concordia
Transform

Fuzzy MRAS (Q,7,) Observers

& Estimator @, 6,

Fig. 5. Basic indirect ﬁeld oriented control (IFOC) for sensorless
IM drives

It should be noted that the 2 inverters share the same
DC bus, whose voltage is intended to be steady. In this
paper, regenerative braking is not considered. The control
system principle could be summarized in 2 principal points:

1) each motor’s torque is controlled by a speed
network control;

2) speed difference feedback is used to regulate the
speed of each rear wheel.

Due to the fact that 2 different motors directly drive
the 2 rear wheels, during steering maneuvers, the outer
wheel’s speed must be higher than the inner wheel’s
speed (and vice-versa). If the steering wheel’s angular
speed is sensed by the speed estimator, this condition can
be easily met [23-25]. The command for the accelerator

pedal then set the common reference speed. The actual
reference speeds for the left and right drives are then
acquired by modifying the common reference speed using
the type-2 fuzzy logic speed estimator’s output signal.

The speed of the left wheel of the vehicle rises as it
makes a right turn, while the speed of the right wheel
stays at the standard reference speed (@,.y). The speed of
the right wheel rises when turning to the left, while the
speed of the left wheel stays constant at the usual
reference speed ().

The vehicle system model may often be analyzed
using a driving trajectory. We used the Ackermann-
Jeantaud steering model since it is often used as a driving
trajectory. Ackermann steering geometry is a geometric
configuration of the steering system’s linkages that was
created to address the issue of wheels on the inside and
outside of bends needing to draw circles with differing
radii. Modern vehicles do not employ pure Ackermann-
Jeantaud steering, in part because it overlooks significant
and compliant effects, although the principle is sound for
low-speed maneuvers [26, 27] (Fig. 6).

The following characteristic can be calculated from
this model:

R=L/tan§, 32)
where R is the turn radius; ¢ is the steering angle; L is the
wheel base.

Therefore, the linear speed of each wheel drive is:

Vi =w,(R-d/2);
1 v( / ) (33)
Vy =, (R+d/2),
where d is the track width and their angular speed by:
N —(d/2)tano
- Lold2dns
. L +(d/2)tan5 (34)
GmT

where o, represents the vehicle’s angular speed from the
turn’s center. Therefore, the difference in wheel drive
angular speeds is:

N —dtand

A= — ) = —— @ (35)
1 2 I v

and the direction of the trajectory is indicated by the
steering angle:

0 > 0 = turn left;
d =0 = straight ahead;
0 < 0= turn right.

&
% “‘J Type-2 Fuzzy P
Speed Estimator 1 4_‘54
@, 'dest

(36)

: wizﬂ L
Steerng 3 Left Motor
~ Wheel IFOC - 1
&* Electronic Battery 4
Differential: Buck Boost
Rear
i Speed %"* = DpcDc
-p References Canverter
Accelerator Computation
|_> [FOC = 4%3 E Right Motor
Oy 1
i [ har - lr
;d._, i
Vaz ||

Fig. 6. Schematic for the EV propulsion and control systems
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Figure 7 displays the block diagram of the electric
differential system employed in simulations that
correspond with the equation mentioned above, where
K] = 0,5 and K2 = —0,5.

mwfiqﬂ

mre/'_Righl

|03V: (Oesr1 = Weyr)/2

Wegr1 f ‘ (%)

Fig. 7. Block diagram of the electric differential system

The performance of fitness function. The
performance of the system is frequently used the IAE
(Integral Absolute Error), ITAE (Integral of Time multiplied
by Absolute Error), ISE (Integral Squared Error) and ITSE
(Integral Time Squared Error) criteria [27]:

IAE = I le(o))dt ;

(37)
0
ITAE = jt|e(t)|dt : (38)
0
ISE = j{e(t)}zdt : (39)
0
ITSE = j He(t)\*dt . (40)
0

Simulation and analysis. The test cycle is the urban
ECE-15 cycle (Fig. 8). The speed of the vehicle is
displayed as a function of time in a driving cycle, which is
a collection of data points. It is used to evaluate how well
EVs function in urban environments and is distinguished
by a modest vehicle speed (50 km/h at most). The first
illustration of the electric differential performances is in
Fig. 9, which displays the driving speed of each wheel
during steering for 0 < ¢ < 1180 s. The complicated
sequence of accelerations, decelerations, and multiple
pauses required by the urban ECE-15 cycle clearly
demonstrate how well the electric differential functions.

100

Speed control, rad/s | } | |
| | | | |
£ i i ittt E i B A B
| | | | |
o ----- L L L L R —
| | | | |
" N S [ [ ol
| | | | |
bt CELERSERECRIELRESEE EF o
) N N B o o B ot
| | | | |
P R S O
| | | | |
| | | | |
20 —|- - e e et e B B e S A —-tH----- +-——=14
| | | | |
a4 H- 1 - e
| |
| ts
00 1

2 3 4 5
Fig. 8. European urban driving schedule ECE-15

The flux (¢,) and the developed torque in each wheel
drive of the induction motor (left and right) are shown in Fig.
10, 11, respectively, along with variations in the location of

the accelerator pedal (Fig. 12) and a variable road profile
(rising and descending parts). It should be noted that the
variations in flux and torque are as large as variations in the
accelerator pedal and the road profile.
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Comparative study between T2FLC and T1FLC
controllers. A comparison between the simulation results
achieved at low-speed zones by T2FLC and TI1FLC
controllers was done in order to verify the performances of
the new control structure employing T2FLC. As illustrated
in Fig. 13,a, the membership functions of the flux error and
its variation are defined on the interval [-1, 1] and are
identical in form. In Fig. 13,b, the singleton forms over the
interval [-2.5, 2.5] are used for the membership functions
for the variation in estimated speed.

|| .NVB_NB NM NS NVS 20 PVS PS PM PB PVB

.. -3 -2 -1 0 1 2 3
a b
Fig. 13. Fuzzy type-1 membership functions to represent:

a — error and variation flux; b — estimated speed

The results provided in Fig. 14 demonstrate the
benefit of the suggested observer, the MRAS T2FLC,
over the MRAS T1FLC, which shows the measured speed
and the estimated value for the different speed as shown
in Fig. 15. These figures clearly demonstrate that the
estimated speed for this applied profile accurately tracks
the measured value even at zero speed. The estimated
error between the MRAS T2FLC and MRAS TI1FLC is
also shown in Fig. 16, and it is immediately apparent that
the T2FLC error is significantly smaller than the TIFLC
error. It is obvious that the T2FLC controller outperforms
its TIFLC predecessor.
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Fig. 15. Zoom of the estimated and measured vehicle speed
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Fig. 16. Speed estimation error

Tables 1, 2 contain comparisons of the results for the
various controllers for each of the errors. Our results
indicate that the T2FLC technique has better performance
than T1FLC controller.

The data of the induction motors are given in Table 3.

Table 1
Performances comparison the first induction motor
Controllers IM1 | TAE | ISE | ITAE ITSE
TI1FLC 0.1215]0.0165]0.2995 0.0660
T2FLC 0.0316]0.0014]0.0702 0.0030
Table 2
Performances comparison of the second induction motor
Controllers IM2 | TAE ISE | ITAE | ITSE
TIFLC 0.1160 | 0.0142 | 0.2866 | 0.0552
T2FLC 0.0358 ] 0.0019 | 0.0846 | 0.0047
Table 3
Parameters of the induction motor
Rate power P, kW 1.5
Rated stator resistance R,, 5.72
Rated rotor resistance R,, 4.2
Rated stator inductance L, H 0.462
Rated rotor inductance L,, H 0.462
Mutual inductance M, H 0.4402
Pole pairs p 2
Inertia J, kg-m® 0.0049
Friction coefficient £, kg-m*/s 0
Conclusions. In this paper, we introduce a

sensorless model reference adaptive system type-2 fuzzy
logic controller and observer for electric vehicle electrical
differential control. By comparing the results of type-1
and type-2 fuzzy models, it was possible to identify that
the type-2 fuzzy model was the best proposal to reproduce
the decision making and in the sensorless control of the
electrical differential of electric vehicle, especially when
driving at high speeds. Also this comparison makes it
evident that the model reference adaptive system type-2
fuzzy logic controller approach is effectives. The
outstanding performance of the induction motor control is
revealed and shown by these data.

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

REFERENCES
1. Zadeh L.A. Fuzzy sets. Information and Control, 1965, vol.
8, no. 3, pp. 338-353. doi: https://doi.org/10.1016/S0019-
9958(65)90241-X.
2. Mizumoto M., Tanaka K. Some properties of fuzzy sets of
type 2. Information and Control, 1976, vol. 31, no. 4, pp. 312-
340. doi: https://doi.org/10.1016/S0019-9958(76)80011-3.

24

Electrical Engineering & Electromechanics, 2023, no. 4



3. Karnik N.N., Mendel J.M. Applications of type-2 fuzzy logic
systems: handling the uncertainty associated with surveys. FUZZ-
IEEE’99. 1999 IEEE International Fuzzy Systems. Conference
Proceedings (Cat. No.99CH36315), 1999, vol. 3, pp. 1546-1551
doi: https://doi.org/10.1109/FUZZY.1999.790134.

4. Mousavi S.M. A new interval-valued hesitant fuzzy pairwise
comparison—compromise solution methodology: an application
to cross-docking location planning. Neural Computing and
Applications, 2019, vol. 31, no. 9, pp. 5159-5173. doi:
https://doi.org/10.1007/s00521-018-3355-y.

5. Tsang Y.P., Wong W.C., Huang G.Q., Wu C.H., Kuo Y.H,,
Choy K.L. A Fuzzy-Based Product Life Cycle Prediction for
Sustainable Development in the Electric Vehicle Industry.
Energies, 2020, vol. 13, no. 15, art. no. 3918. doi:
https://doi.org/10.3390/en13153918.

6. Seth AK., Singh M. Unified adaptive neuro-fuzzy inference
system control for OFF board electric vehicle charger. International
Journal of Electrical Power & Energy Systems, 2021, vol. 130, art.
no. 106896. doi: https://doi.org/10.1016/j.ijepes.2021.106896.

7. Williamson S.S., Rathore A.K., Musavi F. Industrial
Electronics for Electric Transportation: Current State-of-the-Art
and Future Challenges. [EEE Transactions on Industrial
Electronics, 2015, vol. 62, no. 5, pp. 3021-3032. doi:
https://doi.org/10.1109/TIE.2015.2409052.

8. Haddoun A., Benbouzid M.E.H., Diallo D., Abdessemed R.,
Ghouili J., Srairi K. Modeling, Analysis, and Neural Network
Control of an EV Electrical Differential. /[EEE Transactions on
Industrial Electronics, 2008, vol. 55, no. 6, pp. 2286-2294. doi:
https://doi.org/10.1109/TIE.2008.918392.

9. YangJ., Zhang T., Zhang H., Hong J., Meng Z. Research on
the Starting Acceleration Characteristics of a New Mechanical—
Electric-Hydraulic Power Coupling Electric Vehicle. Energies,
2020, wvol. 13, no. 23, art. no. 6279. doi:
https://doi.org/10.3390/en13236279.

10. Tao Guilin, Ma Zhiyun, Zhou Libing, Li Langru. A novel
driving and control system for direct-wheel-driven electric vehicle.
2004 12th Symposium on Electromagnetic Launch Technology,
2004, pp. 514-517. doi: https://doi.org/10.1109/ELT.2004.1398134.
11. Ju-Sang Lee, Young-Jac Ryoo, Young-Cheol Lim, Freere P.,
Tae-Gon Kim, Seok-Jun Son, Eui-Sun Kim. A neural network
model of electric differential system for electric vehicle. 2000 26th
Annual Conference of the IEEE Industrial Electronics Society.
IECON 2000. 2000 IEEE International Conference on Industrial
Electronics, Control —and Instrumentation. 21st  Century
Technologies and Industrial Opportunities (Cat. No.0OCH37141),
vol. 1, pp. 83-88. doi: https://doi.org/10.1109/IECON.2000.973130.
12. Han-Xiong Li, Gatland H.B. A new methodology for
designing a fuzzy logic controller. [EEE Transactions on
Systems, Man, and Cybernetics, 1995, vol. 25, no. 3, pp. 505-
512. doi: https://doi.org/10.1109/21.364863.

13. Guezi A., Bendaikha A., Dendouga A. Direct torque control
based on second order sliding mode controller for three-level
inverter-fed permanent magnet synchronous motor: comparative
study. Electrical Engineering & Electromechanics, 2022, no. 5,
pp. 10-13. doi: https://doi.org/10.20998/2074-272X.2022.5.02.
14. Chekroun S., Abdelhadi B., Benoudjit A. Design
optimization of induction motor using hybrid genetic algorithm
«a critical analyze». Advances in Modelling and Analysis C,
2016, vol. 71, no. 1, pp. 1-23.

15. Nait-Said M.-S., Tadjine M., Drid S. Robust backstepping
vector control for the doubly fed induction motor. /ET Control
Theory & Applications, 2007, vol. 1, no. 4, pp. 861-868. doi:
https://doi.org/10.1049/iet-cta:20060053.

16. Young Ahn Kwon, Dae Won Jin. A novel MRAS based speed
sensorless control of induction motor. I[ECON’99. Conference
Proceedings. 25th Annual Conference of the IEEE Industrial
Electronics Society (Cat. No.99CH37029), 1999, vol. 2, pp. 933-
938. doi: https://doi.org/10.1109/ITECON.1999.816537.

How to cite this article:

17. Khemis A., Benlaloui I., Drid S., Chrifi-Alaoui L., Khamari D.,
Menacer A. High-efficiency induction motor drives using type-2
fuzzy logic. The European Physical Journal Plus, 2018, vol. 133,
no. 3, art. no. 86. doi: https://doi.org/10.1140/epjp/i2018-11903-6.
18. Benlaloui 1., Drid S., Chrifi-Alaoui L., Ouriagli M.
Implementation of a New MRAS Speed Sensorless Vector
Control of Induction Machine. [EEE Transactions on Energy
Conversion, 2015, vol. 30, no. 2, pp. 588-595.
https://doi.org/10.1109/TEC.2014.2366473.

19. Zaky M.S., Khater M.M., Shokralla S.S., Yasin H.A. Wide-
Speed-Range Estimation With Online Parameter Identification
Schemes of Sensorless Induction Motor Drives. [EEE
Transactions on Industrial Electronics, 2009, vol. 56, no. 5, pp.
1699-1707. doi: https://doi.org/10.1109/TTE.2008.2009519.

20. Vasic V., Vukosavic S. PES News. I[EEE Power
Engineering Review, 2001, vol. 21, no. 11, pp. 16-17. doi:
https://doi.org/10.1109/39.961999.

21. Miloud Y., Draou A. Fuzzy logic based rotor resistance
estimator of an indirect vector controlled induction motor drive.
IEEE 2002 28th Annual Conference of the Industrial Electronics
Society. IECON 02, wvol. 2, pp. 961-966. doi:
https://doi.org/10.1109/IECON.2002.1185402.

22. Ali Moussa M., Derrouazin A., Latroch M., Ailleriec M. A
hybrid renewable energy production system using a smart
controller based on fuzzy logic. Electrical Engineering &
Electromechanics, 2022, mno. 3, pp. 46-50. doi:
https://doi.org/10.20998/2074-272X.2022.3.07.

23. Bordons C., Ridao M.A., Perez A., Arce A., Marcos D. Model
Predictive Control for power management in hybrid fuel cell
vehicles. 2010 IEEE Vehicle Power and Propulsion Conference,
2010, pp. 1-6. doi: https:/doi.org/10.1109/VPPC.2010.5729119.

24. Vaez S., John V.I., Rahman M.A. Energy saving vector
control strategies for electric vehicle motor drives. Proceedings
of Power Conversion Conference - PCC ’97, vol. 1, pp. 13-18.
doi: https://doi.org/10.1109/PCCON.1997.645578.

25. Takeda K., Takahashi C., Arita H., Kusumi N., Amano M.,
Emori A. Design of hybrid energy storage system using dual
batteries for renewable applications. 2014 [EEE PES General
Meeting | Conference & Exposition, 2014, pp. 1-5. doi:
https://doi.org/10.1109/PESGM.2014.6938860.

26. Colyer R.E., Economou J.T. Comparison of steering
geometries for multi-wheeled vehicles by modelling and
simulation. Proceedings of the 37th IEEE Conference on
Decision and Control (Cat. No.98CH36171), 1998, vol. 3, pp.
3131-3133. doi: https://doi.org/10.1109/CDC.1998.757992.

27. Xia X., Xing Y., Wei B., Zhang Y., Li X., Deng X., Gui L.
A fitness-based multi-role particle swarm optimization. Swarm
and Evolutionary Computation, 2019, vol. 44, pp. 349-364. doi:
https://doi.org/10.1016/j.swevo0.2018.04.006.

Received 11.09.2022
Accepted 25.12.2022
Published 01.07.2023

Abderrahmane Khemisl’z, Doctor of Technical Science,
Associate Professor,

Tarek Boutabba'?, Doctor of Technical Science, Associate
Professor,

Said Drid 2’3, PhD, Professor,

! University of Khenchela,

El-Hamma, BP 1252 Road of Batna, Khenchela, 40004, Algeria,
e-mail: khemisO5@yahoo.fr; boutabba tarek@yahoo.ft;

2 LSPIE Laboratory, University of Batna 2,

53, Constantine road, Fésdis, Batna, 05078, Algeria.

3 Higher National School of Renewable Energy, Environment
and Sustainable Development,

Batna, Constantine road, Fesdis, Batna, 05078, Algeria,
e-mail: s.drid@hns-re2sd.dz (Corresponding Author)

Khemis A., Boutabba T., Drid S. Model reference adaptive system speed estimator based on type-1 and type-2 fuzzy logic sensorless
control of electrical vehicle with electrical differential. Electrical Engineering & Electromechanics, 2023, no. 4, pp. 19-25. doi:

https://doi.org/10.20998/2074-272X.2023.4.03

Electrical Engineering & Electromechanics, 2023, no. 4

25



UDC 621.3.013 https://doi.org/10.20998/2074-272X.2023.4.04

B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui, O.V. Voloshko, V.V. Kolomiets, B.B. Kobylianskyi

Optimization of spatial arrangement of magnetic field sensors of closed loop system of
overhead power lines magnetic field active silencing

Aim. Development of a method for optimization of spatial arrangement and angular position of magnetic field sensors of a closed system to
ensure maximum efficiency of active silencing canceling of the magnetic field generated by overhead power lines. Methodology. Spatial
arrangement and angular position of magnetic field sensors of closed loop system of overhead power lines magnetic field active silencing
determined based on binary preference relations of local objective for multi-objective minimax optimization problem, in whith the vector
objective function calculated based on Biot-Savart law. The solution of this vector minimax optimization problem calculated based on
nonlinear Archimedes algorithm of multi-swarm multi-agent optimization. Results. Results of simulation and experimental research of
optimal spatial arrangement and angular position of magnetic field sensors of a closed system to ensure maximum efficiency of active
silencing of the magnetic field generated by overhead power lines with a barrel-type arrangement of wires. Originality. The method for
optimization of spatial arrangement and angular position of magnetic field sensors of a closed system to ensure maximum efficiency of active
shielding of the magnetic field generated by overhead power lines is developed. Practical value. An important practical problem
optimization of spatial arrangement and angular position of magnetic field sensors of a closed system to ensure maximum efficiency of active
silencing of the magnetic field generated by overhead power lines has been solved. References 53, figures 10.

Key words: overhead power transmission line, magnetic field, system of active silencing, spatial arrangement and angular
position of magnetic field sensors, multi-objective parametric optimization, computer simulation, experimental research.

Mema. Po3pobka memody onmumizayii npocmoposoco po3mauiyéanHs ma Kymoeo2o HON0NCEHHS OAMYUKIE MASHIMHO20 OIS 3AMKHYMOT
cucmemu 071 3abe3neuenis MaKCUMAIbHOI eqheKMUBHOCMI aKMUBHO20 eKPAHYSAHHS MACHIMHO20 NOJA, SIKe CIEOPIOBAEMbCS NOGIMPSHUMU
niniamu enexmponepedadi. Memooonozis. Ilpocmopose posmauiyeanis ma Kymoge NoIOJICeHHs OamUUKi@ MazHimHo2o noss O 3aMKHYMoi
cucmemu aKmusHO20 NOOABNEHHS. MAZHIMHO20 NOJIA, SIKe CMBOPIOBACHIbC NOGIMPAHUMY TIHIAMU eleKmponepeoati, 6usHaueHe Ha OCHOGI
OIHapHUX BIOHOWEHD Nepeazil TOKATbHOT Yini 01 6a2amoKpumepitiHoi 3a0aui MIHIMAKCHOT onmumizayii, 8 AKill 6eKMOPHA Yib08a (YHKYis
pospaxosana Ha ocHosi sakony bio-Casapa. Piwenns yici 3a0aui 6ekmopHoi MiHIMAKCUMATLHOI ONMUMI3AYIi 00UUCTIOEMbCS. HA OCHOBI
HeniniliHo2o  aneopummy Apximeoa mynemu-pounoi 6acamoazenmuoi  onmumizayii. Pezynemamu. Pesynomamu moolenioéanHa ma
EKCNePUMEHMANLHUX OOCTIONCEHb ONMUMATBHO20 HPOCHOPOBO2O POSMAULYBAHHS MA KYIMOBO2O NONOMHCEHHS OAMUUKIE MASHIMHO20 NOJIA
3aMKHYmMOI cucmemu Oni 3a0e3nevents MaKCUMANbHOL eqheKmusHoOCmi aKmugHO20 eKpany8anHs MASHIMHO20 NOJA, sKe CHMBOPIOEMbCSL
nosimpsHuUMU JIHIAMU eNeKmponepeoayi 3 60UKONOOIOHUM po3mawyeanHsIM nposodis. Opuzinanshicms. Pospobreno memoo onmumizayii
NPOCMOPOBO20 PO3MAULYBAHHS MA KYMOBO20 NOTONCEHHS OAMUUKIE MASHIMHO20 NOJIA 3AMKHYMOI cucmemu Oisl 3a0e3nedeHHs MakCUMAanbHOT
eghekmusHOCIi aKMUBHO20 eKPaHY8aHHA MASHIMHO20 NOA, sKe CMBOPIOEMbC NOGIMpAHUMYU THIAMU enexmponepedadi. IIpakmuuna
yinnicmy. Bupiweno eadicnugy npakmuuny 3a0aiy npoekmy6arHs ONMuUManbHo20 npoCHopoBO20 POIMAULY8AHHS MA KYIOBO20 NONONHCEHHS
0amuUKi6 MASHIMHO20 NOJAL 3AMKHYMOI cucmemu Onisi 3abe3NneveHHs MakCUMAIbHOT eeKMUSHOCHE AKMUSHO20 eKPAHYBAHHS MACHINHOZO0
N0/, sIKe CIMEOPIOEMbCSL NOGIMPSHUMU JIHISIMU enekmponepedadi. bion. 53, puc. 10.

Knouosi cnosa: nositpsiHa JliHis ejeKTpomepenavi, MarHiTHe moJie, CHCTeMa AKTHBHOI0 €KpPaHYBaHHsS, IPOCTOPOBe
pO3TalIyBaHHSI Ta KYTOBe IOJIO)KEHHSl JATYUKIB MarHiTHOro moJis, 0araTokpuTepiliHa napamMeTpu4YHa ONTHMi3auis,
KOMIT'I0TepHe MOJIeJII0BAHHS, eKCIIePUMEHTAIbHI A0CTiIKeHHS.

Introduction. Electricity has given humanity many
benefits. However, as is often the case, the same
electricity has created certain problems for humanity. One
of such problem is the power frequency magnetic field
generated by overhead power lines (MF). Many of
overhead power lines often pass in the residential areas
and generated a magnetic field, the level of which often
exceeds the safe level for the population with an induction
of 0.5 uT adopted in Europe, that poses a threat to public
health [1-3]. World Health Organization carries out the
ongoing global programs connected with climate change,
ionizing radiation, chemical safety, etc. The small number
of these programs emphasizes the importance of the
issues involved. The effect of the electromagnetic field on
the population is one of such issues, and it is studied
within the framework «The International EMF Project».
Research results confirm the high risk of power frequency
(50-60 Hz) MF for human health. This leads to modern
world trends on stricter sanitary standards on reference
levels of power frequency magnetic field.

Currently, strict sanitary standards for the magnetic
field induction 0.5 uT have been introduced into the
regulatory documents of the Ministry of Energy of Ukraine.
However, in Ukraine these norms are universally exceeded,
which poses a threat to the health of millions of people living
closer than 100 ms from overhead power lines.

Anatolii Pidhornyi Institute of Mechanical Engineering
Problems of the National Academy of Sciences of Ukraine
carried out experimental research of magnetic field generate
by high-voltage transmission lines 10-330 kV [4-7]. It is
shown, that their magnetic field are 3-5 times higher than the
standard level at the border of sanitary zones previously
formed in the electric field. This situation requires urgent
measures to reduce by 3-5 times the magnetic field of the
existing power lines within the cities of Ukraine.

A similar situation is typical for most industrialized
countries of the world [8-11]; however, in these countries,
normalization technologies of magnetic field of existing
power transmission lines have already been created and
are widely used [12-16]. The most effective technology is
the reconstruction of power transmission lines by
removing it to a safe distance from residential buildings,
or replacing an overhead transmission line with a cable
line. However, such a reconstruction requires huge
material resources. Therefore, less expensive methods of
canceling the magnetic field of existing power
transmission lines are more acceptable for Ukraine, of
which the methods of active contour silencing of the
magnetic field provide the necessary efficiency.

The technology of active contour silencing of
magnetic field of existing power transmission lines has
been developed and used in developed countries of the
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world for more than 10 years, for example, in the USA and
Israel [17-23]. In Ukraine, at present, both such technology
and the scientific foundations of its creation are absent.

The method is implemented using a system of
active silencing. System of active silencing consists of
silencing coils, with the help of which a silencing
magnetic field is formed. The currents in canceling
windings automatically generated by a certain algorithm
as a function of the signal from the magnetic field sensors
installed in the protection zone. For the power supply, the
system of active silencing contains a current source that
receives energy from an external source.

In the system of active silencing, a different number
of canceling windings used, determined by the spatio-
temporal characteristic of the initial magnetic field, the
geometric dimensions of the silencing space and the
required level of the resulting magnetic field in the
silencing space. The most common transmission lines in
Ukraine, passing near residential and public areas, are
double-circuit power lines with a suspension of wires of
the «barrel» type. Such transmission lines generate
magnetic field, the spatiotemporal characteristic of which
is a highly elongated ellipse.

For active silencing of such magnetic field, a single-
circuit system of active silencing with one silencing
winding is often sufficient. With the help of such system
of active silencing, the major axis of the spatiotemporal
characteristic ellipse compensated, which makes it
possible to obtain a sufficient silencing efficiency of the
initial magnetic field. In the area of old residential
buildings, single-circuit power lines with a triangular
suspension of wires often pass. Such transmission lines
generate magnetic field, the spatiotemporal characteristic
of which is a circle.

For active silencing of such a magnetic field, it is
necessary to use at least a double-circuit system of active
silencing with two canceling windings. If it is necessary
to shield the magnetic field generated by such a power
line in a multi-storey building, three or more silencing
windings may be required, depending on the required
level of the resulting magnetic field in the silencing space.

For the formation of currents in the silencing
windings, open, closed and combined control algorithms
can be used [24-29]. With an open-loop control algorithm
for silencing windings, one canceling sensor is sufficient,
with the help of which the induction of the initial
magnetic field is measured [30-35]. This sensor installed
outside the silencing space so that the silencing windings
do not affect its operation [36-40].

The disadvantage of the open-loop control algorithm
for the silencing windings is its relatively low efficiency
of silencing the initial magnetic field [41-47]. In
particular, with an open-loop control algorithm, it is
impossible silencing for changes in the magnetic field
induction inside the silencing spase, due to the presence
of internal sources of magnetic field, as well as in the
process of inevitable changes in the parameters of the
system of active silencing control object during its
operation [39, 40].

For the correct implementation of a closed algorithm
for controlling by all silencing windings, the number of
magnetic field sensors is usually equal to the number of

silencing windings [30, 31]. Moreover, all these sensors
installed inside the shielding space for the correct
measurement of the resulting magnetic field generated
both by power lines and by all silencing windings.

As an example, Fig. 1 shows a photo of the spatial
arrangement of the sensor inside the silencing space,
given in [16].

Fig. 1. Spatial arrangement of the magnetic field sensor inside
the silencing space

Naturally, the efficiency of active silencing of the initial
magnetic field with the help of each silencing windings and
all simultaneously operating silencing windings depends on
the spatial arrangement and orientation in the silencing space
of all magnetic field sensors.

The aim of the work is to develop a method for
optimization of spatial arrangement and angular position of
magnetic field sensors of a closed system to ensure
maximum efficiency of silencing of the magnetic field
generated by overhead power lines.

Statement of the problem. Let us consider the
formulation of the problem of correctly determining the
coordinates of the spatial location and their angular
orientation in the silencing space of all magnetic field
sensors, which are necessary for the implementation of a
closed control algorithm for all silencing windings. Let us
introduce the vector Y of the desired parameters of the
coordinates of the spatial arrangement and the vector ¢ of
the desired parameters of the angular position of all
magnetic field sensors at points Q; in the silencing space.
The components of the angular orientation vector of all
magnetic field sensors are vectors of unit length, directed
parallel to the desired angular positions of the axes of the
magnetic field sensors.

Let us consider the mathematical model of the
magnetic field generated in the silencing space by all the
wires of the power transmission line and by all the
magnetic field windings at the installation points Q; of the
canceling sensors in the magnetic field space. We set the
vector [,(f) of instantaneous values of currents in all wires
of the power transmission line of the three-phase current
in the form of sinusoidal dependencies

1;(t)= 4sin(w(c) + ¢;) (1)
of the given frequency @ and the given phase ¢, where
i =1, 2,3 — the number of the conductor of the three-
phase current line.

Then, the instantancous value of the elementary
induction vector dB(Q;, f) of the initial magnetic field at
the considered point of the space point Q; at the time ¢

calculated based on Biot—Savart law [4, 5]
I(t) dL; x R;
aB(0,.1 = O Lix Ry @
47 | Ri|

where R; is the vector from the differential current
element generic field in point Q,, dL; is the elementary
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length vector of the current element, y4 is the vacuum
magnetic permeability. The sign x denotes the vector
product of the vectors dZ; and R,.

Based on (2) for vector /,(f) of instantaneous values of
currents in all wires of the power transmission line (1) by
integrating over the entire length of all current wires of
power transmission lines calculated instantaneous value of
the initial magnetic field induction vector B,(Q,, ?) at time ¢
at points Q; generated by all wires of all transmission lines.

Let us first assume that the number and geometric
dimensions of canceling windings are given. Let us set the
column vector /y(f) of the instantaneous values of the
currents in the canceling windings. Then, for the given
values of the geometric dimensions of the canceling
windings and the vector /() of the instantaneous values
of the currents of the instantaneous values of the currents
in the silencing windings, based on the Biot—Savart law,
similarly (1) calculated the instantaneous value of the
magnetic field induction vector By(Q;, f) generated by all
wires of all silencing windings at time ¢ at points Q..

Then the vector Bg(Q;, t) of the instantaneous values
of the induction of the resulting magnetic field generated
by all wires of the power transmission line and all
silencing windings at time ¢ at points Q, in silencing space

BR(Q;.0) = Bp(Q;.1)+ By (01.1) 3)

Based on this vector Br(Q;, f) of the instantaneous
values of the induction of the resulting magnetic field
vectors at the installation points Q; of the magnetic field
sensors, taking into account the vector ¢ of the spatial
position angles of the magnetic field sensors, the vector
Bi(Q;, ©) of the projections of the vector Bx(Q,, f) of the
instantaneous values of the induction of the resulting
magnetic field onto the vector ¢ of the angular positions
of these magnetic field sensors calculated

By (01,0) = Br(01)® 9, 4)
here the sign ® denotes the tensor (Kronecker) product of
the column vectors. In this case, the elements of the
vector By(Q,, t) are the result of the element-by-element
scalar multiplication of the components of the column
vector Br(Q,, ) and the column vector ¢. The components
of the projection vector By{(Q; f) are scalar values
obtained as a result of component-by-component scalar
multiplication of the resulting magnetic field induction
vectors Br(Q;, t) at the magnetic field sensor installation
point by unit vectors ¢ of the angular position of the
magnetic field sensors.

The components of this vector By(Q,, t) of
projections of the Br(Q,, t) vector of instantaneous values
of the induction of the resulting magnetic field are the
instantaneous values of the voltages /;(¢) at the outputs of
the magnetic field sensors

yu () =Br(0,) @ p® Ky + (1), ®)
where w() is the magnetometer noise vector.

This takes into account the vector column K, of the
gain coefficients of the magnetic field sensor taking into
account the number of turns of their measuring coils and
the gains of the preamplifiers.

Let’s take the structure of the system of active
shielding of the magnetic field in the following form: we
will apply the output voltage y(f) of the corresponding
magnetometer to the input u(f) of the PID controller of

each channel. Let’s write the differential state equation of
discrete PID regulators, the input of which is the vector
y(f) of measured magnetic field induction components,
and the output is the vector u(f) of plant control
xc(t+1)=Acxc(t)+ch(t): (6
u(t)= Cox(t)+ Dey(t). @)
in which the elements of the matrices 4., B., C., D, are
determined by the PID parameters of the regulators.

Let’s write down the models of the control objects of
each channel, the input of which is the vector u(¢) of
output voltages of the PID controller, and the output of
which is the vector /y(f) of instantaneous values of
currents silencing windings

x,(t+1)=A,x,(t)+ Bult). (8)

1,,(t)=Cpx,(t)+ Dult). )

in which the elements of the matrices 4,, B,, C,, D, are

determined by the parameters of the model of the control

object, which includes a silencing windings, a power
amplifier and current regulator.

Thus, with the help of (4) — (9), the instantaneous
value of the current vector /y(7) in the silencing windings
formed in the form of feedback on the vector Br(Q,, f) of
the induction of resulting magnetic field (3).

Let us introduce the vector X of desired parameters,
the components of which are the vector Y of the desired
parameters of the coordinates of the spatial arrangement,
the vector ¢ of the desired parameters of the angular
position of all magnetic field sensors at points Q; in the
screening space and the desired column vector K of the
gain coefficients of the silencing windings PID controllers.
Note that if the parameters of the geometric dimensions of
the silencing windings not specified, then they can be
included in the vector vector X of desired parameters. Let
us introduce olso the vector o of the parameters of the
uncertainty of the control object of the system of active
silencing, the components of which are the parameters of
the uncertainty of the mathematical model of the initial
magnetic field and silencing windings [34-38].

We introduce M points P; in the screening space. Note
that the considered M points P; of the silencing space are
selected for reasons of providing a given level of induction
of the resulting magnetic field in the entire given silencing
space, and their number and spatial arrangement may not
correspond to the installation points of the magnetic field
sensors. These points usually chosen over the entire
silencing space, since with the help of the system of active
canceling it is possible to overcompensate the magnetic
field near the power line and undercompensate the initial
magnetic field away from the power line.

Then based on (2) for vector /,(¢) of instantaneous
values of currents in all wires of the power transmission
line (1) by integrating over the entire length of all current
wires of power transmission lines calculated instantaneous
value of the initial magnetic field induction vector B,(Q;, £)
at time ¢ at points P; generated by all wires of all
transmission lines.

Then, for the given values of the geometric
dimensions of the silencing windings and the vector /;(f)
of the instantaneous values of the currents of the
instantaneous values of the currents in the silencing
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windings calculated by (5), based on the Biot—Savart law,
similarly (1) calculated the instantaneous value of the
magnetic field induction vector Bj{(X, o, P;, f) generated
by all wires of all silencing windings at time ¢ at points P;.
Then the vector Br(X, 6, P; f) of the instantaneous
values of the induction of the resulting magnetic field
generated by all wires of the power transmission line and all
silencing windings at time ¢ at points P; in silencing space
BR(X,5,P.0)= Bp(B,1)+ By (X,6,P.0).  (10)

Let us introduce an M dimensional vector Br(X, 9, P;)
of effective values of the resulting magnetic field at M points
in the silencing space, calculated by integrating the square of
the modulus of the instantaneous value vector Br(X, J, P;, f)
over the interval of the network voltage change period.

Then the design problem of vector X parameters of
the coordinates of the spatial arrangement, the vector ¢ of
the desired parameters of the angular position of all
magnetic field sensors at points (O; in the silencing space
and the desired column vector K of the gain coefficients of
the silencing windings controllers reduces to solving vector
minimax optimization wits vector objective function

BR(X,5)=(Bg(X,5,R)). (10).

The components Br(X, o, P;) of which are the
effective values of the induction of the resulting magnetic
field at all considered points Q; in the silencing space.

In this minimax optimization problem it is necessary
to find the minimum of the vector objective function (11)
by the vector X, but the maximum of the same vector
objective function by the vector 6.

At the same time, naturally, it is necessary to take into
account restrictions on the control vector and state variables
in the form of vector inequality and, possibly, equality

G(X)<Gpay, H(X)=0. (12)

Note that the components of the vector criterion (11)
and constraints (12) are the nonlinear functions of the vector
of the required parameters of the regulators and their
calculation is performed basis on the Biot—Savart law [5, 6].

The method for problem solving. The solution of
the vector minimax optimization problem wits vector
objective function (11) is the set of unimprovable
solutions — the Pareto set of optimal solutions if only one
vector objective function is given [48, 49]. Such a
statement of the optimization problem is an ill-posed
problem, since the solution in the form of a Pareto
optimal set of unimprovable solutions is devoid of
engineering sense from the point of view of practical
application [50, 51]. In addition to the vector optimization
criterion (11) and constraints (12), it is also necessary to
have information about the binary relations of preference
of local solutions to each other in order to correctly solve
the problem of multi-criteria optimization. This approach
makes it possible to significantly narrow the range of
possible optimal solutions to the original multi-criteria
optimization problem.

The problem of finding a local minimum at one
point of the considered space is, as a rule, multi-extreme,
containing local minima and maxima, therefore, for its
solution, it is advisable to use algorithms of stochastic.
Currently, the most widely used are multi-agent stochastic
optimization methods that use only the speed of particles.

To find the solution of minimax vector optimization
problem (11) from Pareto-optimal decisions [48, 49]
taking into account the preference relations, we used
special nonlinear algorithms of stochastic multi-agent
optimization [50, 51]. First-order methods have good
convergence in the region far from the local optimum,
when the first derivative has significant values.

The main disadvantage of first-order search methods,
which use only the first derivative — the speed of particles,
is their low efficiency of the search and the possibility of
getting stuck in the search near the local minimum, where
the value of the rate of change of the objective function
tends to zero. The advantage of second-order algorithms is
the ability to determine not only the direction of movement,
but also the size of the movement step to the optimum, so
that with a quadratic approximation of the objective
function, the optimum found in one iteration.

To search the components Xj(f) optimal values of
the vector X of the desired parameters minimizing vector
optimization criterion (11) under constraints (12), for
calculating velocities V;(f) and accelerations A4;(f) of i
particle of j swarm using the following steps

Vij(t+1) =Wy V(1) + Cy Ry ; (1) %

X H (P (6) — E1 ()Y ()

X O]+ Co Ry (OH (R (1) - (13)
By )i 0-X, 0]
A (6 4+1) = Wy ; A (6) + C3 Ry ; (1)
x H Py (6) ~ Exy (0)] (1) -
(14)

Ty (O]+ Cy Ry (O H Py ()~

= By )20~ 0)]
here Y;(f) and ¥;" — the best-local and global positions
X;(1), Z(t) and Z — the best-local and global velocity
V(%) of the i-th particle, found respectively by only one
i-th particle and all the particles of j swarm.

Random numbers R;(f), E;(f) and constants Cj, P;;,
W; are tuning parameters, H is the Heaviside function.

To search the components X;(f) optimal values of
the vector J of the parameters of the uncertainty of the
control object (2) of the system of active silencing
maximizing the same vector optimization criterion (11)
under constraints (12), for calculating velocities V;(f) and
accelerations A4;(¢) of i particle of j swarm using the steps
similarly (13) — (14). However, unlike (13) and (14), the
best local and global position and velocity components
are those that lead not to a decrease in the corresponding
components of the vector objective function (11), but vice
versa to their increase. This is where the «malicious»
behavior of the vector ¢ of uncertainties of the designed
system is manifested.

The use of the Archimedes algorithm [53] for
calculating minimax vector optimization problem (11)
solutions with vector constraints (12) and binary
preference relations it possible to significantly reduce the
calculating time [51, 52].

Results of design of experimental model. As an
example, consider the design of optimal spatial
arrangement and angular position of magnetic field

Electrical Engineering & Electromechanics, 2023, no. 4

29



sensors for a closed system to ensure maximum efficiency
of active silencing of the magnetic field generated by
experimental model of double-circuit power transmission
line with a suspension of wires of the «Barrel» type in a
five-story residential building. Figure 2 shows the spatial
arrangement of the transmission line model and the model
of a five-story residential building.

Arrangement of active elements

0.5 —

0—

-1

Fig. 2. Spatial arrangement of the transmission line model and
the model of a five-story residential building

In the process of designing of optimal spatial
arrangement and angular position of magnetic field
sensors, the spatial arrangement of the two silencing
windings was also designed. The spatial position of these
two windings are also shown in Fig. 2.

Figure 3 shows the spatio-temporal characteristics (STC)
of the initial magnetic field (1), magnetic field generated by
both silencing windings (2) and the resulting magnetic field (3)
with the active silencing system turned on. These spatio-
temporal characteristics are calculated at the point of optimal
spatial arrangement of magnetic field sensors.

25 Field at pointx=2m, z=0.65m

-2.5
-2.5

Fig. 3. The spatio-temporal characteristics of the magnetic field

From this figure it follows that with the help of two
silencing windings, a sufficiently high value of the
silencing factor is realized at the point of the spatial
location of the of magnetic field sensors.

Experimental studies. To conduct experimental
research, a model of a double-circuit power transmission
line with a wire suspension of the «Barrel» type
developed, the photo of which shown in Fig. 4.

Fig. 4. Power transmission line model with a wire suspension
of the «Barrel» type

A model of a double-circuit system of active
silencing with two silencing windings has also been
developed, a photo of which is shown in Fig. 5.

To control the currents in the silencing windings and
the implementation of the regulators, the system of active
silencing model was developed, the photo of which is
shown in Fig. 6.

\! i

Fig. 5. Two compensating silencing of double-circuit system
of active silencing model

< % ) '-,‘_“
Fig. 6. Double-circuit system of active silencing model

Next to the two magnetic field sensors, photo of
which shown in Fig. 7. With the help of which a closed-
loop control algorithm for two silencing windings
implemented, sensors are also installed, with the help of
which the STC of the MF is measured.

The sensors mounted on tripods, with the help of
which it is possible to set the required positioning angles
of the magnetic field sensors.
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Results of experimental studies. Let us consider
the first variant of the angular position of the magnetic
field sensors. Both sensors are installed orthogonally to
the X and Z coordinate axes. On Fig. 8 shows the
experimental silencing factor surface. The silencing factor
is greater than 5.

Distribution of K,, for | B,,| of HPVL-SAS
Pt

X, m 3 0.5
Fig. 8. Experimental silencing factor surface for first variant

Consider now the second variant of the angular position
of the magnetic field sensors. The sensors are installed in such
a way that their outputs have the maximum voltage when
only one silencing winding of the same channel is operating.
In this case, the angular positions of the sensors are
respectively equal to 113 degrees and 358 degrees. On Fig. 9
shows the experimental silencing factor surface.

Distribution of Ky; for | B.| of HPVL-SAS

X, m 3 0.5
Fig. 9. Experimental silencing factor surface for second variant

The silencing factor is greater than 3.5. With such an
installation of the magnetic field sensors, each channel
most effectively suppresses the induction of the initial

magnetic field in the plane in which this channel
generates the magnetic field.

Consider now the third variant of the angular position
of the magnetic field sensors. The sensors are installed in
such a way that their outputs have a minimum voltage
when only one silencing winding of another channel is
operating. In this case, the angular positions of the sensors
are respectively equal to 222 degrees and 187 degrees.
Figure 10 shows the experimental silencing factor surface.

Distribution of K, for | B,,| of HPVL-SAS
|

X, m 3 0.5
Fig. 10. Experimental silencing factor surface for third variant

The experimental silencing factor is greater than 12.
With such an installation of the magnetic field sensors,
each channel most effectively suppresses the induction of
the initial magnetic field in a plane orthogonal to the
plane in which the other channel generates the magnetic
field. Therefore, the channels have minimal influence on
each other when they work together.

Conclusions.

1. A method for optimizing the spatial arrangement
and angular position of magnetic field sensors in a closed
system of active silencing of the magnetic field to ensure
maximum efficiency of active silencing of the magnetic
field created by overhead power lines has been developed.

2. Optimization of the spatial arrangement and
angular position of the magnetic field sensors according
to the developed method is reduced to the calculation of
the solution of the vector minimax optimization problem
based on binary preference relations. The objective
function vector of the minimax optimization problem and
the calculation of constraints are formed on the basis of
the Biot—Savart law and this solution is calculated on the
basis of stochastic nonlinear algorithms of Archimedes.

3. Based on the developed method, the optimal
spatial arrangements and angular positions of two
magnetic field sensors, as well as currents in two
silencing windings for double-circuit systems of active
jamming of the magnetic field in a multi-storey old house,
created by double-circuit overhead power lines 110 kV
with a «Barrel» type arrangement of wires.

4. The effectiveness of the developed method for
optimizing the spatial arrangement and angular position
of two magnetic field sensors has been experimentally
confirmed on a physical model of a system for active
silencing of a magnetic field with a double-circuit power
transmission line with a «Barrel» type arrangement of
wires, which made it possible to reduce the level of the
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magnetic field with an initial induction of 5.7 uT to safe
level for the population with an induction of 0.5 puT.
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Experimental study of electromagnetic disturbances in common and differential modes
in a circuit based on two DC/DC boost static converter in parallel

Introduction. An electronic control and closing control at the switch (MOSFET) will allow a parallel connection of two DC/DC boost
converters. The reason for paralleling converters is to increase the efficiency of the power conversion process. This means that the overall
power loss on the main switches is half the power loss on the main switch of a converter. It has been proven that DC-DC converters operating
in parallel have different dynamics than a single converter. In this paper, the study is based on a system of two boost converters operating in
parallel under current mode control. Although two converters operating in parallel increase the efficiency of the system, if the control
parameters are not chosen correctly, the system becomes unstable and starts to oscillate. Purpose of this work is to present the analysis of high
frequency electromagnetic disturbances caused by the switching of power switches in DC/DC boost static converters mounted in parallel in
the presence of cables. We will study the improvement of the electromagnetic compatibility performances which can be brought by the choice
of a static converters for industrial use. Methods. For the study of the path of the currents in common mode and in differential mode, it was
possible to evaluate experimentally the electromagnetic compatibility impact in common mode and in differential mode of two boost converters
connected in parallel in an electric circuit in connection with the source through a printed circuit board of connection between the source and
the load, while using the two basic methods, namely the prediction of the conducted electromagnetic interference, the temporal simulation and
the frequency simulation. Results. All the obtained results are validated by experimental measurements carried out at the Djillali Liabes
University Sidi-Bel-Abbes in Laboratory of Applications of Plasma, Electrostatics and Electromagnetic Compatibility (APELEC). The
experimental results obtained in common mode and in differential mode at low, medium and high frequencies are compared between the
parallel boost test with and without electromagnetic compatibility filter. References 17, figures 10.

Key words: DC/DC converter; electromagnetic compatibility; conducted emissions; printed circuit board connection;
electromagnetic disturbances; common mode; differential mode; high frequency.

Bcmyn. Enexmponne kepysanns ma repyéanhs samuxanusm Ha nepemuxaui (MOSFET) Ooszeonsiome napanenvHo niokmouamu 06d
nidsuwgysanvhi DC/DC nepemeopiosaui. Ilpuuuna napaneivno2o niOKmoYeHHs. NEPemeoprosayie noiseac y ni0gUWeHH; eqhekmueHocmi
npoyecy nepemeopenns enepeii. Lle o3nauae, wo 3a2anvHi mpamu HOMYHCHOCMI HA 20I06HUX BUMUKAYAX CIMAHOGTIAMYb NOJIOBUHY 8Mpam
NOMYIHCHOCI HA 20106HOMY 8UMUKAYi nepemsoprosaya. byno dosedeno, wo DC-DC nepemsopiosaui, wjo npayiooms napanieibho, Maioms
[HWY OUHAMIKY, HIdC OOUHOUHULL Nepemeoprosay. Y yi cmammi OO0CHOXMCeHHA 3ACHO8AHe Ha CUcmemi 080X MNIO8UILLYBATLHUX
nepemeoprosayis, wWo npayiorms NAPAIeIbHO Npu YNPasuiHKHi no cmpymy. Xoua 06a nepemeopiosai, wo npayrwms napaiebHo,
nidsuwgyrome KKJ[ cucmemu, ane npu HenpaguibHoMy 6uOOpi napamempie YnpaguiHHs CUCIeMAa CIA€E HECMILIKOK | NOYUHAE 6A2AMUCH.
Memoto danoi pobomu € npedcmasnenHs aHaizy UCOKOYACIONMHUX eNeKMPOMASHIMHUX NEPEeKO0, SUKTUKAHUX NEPEMUKAHHAM CUTOBUX
xuouig y niosuugyeanvhux cmamuynux DC/DC nepemeoprosauax, 6CcmaHoGneHux napanenvho 3a HaseHocmi kabenis. Mu eusuumo
NOKPAWeHHs. NOKA3HUKIE eleKMPOMACHIMHOL CYMICHOCMI, sKe MOdce Oymu GUKTUKAHe SUOOPOM CMAMUYHUX Nepemeoplosayis Ol
npomucnosoeo uxopucmanis. Memoou. /[is1 00CiONCeHHs WXy CIPYMIE Y CUHMASHOMY Ma OUGDEPEHYIATLHOMY DPENCUMAX 80ANOCS
EKCNEPUMEHMANLHO — OYIHUMU — GIIUG  €NeKMPOMAZHIMHOI  CyMiCHOCMI Y cunghaznomy ma  OughepenyianbHomMy —pedlcumax 080X
NIOBUULYBATILHUX NEPEMBOPIOBAYis, BKIIOUEHUX NAPANETbHO 6 eleKMPUYHULL TAHYI02 NPU 3 €OHAMHI 3 0XCepeloM Yepe3 OpYKOBaHy niamy
3’ €OHaHHA MIdIC OdCEPeNoM MA HABAHMANCEHHAM, BUKOPUCTNOBYIOUU 080 OCHOBHUX MEMOOU, 4 Came NPOSHO3YEAHHA KOHOVKMUGHUX
e/IeKMPOMACHIMHUX NEPeUKo0, MUMHACO8e MOOETIO8AHHA MA YaACMOmHe MooentoéanHs. Pesynomamu. Yci ompumani pesynomamu
niomeepodiceni  excnepumenmanshumy  eumiprosannamy, nposedenumu y Dijillali Liabes University Sidi-Bel-Abbes y Laboratory of
Applications of Plasma, Electrostatics and Electromagnetic Compatibility (APELEC). Excnepumenmanshi pe3yibmamu, OmMpumati 6
cungasromy ma OughepenyianbHOMY PedCcUMAax Ha HULKUX, CePeOHIX Ma GUCOKUX YACMOMAX, NOPIGHIOIOMbCSL 3 NAPANETbHUM OPCOBAHUM
mecmom 3 iIbmpom eneKkmpomacHimtol cymichocmi ma 6e3 npoeo. bion. 17, puc. 10.

Kniouosi crosa: DC/DC nepeTBoproBay; eJIeKTPOMArHiTHA CyMiCHICTh; KOHAYKTHBHI MepelKoau; MAK/IIYeHHsS] APYKOBAHOT
IJIATH; eJIeKTPOMArHiTHI NepelKkoau; 3arajJbHuil pexxuM; AudepeHiiHMil peskuM; BUCOKA 4acTOTAa.

Introduction. Switching power supplies are widely
used in modern electronic systems because they allow a
high level of integration, low cost and high efficiency. In
the automotive field, the integrated circuits embedded in
vehicles for chassis or security applications offer all the
power components and control circuits necessary for buck
or boost energy conversion (power less than 10 W) [1-4].

Electromagnetic compatibility (EMC) is a scientific
and technical discipline which finds its justification today
in the problems of cohabitation between industrial
systems and their environment. While these problems
have always existed, they are now becoming increasingly
important due to the concentration in the same
environment of devices or systems with very different
power and sensitivity levels [1, 5].

Electrical systems based on static converters are
designed with an ever increasing level of complexity.
Effects on EMC and signal integrity are observed. The

presence of a printed circuit board (PCB) connection in a
static converter based electrical system is more than
necessary nowadays. The EMC design of PCBs plays an
important role in the electrical interconnections of any
electrical system.

On the other hand, it gives rise to many
electromagnetic interferences (EMIs) conducted and
radiated. The origin of the latter is related to variations in
electrical quantities over short periods of time with high
amplitudes and high frequencies [2, 3, 5].

The static DC/DC converter, which is realized with
the help of controllable on/off power switches such as
MOSFETS, consists of periodically establishing and then
interrupting the source-load link by means of the power
switch [6-8]. The present work is devoted to the study of
low and high frequency conducted electromagnetic
disturbances in common mode (CM) and differential
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mode (DM) generated by two step-up choppers in parallel
in the presence of a connection PCB in the electrical study
circuit. Thus to highlight the disturbances caused by these
converters, we conducted experimental tests on a test
bench consisting of a source + LISN (line impedance
stabilization network) + cable + connection PCB + cables +
+ two converter «Boost» in parallel + cables + load.

Our study presents the comparison of the spectral
envelopes of the currents at the LISN in CM and DM of
the electrical circuit with and without filter for the case of
two boosts in parallel.

Disruptive effect of a step-up chopper on a DC
voltage source. With the advent of dispersed generation,
more and more static converters are being connected to
power grids. They inject the electrical power supplied by
the generators, but unlike conventional electric systems,
they also introduce low and high frequency disturbances.
The objective of this experimental research work is to
study the EMC impact of MOSFET-based step-up
choppers on a DC voltage source in an electric circuit [9].
In order to highlight the principle of creation of low
frequency disturbances by the chopper, we considered the
basic model illustrated in Fig. 1. This model allows us to
determine the LISN current in CM and DM with and
without a filter in a mode where the two boosts are
connected in parallel.

Coil 47uH/8a  Diode MUR 460
" | i J_ "
Battery 15V (T ‘ Load
7 N
7 L A\
MOSFET Capacitor
IRFP250N 630 nF

Fig. 1. Boost chopper circuit integrating the elements [7]

Principle of frequency modeling. The boost
chopper circuit is shown in Fig. 1. The parasitic
inductances and capacitances of the components and
tracks are represented and taken into account in the
simulation because they will modify the propagation of
the HF harmonic currents. These currents are generated
by switching the current and voltage. Figure 2 shows the
waveform of the switched voltage across the MOSFET.

Amplitude (V) Amplitude (V)
i Opam.ﬂ%‘ Closing 1
— Tiate,

T lowver

Fig. 2. Temporal model of the disturbance source [8]

This voltage is the sum of a trapezoidal voltage at
the switching frequency and damped sinusoidal ripples
produced by the parasitic components. The amplitude of
this voltage is determined by the V¢ bus voltage. The rise
and fall times depend on the intrinsic parameters of the
power components and the gate resistance of the
MOSFET [7, 10]. To realize a boost converter it is
necessary to have four electronic components: a coil, a
diode, a capacitor and a switch controllable with the
ignition and the de-ignition typically a transistor (Fig. 1).

By replacing the diode and MOSFET with voltage
sources reproducing trapezoidal and damped oscillatory
shapes, we can simulate CM conducted electromagnetic
disturbances (Fig. 2). In the literature, it is recommended to
replace the switching cell with current sources in the case of
DM disturbances [8, 11].

Analysis of high frequency EMC disturbances
caused by switching. This work is based on the study of
two boost converters in parallel in an electrical circuit
connected to the source via a PCB which is loaded by a
resistor. One of the two boosts used in the electrical
circuit it’s essentially composed of:

e MOSFET IRFP250N;
e Diode MUR460;
e Filter capacitor with its parasitic elements.

Disturbing effect of a boost chopper in an electric
circuit. The electronic structures of energy conversion are
well suited to illustrate the mechanisms of conducted
emissions and provide the building blocks for modeling
these phenomena. The EMC tends to show that it is
necessary to limit the rapid variations of electrical (voltage
and current) and electromagnetic fields quantities, whereas
switching structures generate brutal variations, at least
electrically, to manage the desired energy transfer with
lower losses [10]. Indeed, the switching cell, easily
identifiable in non-insulated structures, represents the
association of two switches, controlled or not. It is the seat
of strong voltage and current gradients [12-14].

Average model of the studied system. The model
must be close enough to the original system so that the
study through the derived model can be performed which
is illustrated in Fig. 3. The two boost choppers are
connected at the input to a LISN [10] (Fig. 4) via a two-
wire shielded connection (cable 1), a connection PCB,
cable 2 and cable 3 and at the output, cables 4 and 5
directly connected to the load (Fig. 4).

L &
Cable 1 Cable 2 Boost 1| Cable 4 R1
I L
S |
cible3 |Boost2] caples | R2
N
Linking PCB

Fig. 3. Block diagram of studied model

For different types of cable lengths upstream and
downstream from the PCB, which is intended for the
connection of cables to supply two static boost converters
in parallel loaded by two resistors there are several
structures for an LISN. The one used in this work is
shown in Fig. 4. It is compatible with international
standards and is the structure available in the laboratory
for the experimental tests carried out [15-17].

. ~EEA
Network Dcwce under Test
We call this branch
1= —l LISN

“H

Fig. 4. Line 1mpedance stablhzlng network [10]

36

Electrical Engineering & Electromechanics, 2023, no. 4



This paper presents the operation of two DC/DC
boost converters in parallel and what problems this can
cause without changing the cable lengths. Finally, the
possible solutions will be presented, especially the one
applied in this study, which worked well.

Experimental results for sum test measurement
(both boosts connected in parallel). In this case, we supply
both converters boost 1 and boost 2 at the same time, the
electrical data of the study system are: V, =164 V; [;=2.12 A;
Vi, (boost) =14 V; V,,, (boost) =42.1 V; Ry =R, =70 Q
(Fig. 3).

For the test bench, the materials and tools used are:
DC source (AL936N 60 V 6 A);
LISN with Ly=250 uH, C, =1 puF, Cy =220 nF;
L,=50 uH, R, =5 Q;
Two identical boost converters (14 V /42 V);
Two loads 54 Q /5 A;

e Electronic oscilloscope (Tektronix MSO 5204);

e Spectrum analyzer (ROHNDE / SCHWARZ 10 Hz —
3,6 GHz);

o A current probe (Tektronix P6021A);

e Two-wire cables.

Both converters have been sized to switch at a
frequency of 100 kHz. For the measurement of the LISN
currents, a spectrum analyzer and an electronic
oscilloscope were used. It was also necessary to use an
interconnection device to allow reproducibility of the
measurements for the experimental study, the
measurement of LISN current in both DM and CM with
and without a filter according to the circuit Fig. 3.

Measurement without filter. Our study system
follows the circuit (LISN + cable 1 + connecting PCB +
cable 2 + boost 1 + cable 3 + load) in parallel with the
circuit (cable 4 +boost 2+ cable 5 + load), without filter.

Differential mode. For the experimental study, the
measurement of the LISN current in DM following the
circuit (LISN + cable 1 + PCB connection + cable 2 +
boost 1 + cable 3 + load R)) in parallel with the circuit
(cable 4 + boost 2 + cable 5 + load R,) is shown in Fig. 5.
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Fig. 5. Frequency response of the LISN current in DM without
filter for a circuit with two boosts connected in parallel

In Fig. 5 we notice that the signal presents resonance
peaks with amplitudes from 10 dBpA to 10° dBpA
with frequencies from 1 MHz to 100 MHz due to the
disturbances of the switching cell at the level of the two
boosts in parallel and to the impact of the cable parasites.
Not forgetting the impact of the input impedance of the
two converters, as well as the blocked state capacitances
of the semiconductors on the signal.

Common mode. We use the same electrical study
circuit as in the DM (Fig. 6).
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Fig. 6. Frequency response of the LISN current in CM without
filter for a circuit of two boosts in parallel

In Fig. 6, the signal clearly shows resonance peaks
with amplitudes of 10* dBpA to 10® dBpA from 1 MHz
to 120 MHz due to the effects of the parasitic CM
capacitances of the two boosts, and then from 150 MHz
onwards, the signal shows slight EMI due to the inductive
effect of the power cables.

Measurement with filter. Our study system follows
the circuit (LISN + cable 1 + connecting PCB + cable 2 +
boost 1 + cable 3 + load) in parallel with the circuit (cable
4 + boost 2 + cable 5 + load), with filter.

Differential mode. We use the same electrical study
circuit as the one without filter (Fig. 7). Figure 7 shows
the frequency response of the LISN current in DM with
filter for a circuit with two boosts in parallel. The signal
shows resonance peaks with amplitudes of 10~ dBpA to
10" dBpA in the frequency range from 1 MHz to 40 MHz,
which are due to switching disturbances at the boosts and
cable inductances. At 40 MHz, it can be seen that there is
a suppression of the electromagnetic interference due to
the presence of the filter.
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Fig. 7. Frequency response of the LISN current in DM
with filter for a circuit of two boosts in parallel

Common mode. The measurement of the LISN
current in CM with filter according to the circuit (LISN +
cable 1 + connection PCB + cable 2 + boost 1 + cable 3 +
load R)) in parallel with the circuit (cable 4 + boost 2 +
cable 5 + load R,), is shown in Fig. 8. Figure 8 shows the
frequency response of the LISN current in CM with filter
for a circuit of two boosts in parallel whose signal shows
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resonance peaks of amplitude 10~ dBuA to 107'° dBpA
from 1 MHz to 30 MHz due to the inductance of the cables
and the parasitic capacitances in CM of the two boosts,
then from 40 MHz and above, it can be seen that the signal
shows slight EMI due to the presence of the filter.
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Fig. 8. Frequency response of the LISN current in CM
with filter for a circuit of two boosts in parallel

Comparison test in CM with and without filter.
Figure 9 shows clearly the CM comparison test for a two
boost circuit in parallel between the two cases without and
with filter. Figure 9 shows the frequency response of the
LISN current in CM with and without filter, as function of
the disturbances generated by the two boosts. It can be
clearly seen that, over the whole frequency range, the
disturbances of CM with filter (blue spectrum) are largely
minimal and have low amplitudes of the order of 10* dBpA
compared to that without filter (red spectrum) which are
due on the one hand to the effect of the filter, the inductive
effect of the power cables and on the other hand to the
effect of the CM capacitances of the two boosts.
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Fig. 9. Frequency response of the CM LISN current
with and without filter for the two boost circuit in parallel
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Comparison test in DM with and without filter.
Figure 10 shows clearly the comparison test in DM
between the two cases without and with filter.

We notice that there is no concordance between the
two spectra. The spectrum (blue) has less amplitude
because of the presence of the filter, but the signal (red)
has resonance peaks on the frequency range from 1 MHz
to 120 MHz. On the other hand, beyond 150 MHz the two
signals present the same EMI appearance because of the
inductance of the cables and the parasitic capacities in
DM of the two boosts.
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Fig. 10. Frequency response of the LISN current in DM

with and without filter for a two boost circuit in parallel

Conclusions.

1. Experimental results showed that parallel connected
boost converters start oscillating at 1 MHz up to 110 MHz,
but are perfect beyond that. Nevertheless, the overall
electromagnetic compatibility disturbance result for the
«sumy test case of two boosts with and without a filter in
differential and common mode is the main focus, and is
illustrated by the line impedance stabilizing network current.

2. It can be seen that the differential or common mode
capacitive effect generated by the two boosts is very
important. Common mode impedances are usually low
parasitic capacitances and therefore high at low frequencies,
while differential mode impedances are high parasitic
capacitances (negligible compared to the common mode).

3. It can be said that electromagnetic disturbances are
transmitted to the outside of any electrical study system
via various couplings. The objective of this paper was to
present some experimental methods in differential and
common mode, which complement other theoretical
research previously conducted in order to identify and
define the source of electromagnetic interferences that are
generated by parallel boosts in a power system.

4. It can be clearly seen that electromagnetic interferences
will be increasingly lower in filtered differential mode than
in common mode. The experimental results of parallel
converters have been presented as a proof of concept. The
proposed method can be easily applied to support high
power levels. The design of two static DC/DC boost
converters in parallel in an electrical circuit is more than
desirable in relation to electromagnetic interferences
minimization.
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Photovoltaic fault diagnosis algorithm using fuzzy logic controller based on calculating
distortion ratio of values

Introduction. The efficiency of solar energy systems in producing electricity in a clean way. Reliance on it in industrial and domestic
systems has led to the emergence of malfunctions in its facilities. During the operating period, these systems deteriorate, and this
requires the development of a diagnostic system aimed at maintaining energy production at a maximum rate by detecting faults as
soon as possible and addressing them. Goal. This work proposes the development of an algorithm to detect faults in the photovoltaic
system, which based on fuzzy logic. Novelty. Calculate the distortion ratio of the voltage and current values resulting from each
element in the photovoltaic system and processing it by the fuzzy logic controller, which leads to determining the nature of the fault.
Results. As show in results using fuzzy logic control by calculating the distortion ratio of the voltage and current detect 12 faults in
photovoltaic array, converter DC-DC and battery. References 20, table 5, figures 16.

Key words: photovoltaic system, fault diagnosis, distortion ratio of voltage and current, fuzzy logic controller.

Bcmyn. Egexmusnicms cucmem coHAYHOL enepeli’ y eupoOHuymei enekmpoenepeii' y uucmuii cnoci6. Onopa Ha Hb020 6 NPoMUCIO8Ux ma
no6ymosux cucmemax npuseenda 00 UHUKHEHHs HeChpagHocmell y 1o2o 06 ’ckmax. Y nepioo excniyamayii yi cucmemu 3HOULYIOMbCSL, | ye
eumazac po3pooKu cucmemu OiAcHOCMUKY, CHPSMOBAHOI HA NIOMPUMKY 6UPOOIICHHS eHepeli HA MAKCUMAIbHOMY DIGHI 34 DAXYHOK
SAKHAUWBUOWIO20 BUAGTEHHS. HecnpasHocmell ma ix ycynenns. Mema. Y yiti pobomi npononyemucs po3pobka aneopummy GUsGIeHHs.
HecnpasHocmell y homoenekmpuuniti cucmemi, wo pyHmyemocs Ha Hewimkiil noeiyi. Hosusna. Pospaxyseamu xoeghiyienm cnomeoperns
3HAUEHb HANPY2U MA CIMPYMY 3 KOJICHO20 elleMeHma (GomoeneKmpuytoi cucmemu ma 06pooumu 1o2o KOHMpOoRepoOM HedimKoi 102iKu, o
npu3eo0ums 00 BUHAYEHHA Xapakmepy HecnpasHocmi. Pesynomamu. Sx noxasyiome pe3ynsmamu, UKOPUCHAHHS HEUIMKO20 JI02IYHO20
VAPAGIHHS  UISIXOM  PO3DAXYHKY —KOeiyieHma CnomeopenHs Hanpyeu ma cmpymy 003goasi€ eusisumu 12 necnpaenocmei y
gomoenexkmpuunii bamapei, DC-DC nepemsopiosaui ma axymynsmopi. bion. 20, tabn. 5, puc. 16.

Kniouosi crosa: ¢oroesiekTpu4Ha cuCTeMa, AIarHOCTHKA HecNPaBHOCTell, Koe(dilieHT CIOTBOpPeHHs HAaNpyru Ta CTpyMmy,

KOHTPOJIEP 3 HEeYiTKOIO JIOTiKO0I0.

Introduction. The significant increase in global
energy consumption along with concerns about the
environmental impacts of conventional energies has led
the world to gradually move towards renewable energy
sources such as solar energy, wind energy and
geothermal energy. Photovoltaic (PV) is arguably the
most direct way to take advantage of solar energy and is
considered the most promising way to harness this
energy [1]. It is very popular globally due to its
advantages such as abundance, ease of installation, quiet
operation, and low cost compared to other renewable
energy sources; which led to its enjoyment of a great
level of interest in scientific research [2].

PV installation consists of several parts where the
PV panels are the main component. The latter is exposed
to many environmental and electrical influences that lead
to the occurrence of many faults and malfunctions. These
faults directly affect the performance of the system and
may lead to its failure or even the risk of incidents [3].
Some critical faults need to be quickly detected and
treated to ensure healthy performances of the system.
Therefore, PV panels require several maintenance
operations in order to reach the optimal system
performances and expand their lifespan [4]. As any
industrial system, the goal is to reach the maximum
energy production with minimum maintenance costs.

Several researches have studied the properties of PV
modules under unusual conditions and have proposed
relatively accurate and intelligent fault diagnosis and
detection solutions based on neural networks and fuzzy
logic algorithms, etc. [5].

There are research works that talked about this
method, we mention the most important:

In [6] the authors present a DC side short circuit
fault detection scheme for PV arrays consisting of
multiple PV panels connected in a series/parallel
configuration. The proposed fault detection scheme is
based on a pattern recognition approach that uses a multi-
resolution signal decomposition technique to extract the
necessary features, based on determined by the fuzzy
inference system if a fault occurs.

In [7] authors talk about the development of failure
detection routines (FDRs) that operate on acquired data-
sets of grid-connected PV systems in order to diagnose
the occurrence of failures. The developed FDRs consist of
a failure detection and classification phase. More
precisely, the failure detection phase was based on a
comparative statistic between simulated and measured
electrical measurements. In parallel, a fuzzy logic
inference was performed in order to analyze the failure
model and the exact classification of the error that
occurred. The fuzzy rule-based classification system
models were constructed for each failure through a
supervisory learning process.

In [8] the authors have classified faults for the PV
module based on artificial intelligence technology. They
applied fuzzy logic to evaluate the critical fault of the PV
module, according to its arrangement. The fault
probabilities of the PV module are expressed by linguistic
variables. The technique of consistency agreement
method was used to compile the mysterious number,
which was set by experts.

In [9] the authors suggested analyzing 2580 PV
modules affected by different types of hotspot, as these
PV modules are operated under different environmental
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conditions, distributed across the UK. And then it detects
the fault. The fault-finding model incorporates a fuzzy
inference system using a Mamdani fuzzy controller
including 3 input parameters: percentage of power loss,
short circuit current (/;.), and open circuit voltage (V,.) in
order to test the effectiveness of the proposed algorithm.

In [10] the researchers propose a technique for
detecting the partial shading using the measured values
for array voltage, array current, and radiation. Fuzzy
logical technique (Sugeno) is presented for to detect
the diagnosis partial and to classify and identify these
defects, and is designed to take appropriate corrective
actions.

The goal of this paper is the development of an
intelligent fault diagnostic algorithm based on Fuzzy
Logic Control (FLC) for PV installations. The fault
detection initially uses simulated [-V curve estimation
along with current and voltage output values form the
transformer and battery. A standard test is used to
differentiate between the sets of parameters calculated on
the basis of various operating conditions. The proposed
diagnostic method can detect and classify each specific
type of fault and also deals with noise and disturbances.
Modelling and diagnostic procedure were developed
under MATLAB/Simulink environment.

PV system modeling. PV cells have a complex
relationship between their working environment and the
energy they produce. In order to adapt the generated power
to the load, it is necessary to install a static DC-DC converter
as an intermediate stage between the PV generator and the
load. This stage is generally controlled by a Maximum
Power Point Tracker (MPPT), which makes the system
permanently works at its maximum power [11]. The typical
architecture of a PV installation is shown in Fig. 1.
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Fig. 1. Typical PV installation
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PV cell modeling can be developed from its
equivalent electrical circuit. The one-diode model which
is also known as five-parameter model is the most
commonly used. This model is a combination of a current
source /,;, a diode VD, a shunt resistor Ry, and a series
resistor R, represents the power losses [12]. The
equivalent circuit for this model is illustrated in Fig. 2.

I, R,

Fig. 2. One-diode PV cell model

The mathematical representation of the one-diode
electrical circuit is given by the following equations:
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where /,;, and I, are the photocurrent and the short-circuit
current, respectively; K; = 0.0032 is the short-circuit
current of cell at 25 °C; T is the operating temperature;
T, = 298 K is the normal temperature; G is the solar
irradiance, W/m*; ¢ = 1.6-10™"? C is the electron charge;
V,. is the open-circuit voltage; n = 1.3 is the ideality
factor of the diode; K = 1.38-10% J/K is the Boltzmann
constant; E, = 1.1 eV is the band gap energy of the
semiconductor; N, is the number of cells connected in
series; N, is the number of cells connected in parallel;
R, and R, are series and parallel resistances, respectively.

PV module characteristics. The dedicated studied
system for this work is simulated under a
MATLAB/Simulink environment. It is composed of 8§ PV
modules (2 strings). Each module produces a maximum
power of 200 W at 26.4 V. The electrical characteristics of
each PV module under standard test conditions are shown in
Table 1. The system is also composed of a DC-DC boost
converter equipped with a Perturb and Observe MPPT. The
simulation is done for a constant irradiance of 1000 W/m’
and constant temperature of 25 °C. The MATLAB/Simulink
model of the simulated PV system is shown in Fig. 3. The
simulated /-V and P-V curves are shown in Fig. 4.

Table 1
Electrical characteristics of simulated PV module

Maximum power P,,,, W 200

Voltage at maximum power V,,, V 26.4

Current at maximum power /,,,, A 7.58
Open-circuit voltage V., V 32.9
Short-circuit voltage /., A 8.21

Total number of cells in series N, 54

Total number of cells in parallel N, 1

The faults in PV systems can be temporary or
permanent. Temporary faults are often caused by
environmental effects such as shading and soiling.
Permanent faults are usually related to PV module failures
such as delamination, bubbles, yellowing, scratches and
burnt cells [13]. They can be eliminated by either repairing
or replacing defective modules. PV panels are also
susceptible to many serious faults that can be caused by short
circuits. Also, there are some other factors that can lead to
productions losses such as MPPT failures, losses in wiring,
defective equipment etc. However, PV system’s faults can be
classified based on the faulty component, such as module
faults, string faults, or power grid faults [14, 15]. The most
common PV systems faults are described in Table 2.
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Fig. 3. MATLAB/Simulink model of the simulated PV system
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Table 2
Faults occurring in the examined PV system

Components Faults Fault code

Less than 50 % total shading FoO1

Less than 50 % partial shading F02

More than 50 % total shading F03

PV array More than 50.% partial shading Fo4

Temperature increase FO5

Series resistances F06

Shunt resistances F07

Interconnection faults FO8

Open circuit F09

Converter DC-DC |Short circuit F10

MP controller failure F11

Battery Charging failure F12

PV array faults can be divided into several groups
depending on their type where there is a failure of the PV
panel, cables or failure of external factors [16]. This work
focuses only on faults related to the PV panel. In this
stage we can talk about shading patterns whether it is total
(FO1, FO03) or partial (F02, F04) or faults related to
temperature (F05). In the other hand, PV power
degradation can be caused by the increase of the
resistance between the units which can be caused by
corrosion, water vapor or other related factors (F06, F07).
Also, interconnection faults (FO8) such as short-circuit are
occurred due to faulty cable’s insulation or mechanical
damage. Different types of PV array faults are shown in
Fig. 5. The effect of each type of described faults on the
generated power curve compared with ideal working
conditions is illustrated in Fig. 6, 7.

DC-DC converter faults. DC-DC converters are
used in PV systems in order to charge batteries and also
supply DC loads [17].
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While linear DC-DC converters maintain DC current
flow of their input to the load, switching converters
regulate the current flow by chopping the input voltage
and controlling the average current flow by varying the
ratio cycle. Open circuit faults (F09) refer to
disconnection faults in converter circuits. Diagnosis can
be done by the inspection of voltage and current
indication. In the same way as open-circuit faults, short
circuit faults (F10) can also occur in different types of
converters. Also, the different types of MPPTs [18] used
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to control the converter can also provide system faults
such as command fault (F11). The different types of a
buck converter related faults and its impact on the output
voltage are respectively shown in Fig. 8, Fig. 9.
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Fig. 9. Impact of faults on buck converter output

Battery faults. When PV production exceeds
consumption, the excess of energy is stored in batteries.
The stored energy is then used when the consumption rate
exceeds production. These batteries are prone to failures
such as charging failure (F12) which will be discussed in
this article. The effect of batteries charging fault
comparing to normal conditions is shown in Fig. 10.
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Fig. 10. Battery voltage with charging fault

Fuzzy diagnostic for PV system. The fuzzy logic
approach simulates how a person makes decisions to control
the problem faster. This logic helps reduce complexity by
allowing information to be used in a meaningful way. Its
implementation can be software, hardware or a combination
of both. In general, the operating procedure of a fuzzy
system is accomplished in three steps [19]. The first step is
fuzzification, which is the transformation of variables into
fuzzy variables which are also called linguistic fuzzy
variables. The second step is called fuzzy inference. It is the
construction of rules and results based on linguistic
variables, using the [F-THEN statement. The last step is the
defuzzification phase, which is the transition from a
linguistic result to a numerical result.

FLC is one of the modern artificial intelligent
techniques used in fault diagnosis in PV systems. The
first step is to specify the required input and output values
(net data) and their ranges. Next, the net data have to be
converted into membership values (fuzzification). After
that, the output membership values are synthesized based
on extended fuzzy rules (fuzzy inference). Finally, the
output membership values are converted into proper
output values (defuzzification).

This article proposes a new intelligent technique
based on Takagi-Sugeno type fuzzy logic to diagnose and
identify faults in the PV generator, buck converter and
battery charging failures. This technique is chosen
because of its tolerance to imprecise data. It suffices to
adjust the inputs/outputs of the system and call the fuzzy
rules to improve detection [20]. The diagram block shown
in Fig. 11 summarizes the proposed technique.

Distortion Fuzzylogic || Faultdisplay
ratio calculator controller

/
! Inputs —— {Fuzz\f\cation]—-.[\nterference b\uck]—b‘ Defuzzification '—Doutputs |
! i
' i
| g |
! i
i
| |
! Rules basis Database 1
i
! i
I

Base de knowledge

Fig. 11. General structure of a fuzzy system

The fault diagnosis technique used is based on FO0
reference values (no fault) and simulated fault values. All
cases are discussed and detected. The analysis of the main
attributes of the /-V and P-V characteristics of the PV
array plays the main role to accurately locate the faults in
which the open-circuit voltage (V,.), short-circuit voltage
(l) and maximum power (Pn.) values have been
identified to detect different types of faults. In the other
hand, converter output voltage (V,), battery output voltage
(V) were used to determine the region where the faults
occurred in the converter and battery output voltage.
Then, the distortion rate /; of all values is calculated as:

L=1- val,., : 5)

valref
where val., is the calculated value; val,., is the reference
value. The result of distortion rate has to be between 0
and 1 and it is used in FLC.

FLC algorithm is based on the comparison of 5
parameters (Prax, Voer Lse» Ver Vi) With its reference’s values.
Reference values of mentioned parameters of each faulty
case are illustrated in Table 3.

Table 3
Reference values of FLC for each faulty case

Faults| Ppox, W| Lo, A|Voe, VIV, V| V3, V
FOO | 1599 |16.4 | 132 |21.65| 12.8
FO1 | 780.8 |8.199|126.5|26.15| 12.8
F02 | 1189 |12.3| 132 |21.67| 12.8
FO3 | 1192 |12.3| 129 |21.66| 12.8
F04 | 1395 |14.35| 132 |21.65| 12.8
FO5 | 1453 |16.33|123.2|21.9 12.8
F06 | 826.5 |16.32| 132 |22.63| 12.8
FO7 | 530.6 |15.58| 117 |26.15| 12.8
FO8 | 799.5 |8.199| 132 |21.65| 12.8
F09 | 1599 |16.4 | 132 |12.8 12.8
F10 | 09728 | 16.4 | 132 |infini|indefined
F11 | 1599 | 164 | 132 | 17.2 12.8
F12 | 1599 | 164 | 132 | 12.8 9.7

Each region of values represents a failure case that
could occur in the PV system. In the case of a faulty
parameter the algorithm tends to send and alarm. When
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increasing the PV installations, it is sufficient to increase
the number of sensors so that we can monitor all the signals
of the panels. The flowchart of the proposed fuzzy logic
algorithm is shown in Fig. 12.

obtain the values o f Pmax,Vco,Icc
Ve, Vb under STC condition

Run the simulation and get the simulated values of
Pmax_s, Voc_s, Isc_s Vc_s, Vb_s

Alarm
Start the FLC algorithm

Calculate the distortion rate

of all parameters

The simulated values within No Unknown fault
limits case values fault

fuzzification (distortion rate of Py, middle) = 4uiae(Pmax)
fuzzification (distortion rate of Py, big) = fihig(Prmax)-

For example:

If distortion rate of P 0.127579737; then
fuzzification (distortion rate of Py, small) = z40(Prax) = 1
fuzzification (distortion rate of Py, middle) = f4,ise(Prax) = 0
fuzzification (distortion rate of Py, big) = tig(Prax) = 0.

If distortion rate Of Py 0.668167605; then
fuzzification (distortion rate of Py, small) = £4,u(Pmax) = 0
fuzzification (distortion rate of Py, middle) = e Pax) = 0.5
fuzzification (distortion rate of Py, big) = £4g(Prmax) = 0.5.

If distortion rate of Py = 0.99939162; then
fuzzification (distortion rate of Py, small) = £4,0(Pax) = 0
fuzzification (distortion rate of Py, middle) = s4,iue(Prax) = 0
fuzzification (distortion rate of Py, big) = tig(Prax) = 1.

The membership functions in this study are shown in
Fig. 14.

¥ ve
' be
T =
Fig. 12. Flowchart of the proposed FLC fault detection XX
and diagnosis method a
Each membership function i e
ach membership function is calculated on the base - T r—————
of Table 4 values with the calculated /; values. e @
Table 4 :
Distortion rate of all parametric for each faulty case [
Fault Distortion | Distortion | Distortion | Distortion |Distortion % = =
rate of P | rate of I, rate of V. rate of V, | rate of V, 0 -
F00 0 0 0 0 0 b
FO01 ]0.511694809]0.500060976|0.041666667|-0.207852194 0 — -
F02 10.256410256 0.25 0 —0.000923788 0
F03 10.254534084 0.25 0.022727273]-0.000461894 0 -
F04 10.127579737 0.125 0 0 0 <x<]
F0510.091307067]0.004268293]0.066666667|—0.011547344 0 ]
F06 10.483114447]0.004878049 0 —0.045265589 0 i
F0710.668167605 0.05 0.113636364]|-0.207852194 0 :
F08 0.5 0.500060976 0 0 0 ¢ .
F09 0 0 0 0.408775982 0 g (o T - .
F10 | 0.99939162 0 0 “infini_| indefined | =
Fll 0 0 0 0.205542725] 0 ]
F12 0 0 0 0.408775982[0.2421875| [
=<1
The membership functions are depended on the o =
mathematical calculation of the examined PV system. The ’
fuzzy logic system is based on If-Then statement. The o
diagram of the proposed FLC for fault detection is 50N
illustrated in Fig. 13. B

FLC

(Takagi-Sugeno ) =)

Fault

Fig. 13. Five inputs single output Takagi-Sugeno FLC proposed
system

If distortion rate of P, is less than 0.3, then we
consider it as small.

If distortion rate of P,y is greater than 0.6, then we
consider it as big.

If distortion rate of Py, is between 0.3 and 0.6, then
we consider it as middle.

We now translate this human language to fuzzy logic
fuzzification (distortion rate of P, small) = zi,u(Pmax)

%
X

Fig. 14. Fuzzy logic system inputs:
a) Il(Pmax); b) 12(134)’ C) 13(V0L‘); d) 14(Vc)a 6) 15(Vb)

After the fuzzy variables and membership functions
have been defined. The next step is to define If-Then
logic inference.

For example, if the distortion rate of Py, is middle,
the distortion rate of /. is big, the distortion rate of V. is
middle, the distortion rate of ¥V, is small and distortion
rate of V, is small, then the fault is FOI (less than 50 %
total shading). We translate this logic into fuzzy logic and
resume it in Table 5.
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Table 5
Fuzzy logic of all parametric for each faulty case

Fault Distortion rate of

Prnax I Voc Ve Vs
F0O0 small small small small small
FoO1 middle big middle small small
F02 small big small small small
FO03 small big middle small small
Fo4 small middle small small small
FO5 small small middle small small
F06 middle small small small small
F07 big small big small small
F08 middle big small small small
F09 small small small big small
F10 big small small small middle
F11 small small small middle small
F12 small small small big big

For a fuzzy system whose end product must be brittle,
the step is necessary to turn the ambiguous final aggregate
result into a brittle. This step is called defuzzification.

Use the Mean of Maximum (MoM) defuzzification
method for pattern recognition applications. This
defuzzification method calculates the most logical result.
Instead of calculating the average membership scores for
the resulting linguistic terms, the MoM defuzzification
method determines the typical value for the most correct
resulting linguistic term.

Results. The results obtained from the proposed
FLC algorithm are respectively illustrated in Fig. 14, 15.
Figure 14,a—e shows 3 Gaussian membership functions
for each input variable, and 12 inferred bases that can be
satisfactorily generalize the fault condition product.

Figure 16 shows a set of 12 rules for different faults
states. The first 5 columns are the input variables, while the
last column represents the output variable from left to right.
From the figure we can show that if ; = 0.5 W, I, = 0.25 A,
L =008 V, I, =025V and Is = 0.15 V, then the
predicted by the fuzzy logic approach PV fault is 0.965,
that’s to say fault D09 as shown as below:

L,=05W = fidaie(Paax) = 1
Iy =025 A st (1,)=1;

I3=0.08V = ttigaie(Voc )= 1;
14 =025V > tyiqqe(V.)=1;

fault = 0.965 = D09 .

I5=0.15 V—)ybig(Vb):l
=05 12=025 13=0.08 4=025 15=0.15 fault= 0.985
! = T v e Y i v O |
1] OB o1 o1 I [T
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Fig. 15. Rules viewer of fuzzy logic system

Fig. 16. Fuzzy logic system output

Conclusions. A smart technique based on Takagi-
Sugeno type fuzzy logic for the diagnosis and detection of
faults in a photovoltaic generator connected with a buck
converter and batteries has been proposed. This technique
was performed based on 5 parameter values (Puax, Voe» Lscs
V., V3). These values have been extracted from the
analysis of the characteristics of I-V and P-V curves, the
buck converter and the output of the batteries, followed
by the extraction of all the output values such as current,
voltage and power of the photovoltaic system in cases of
healthy and faulty operation. 12 faults have been detected
in detail in order to evaluate the performance of the
proposed algorithm on the photovoltaic system.

The simulation results obtained have demonstrated
the efficiency of the proposed technique. All faults have
been accurately identified and classified. This technique is
able to identify faults after they are detected in different
components of the photovoltaic system. After all, fuzzy
logic control was adopted in this study due to its high
computational speed and its ability to be applicable in
large-scale photovoltaic installations due to its low
monitoring cost and economic benefits.
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E. Parimalasundar, R. Jayanthi, K. Suresh, R. Sindhuja

Investigation of efficient multilevel inverter for photovoltaic energy system
and electric vehicle applications

Introduction. This research presents a simple single-phase pulse-width modulated 7-level inverter topology for renewable system
which allows home-grid applications with electric vehicle charging. Although multilevel inverters have appealing qualities, their vast
range of application is limited by the use of more switches in the traditional arrangement. As a result, a novel symmetrical 7-level
inverter is proposed, which has the fewest number of unidirectional switches with gate circuits, providing the lowest switching losses,
conduction losses, total harmonic distortion and higher efficiency than conventional topology. The novelty of the proposed work
consists of a novel modular inverter structure for photovoltaic energy system and electric vehicle applications with fewer numbers of
switches and compact in size. Purpose. The proposed system aims to reduce switch count, overall harmonic distortions, and power
loss. There are no passive filters required, and the constituted optimizes power quality by producing distortion-free sinusoidal output
voltage as the level count increases while reducing power losses. Methods. The proposed topology is implemented with
MATLAB/Simulink, using gating pulses and various pulse-width modulation methodologies. Moreover, the proposed model also has
been validated and compared to the hardware system. Results. Total harmonic distortion, number of power switches, output voltage,
current, power losses and number of DC sources are investigated with conventional topology. Practical value. The proposed
topology has proven to be extremely beneficial for implementing photovoltaic-based stand-alone multilevel inverter and electric
vehicle charging applications. References 16, table 1, figures 18.

Key words: conduction loss, multilevel inverter, pulse-width modulation, switching loss, total harmonic distortion.

Bemyn. Y yvomy Oocniodcenni npedcmaenena mononoeis npocmo2o ceMupieHegozo 00HOMA3HO20 THEEPMOPA 3 WUPOMHO-IMIYILCHOIO
MOOynAyiero OnsL cucmemu 3 GiOHOBIIOBAHUMU OXCEPeNamil eHepeii, AKa 00380NAE€ BUKOPUCTOBYBAMU OOMALUHIO Mepexcy 3 3apsaoKoIo
enekmpomo0binie. Xoua 6azamopieHesi ingepmopu mMaionms npueadIusi XapaKmepucmuKy, WUpoKuti CHeKkmp ix 3acmocysanis oomedceHuil
BUKOPUCIAHHAM OIbUIOT KITbKOCMI nepemuxayie y mpaouyiitii cxemi. B pe3ynomami 3anpononosanuii Hosuil cumempuytuil 7-pieHesull
iHBepMOp, SAKULL MAE HAUMEHULY KIIbKICHb OOHOCHPAMOBAHUX KIOUIG I3 3AMEOPHUMU JAHYI2AMU, 3A0e3neyye HAtMeHul KOMYMAayiiHi
empamu, 6mpamu Ha NpPOGIOHICMb, CyMApHi 2apmoHiuni cnomeopenns ma euwpuii KKJ[, mixc mpaouyitina mononocis. Hoeuszna
3anponoHo6anoi pobomu nonAae y HOGI MOOYIbHIL CMPYKMYpi iH8epmopa Ona (POMOENeKMPUUHUX eHePeeMUYHUX Cucmem ma
SUKOPUCIAHHSL O eNleKMPOMODINi6 3 MEHUOI0 KINbKICIIO nepemukayie ma komnakmuumu posmipamu. Mema. Ilpononosana cucmema
CNPAMOBAHA HA 3MEHWEHHS. KLTbKOCH] NePeMUKAaHb, 3a2aNbHUX 2APMOHIYHUX COMEOpeHb ma empam nomyxchocmi. Ilacueni ¢inempu ne
NnompiOHi, a cKIa006a YACMUHA ONMUMIYE AKICMb eleKMpoeHepeii, Cmeoprooyy CUHYCOIOATbHY UXIOHY Hanpyzy 0e3 cnomeopeHs 3i
30LIbUEHHAM KITbKOCMI PIGHI8 NpU 00HOUACHOMY 3HUMCEHHI 8mpam nomyxcrocmi. Memoou. 3anpononoéana mononoeis peanizosana 3a
odonomozcoro MATLAB/Simulink 3 euxopucmarntam cmpoOyouux iMnyiscie ma pisHux Memooonoziti WupomHo-iMnyabchoi mooynayii. Kpiu
moeo, 3anpononosana mooenb makodic Oyia nepegipena ma nopigHana 3 anapamuoio cucmemoio. Pesynomamu. 3azaneui eapmoniuni
CHOMBOPEHHS, KLIbKICHb CUNOBUX KIOUIG, GUXIOHA HANpYea, CIPYM, 6mpamu NOMYICHOCHI ma KIbKICMb 0xcepesl ROCMILIHO20 Cmpymy
Q0CTIONHCYIOMbCS 30 OONOMO0t0 mpaouyiinoi mononoeii. Ilpakmuuna yinnicme. 3anpononosana monono2is GUABUIACS HAO3EGUYALIHO
KOPUCHOIO Ol peani3ayii aemoOHOMHUX 0OA2amopieHesUx IHEePMOpI6 HA OCHOGI (POMOECNECKMPUYHUX CUCMEM MA 3ACMOCYS8aHHS OJis
3apsodcanns enexmpomo6inie. bion. 16, tabm. 1, puc. 18.

Kniouosi cnosa: BTpaTH NMpOBiAHOCTI, OaraTopiBHeBUii iHBepTOp, MIMPOTHO-IMIYJbCHA MOAYJSALis, KOMyTaUiliHi BTpaTH,
CyMapHi rapMOHi4Hi CIIOTBOpPeHHS.

Introduction. The power grid has experienced energy
requirements since the last century due to the growing
number of users along with large power companies. Due to
the obvious advancements in semiconductor device
development, power converter technology is rapidly
transforming the way traditional large transformers. So,
order to offer clean electricity to users, power converters are
frequently employed in renewable energy conversion
systems. Switching devices are economical to produce and
maintain a competitive advantage because of their minimal
costs. Because adding additional switches to an inverter
circuit does not considerably increase prices, 2-level
traditional converters having large power losses and
harmonics content are increasingly becoming substituted by
multilevel converters with lower operating frequencies.

Many studies have concentrated on the creation of
multilevel inverters (MLIs), including both terms of
topologies and control technique. The number of elements
used in these sorts of converters is given special
consideration. The fewer the elements, the lesser the
power dissipation and expenses. Cascaded H-bridge,
neutral point, and cascaded H-bridge are some of its most
prevalent structures. MLIs with clamped and diode
clamped diodes have discovered significant practical

demand for high variable speed drives. Additional ripple
losses are attributed to presence of clamped diodes and
capacitors. Consequently, as compared to cascaded
modified MLI, which uses diodes and capacitors, it is a
much more complex topology [1-4].

Single-phase MLIs can play an important role in this
area, converting the photovoltaic (PV) system’s DC voltage
into a continuous AC signal accessible by loads as well as
the gird significantly fewer harmonic filters and increased
performance. The 7-level power conditioning unit inverter
has been proposed for this purpose, with appealing features
such as low number of switches and the ability to generate
multiple voltage ranges at the result [5, 6].

Modified MLI designs based on a decreased number of
circuit elements are implemented to tackle the previous
shortcomings. In this research, a 7-level pulse-width
modulation (PWM) inverter with independent DC input
supplies and appropriate circuit combinations for switches and
total harmonic distortion (THD) minimization is proposed.
Furthermore, it necessitated a greater switching devices and
external power supply, resulting in a larger inverter size and
expense. In order to reduce the amount of power devices and
converter losses, a staircase MLI is proposed [7-9].
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This configuration, on the other hand, takes into
account something even increasing switching devices.
The quantity of external DC sources is decreased due to
the absence of voltage multiplication across input split-
capacitors. This configuration, on the other hand, can be
employed for up to 5 levels of composition without the
need for flexible modification. MLI with decreased
switches is offered for some further switching
minimization, but output voltage generation takes a
massive number of discrete DC sources [10, 11].

For low voltage PV panels, a new single-phase MLI
inverter featuring wattage capabilities was proposed. It is,
therefore, appropriate for low rated power applications
and has 2 adapt an appropriate, resulting in increased
power losses. For cascade multilevel output-voltage, a
small MLI is given employing 2 capacitors within every
component and a decrease in number of external power
supply. However, for high-power applications, this boosts
inverter energy capacity and compact. For energy storage
systems, novel MLI topologies for single/3-phase
applications with fewer components and a single DC-
source are required [12-16].

Inspired by an analysis of relevant literature, this
research introduces single-phase 7-level PWM inverter
with decreased power number of switches, THD,
switching losses, and conduction losses for stand-alone
grid-integrated PV systems and electric charging
applications. The suggested inverter minimises the needed
amount of parts to a competitive level in order to increase
efficiency, footprint, and cost. The primary and secondary
networks of the intended MLI are separated. The primary
circuit is a simple H-bridge inverter that controls output
voltage orientation, while the supplementary circuit is a
series of switching that generate every output voltage
level. The PV fed proposed MLI application in domestic
and electric vehicle (EV) charging is shown in Fig. 1.

' Pmiosed '
|

Fig. 1. PV fed proposed MLI application in domestic and EV charging
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Grid
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Proposed topology and modes of operation. In a
traditional topology, a cascaded H-bridged MLI has 3 DC
sources and 3 H-bridge units, typically having switching
devices, for a total of 12 switches: L = (§+2)/2, where S is
the number of switches and L is the level of output
voltage in steps in the configuration. Each bridge
produces 3 levels: +V,, 0V,, and 0V,. Generating
stepped 7 level staircase wave patterns by cascading 3
bridges in this manner. In a suggested MLI, 10 number of
switching devices and 3 DC sources have been included

(Fig. 2).

Fig. 2. Proposed topology of MLI

Throughout mode I operation, the output voltage has
been determined, which is +V,. (Fig. 3); similarly, during
mode II operation, input DC voltages are added by 2
number of DC sources, resulting in an output voltage of
+2V,; and finally, a positive third level of voltage has to be
estimated, which is +3V,. (Fig. 4, 5). Furthermore, using
the equivalent circuits of Fig. 68, the negative sequence of
output voltage levels of —V,., -2V, and -3V, has been
determined. Figure 9 shows that the proposed inverter
combines a multicarrier PWM technique to verifying 7
levels, 6 different triangular waves, and one reference wave
signal to produce switching patterns.

Fig. 5. Mode III operation
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Fig. 8. Mode VI operation
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Results and discussion. The output voltage and
current of the proposed MLI with a resistance of 100 Q
are shown in Fig. 10, 11 respectively. Since output
current precedes output voltage, these 2 waveforms are
nearly symmetrically maintained. Figure 12 shows the
results of a THD investigation of an inverter with
resistive load; the THDs collected have a similar pattern
due to the unique wave pattern. The output voltage and
current of the proposed MLI for resistance values of
100 Q and 25 mH are shown in Fig. 13, 14. The output
current pattern changes due to the inductance feature,
hence these 2 waveforms are distinct. Figure 15 shows
the results of an inverter’s THD assessment under
resistance and inductive load.

Output Voltage (Volts)
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Fig. 10. Output voltage of proposed MLI for re51st1ve load
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Fig. 11. Output current of proposed MLI for resistive load
F (50Hz) = 326.7 , THD= 12.27%
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Fig. 12. THD analysis of proposed MLI during resistive load
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Fig. 13 Output voltage of proposed MLI for RL load
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Fig. 14. Output current of proposed MLI for RL load
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Fig. 15. THD analysis of proposed MLI during RL load

Mag (% of Fundamental)
PR

Power loss and efficiency. The modulation index of
PWM signal is evaluated as:
=Fn / F, (1)
where F,, and F, are represented as the modulated and
reference signals respectively.
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Voltage THD of proposed MLI is calculated by (2),
in the same manner current harmonics also calculated as:

THD:\/VZZ +V32+V42 +....+V,l2
"
where V) is the fundamental root mean square (RMS)
voltage; V5, ..., V, are the RMS voltage of the n™ harmonics.
In the similar manner current total harmonics also calculated.
The losses in the developed proposed structure are
mostly intense on 3 main power losses, specifically losses
during SWitChing (WSwitching) and conduction (WConduction)'
Then overall power loss (W) of MLI is:

Wioss = WSwilching +Wonduction - 3)
Conduction loss of power semiconductor devices is:

; 2

T,/2 lVCEO + 70, sin a)th

Wconduction = I . 1 . s
o |xipsinar E(l + A4, sin(wt + (p) dt
where Vg is the zero-current collector to emitter voltage;
7 is the collector to emitter on-state resistance; 4,, is the
modulation index; i, is the peak current of IGBT device.
After simplification we have:
2
i i
VCEO A +r 2 +
1 V4 4
WConduction =% .4)

? +| A, cosp-V, ~il+Lri2
m CDCEO8 3ﬂp

Switching loss is expressed as the integration of all
the turn-on and turn-off switching energies at the
switching instants. In the equation, variable switching
time is considered and integrated as:

{ To/2
WSwitching :fsz_O I(Eon +Eoff)'(taip}jt > (5)
0
where T is the switching time period; f;,, is the switching
frequency; E,, is the on-state voltage drop; E,;is the off-
state voltage drop.
The efficiency of MLI is calculation as:

P,
Efficiency = Quiput

-100% . (6)
Output + WLoss

Experimental setup and validation. A prototype of
a symmetric 7-level inverter was examined under various
loading conditions as well as dynamic variations in load
values by setting the modulation index to value of 1. The
MLI configuration consists of 2 DC sources (V. = 75 V)
and 10 IGBT switches which produces 7-level output with
the maximum value of 326 V. The other parameters are
considered as follows: FGA25N120 IGBT switch, TLP350
driver circuit, R load value is 100 Q and RL load value of
R =100 Q, L =25 mH and the triggering signal for the
IGBT switches is produced by the real-time controller
dSpace1104 in real time. The carrier switching frequency is
applied for the value of 2 kHz. Figure 16 depicts an
experimental arrangement of proposed 7-level inverter. The
output voltage THD is 16 % and fundamental peak voltage
of 326 V for the RL load (R = 100 Q and L = 240 mH).
Figure 17, 18 show the 7-level voltage pattern and current
THD is 8 %.

Storagesscillostopt

Controller

Dri‘;erf'firr;'.uitl l
& . sy

IGBT Switches
Fig. 16. Experimental setup of proposed MLI
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Fig. 18. THD analysis of proposed MLI (current)

While considering AC voltages from same DC
source, voltage gain produced from both topologies are
same. Proposed converter having the features of more DC
link voltage utilization, lower voltage stress and total
standing voltage is less. If output power from existing
topology THD of voltage and current value obtained as
12.27 % and 8 % during different loads. The designed
prototype converter with specification of 325 V is achieved
THD value of 8.3 %. Comparison between traditional and
proposed converter is given in Table 1.

Table 1
Comparison between traditional and proposed 7-level MLI
Conventional | Proposed
Parameters
topology topology
Number of power switches 12 10
R=100Q R=100Q
Load type R=100 Q; R=100 Q;
L=25mH | L=25mH
Symmetric supply voltage, V 75 75
Number of DC sources 3 3
Modulating frequency f,,, Hz 50 50
Carrier frequency f., Hz 2000 2000
Output voltage, (peak value, V) 326.7 326.7

3.26 (R load) | 3.26 (R load)

Output current, A 3.04 (RL load)|3.02 (RL load)

Switching losses 0.325 0.121
Conduction losses 48.42 46.75
Power losses 48.86 46.87
Efficiency 94.29 96.25
% THD (voltage) 12.27 12.27
% THD (current) 8.3 6.48
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Efficiency and THD values show proposed converter
with prototype model is better than traditional converter so
efficiency of proposed converter is 96.25 %. Due to less
THD 8.3 % than traditional, so proposed converter have
more efficiency than traditional converter.

5. Conclusions. Proposed single-phase 7-level
inverter is developed with lesser number of switches and
it fulfill the needs of the MLI. Proper control signal is
applied to the switches in the correct sequence; proposed
single-phase 7-level inverter produced 7-level of AC
output. Based on the operation of reference and carrier
wave signal, power semiconductor switches are controlled
in efficient manner. Proposed single-phase 7-level
inverter operation is initially developed and investigated
in MATLAB/Simulink tool and same to be validated in
real-time proto-type hardware. THD values obtained
between the ranges 8 % with 3 different loads in hardware
level. Efficiency of proposed converter is obtained as
96.25 %. From the comparisons proposed single-phase 7-
level inverter is much better than traditional converter in
both symmetric and asymmetric topology.
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Mitigation of harmonics for five level multilevel inverter with fuzzy logic controller

Introduction. The advantages of a high-power quality waveform and a high voltage capability of multilevel inverters have made
them increasingly popular in recent years. These inverters reduce harmonic distortion and improve the voltage output. Realistically
speaking, as the number of voltage levels increases, so does the quality of the multilevel output-voltage waveform. When it comes to
industrial power converters, these inverters are by far the most critical. Novelty. Multilevel cascade inverters can be used to convert
multiple direct current sources into one direct current. These inverters have been getting a lot of attention recently for high-power
applications. A cascade H-bridge multilevel inverter controller is proposed in this paper. A change in the pulse width of selective
pulse width modulation modulates the output of the multilevel cascade inverter. Purpose. The total harmonic distortion can be
reduced by using filters on controllers like PI and fuzzy logic controllers. Methods. The proposed topology is implemented with
MATLAB/Simulink, using gating pulses and pulse width modulation methodology and fuzzy logic controllers. Moreover, the
proposed model also has been validated and compared to the hardware system. Results. Total harmonic distortion, number of power
switches, output voltage and number of DC sources are analyzed with conventional topologies. Practical value. The proposed
topology has been very supportive for implementing photovoltaic based multilevel inverter, which is connected to large demand in
grid and industry. References 17, table 4, figures 9.

Key words: cascade H-bridge multilevel inverters, fuzzy logic controller, selective pulse width modulation technique, total
harmonic distortion.

Bcemyn. Ilepesazu popmu xeuni eucokoi sikocmi ma 6ucoxoi nanpyeu 6a2amopisnesux ineepmopie 3poouiu ix 0edani RONYIspHIuUMU 6
ocmanni poxu. Li ineepmopu 3meHuyioms 2aQpMOHILHI CNOmeoperHs ma noKpawyoms euxiony Hanpyey. Hacnpaeoi, 3i 30invuieHHam
KiTbKOCmi pi6Hi6 Hanpyeu AKicmb 0a2amopieHe8ozo cucHany 6uxioHoi uanpyeu 3spocmae. Koau 0oxooums 0o npomucnogux
nepemeopiogauie emepeii, yi ineepmopu, 6ezymosno, € nauigaxcausiviumu. Hoeusna. bacamopienesi kackaoui insepmopu modicymo
BUKOPUCTNOBYBAMUCS O NEPeMBOPeHHsl KINbKOX 0Jicepell NOCMIIHO20 CMpyMy Ha 0Oun nocmitinuii cmpym. Ocmannim 4acom yum
iHgepmopam NpuoiNAEmbCs 8enuKa yeazda npu GUKOPUCIAHHI HA 6eIUKil NOmydlcHocmi. Y cmammi npononyemvcs Kackaowuti H-
Mocmosutl 6aeamopieHesull IHGePMOPHULL pe2yiamop. 3MIHA WUPUHU IMIYIbCY CENEKMUBHOT UUPOMHO-IMIYIbCHOT MOOYIAYIT MOOYIIOE
BUXIOHUII CUSHAN KACKaOHo20 bazamopisnesoeo ineepmopa. Mema. 3acanvhe 2apMoHiuHe CNOMBOPEHHS MOJICHA 3MEHWUMU,
BUKOPUCIOBYIOWU  (Ditbmpu Ha Makux Kowmponepax, sk Ill-kommponepu ma Kowmponepu 3 Hewimkow Jjoeikow. Memoou.
3anpononosana monoioeis peanizogana 3a donomozoro MATLAB/Simulink 3 euxopucmannam cmpobyiouux imnyiscie ma memooono2ii
WUPOMHO-IMNYIbCHOI MOOYAAYTl, a MAaKoXC KOHmMpOonepie 3 ueuimxow aozikow. Kpim moeo, 3anpononosana moodenvs makoxc Oyia
nepesipena ma nopisHana 3 anapamuoro cucmemoro. Pesynomamu. 3azanvue eapmoniune cnomeopenis, KilbKicmb CUNOBUX KIIOYIS,
6uUXiona Hanpy2a ma KineKicmov 0dicepen NOCMIlIHO20 CIMPYMY AHANIZVIOMbCS 3d 00NOMO2010 36udatinux mononoeii. Ilpakmuuna
yinnicme. 3anpononosana mononocis Oyjice O0oOnomoena peanizysamu 6azamopisHesuil iHEepMOp HA OCHOBI (YOMOeNeKMPUYHUX
cucmem, wo nNO8'13aHO 3 GeIUKUM RONUMOM Y Mepedicax ma npomuciosocmi. bioin. 17, Tadn. 4, puc. 9.

Kniouosi cnoea: wackanni H-mocToBi GaraTopiBHeBi iHBepTOpH, HEeYiTKHi JIOTiYHMIl peryJsitop, ceJleKTHUBHA INMPOTHO-
iMnyJbcHa MoayJisilisi, IOBHE TAPMOHIYHE CIIOTBOPEHHSI.

1. Introduction. Modern power generation, in recent times [4]. Industrial applications include AC-

transmission, distribution, and use systems all rely on the
conversion of DC to AC power. Variable-frequency drives,
static var compensators, uninterruptible power supply,
induction heating, high-voltage DC power transmission,
electric cars, air conditioning, and flexible AC transmission
systems are just a few examples of their numerous
applications. The demand for equipment with a megawatt
rating has increased recently. The mega-watt class AC
drives require a medium voltage network connecter. The
above-stated reasons provide scope for multilevel inverters
(MLIs) as a solution to work with higher voltage levels. A
power semiconductor switch cannot be directly connected
to a high voltage network due to the increase in demand for
high-voltage, high-power inverters. As a result, MLIs have
been developed and are now available for purchase. If the
voltage sources are increased, a sinusoidal-like waveform
appears at the output. The quality of the output waveform is
improved while the total harmonic distortion (THD) is
reduced by MLIs. Another advantage of MLIs is that they
have lower switching losses [1-3]. In industrial drive
systems, power electronic inverters are frequently
employed. The limitations on voltage and current it is
necessary to use series and parallel connections for power
semiconductor devices. With the propensity to synthesize
waveforms with a better harmonic spectrum and higher
voltages, MLIs have gained more importance in literature

power supplies, static var compensators, and drives. Diode-
clamped (neutral-clamped), capacitor-clamped (flying
capacitors), and cascaded inverters with separate DC
sources have been suggested for MLIs [5-8]. Space vector
modulation and selective pulse width modulation are other
modulation and control strategies for MLIs. Using a MLI
has the following advantages: These devices are excellent
when it comes to distortion and voltage drop. Very little
distortion occurs in the input current. The motor bearings
aren’t put under as much strain when the common voltage
is reduced. The elimination of common voltages and a
reduction in switching frequency are both possible with
advanced modulation techniques. Two types of DC voltage
source inverters exist for inverters that have DC voltage
sources of the same or different amplitudes. Asymmetric
cascaded MLIs provide more output levels than symmetric
cascaded MLIs with a comparable number of power
electronic devices because their DC voltage sources have
different amplitudes. It is thus smaller and less expensive to
use asymmetric MLIs [9-12].

Because the DC voltage sources are of equal
magnitude, symmetric inverters require a large number of
switches, insulated gate bipolar transistors (IGBTs), power
diodes, and driver circuits. This problem can only be solved
using an asymmetric MLI [13-16]. The disadvantages of
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bidirectional power switches will be magnified from a
voltage perspective. Two IGBTs with dual anti-parallel
diodes and a single driver circuit must be used to make a
bidirectional switch. An anti-parallel diode is required for a
unidirectional switch. It makes no difference which way a
power switch is plugged in, whether it is a one-way or a
two-way switch. Many asymmetric cascaded MLI has been
proposed to increase the number of output levels. As a
primary drawback, these inverters require high-voltage DC
power sources. Using a new basic unit, a greater number of
output levels can be generated with fewer electronic
devices. A cascaded MLI is put forward by connecting
several of the basic units that have been proposed. An H-
bridge will be added to the inverter's output because only
positive and negative voltages can be generated. One of the
proposed cascaded MLIs has been developed. H-bridge and
diode-clamped MLlIs, as well as flying capacitances and fly
inductors, are examples of topologies that can reduce
harmonic distortion. Clamping diode inverter voltage
control becomes more difficult as the number of levels
increases. Voltage regulation of a flying capacitor MLI
becomes increasingly challenging with more levels. The
cascade multilevel [17] is the most efficient of the three
topologies. Cascade MLIs have better performance, but
they still fall short of IEEE standards as the data presented
above shows. Using cascading MLIs and controllers, as
well as the selective pulse width modulation technique,
reduces THD. Different carrier waveforms are designed for
the third and fifth levels of the project to reduce THD.

Disials
— ——(]
1

FULEES

FULSED

Proportional and integral (PI) and fuzzy logic controllers
(FLC) with filters is being used to further reduce harmonic
distortion below IEEE standards of 5 %. Using these
controllers, it is possible to reduce THD more effectively.
2. System configuration for existing PI, PI with
filter controller. Figure 1 illustrates about schematic
diagram for MLI with closed loop control scheme. Figure
2 depicts the simulation diagram of five level MLI with
single phase system. An example of a five-level MLI’s
output can be seen in Figure 3. In order to get five level,
six carrier signals and one reference signal has been used.
Three levels are positive and the other three levels are
negative and the left-over level is zero level and these
voltages are obtained using different switching paths.
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Fig. 1. Schematic diagram for MLI with closed loop control
scheme
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Fig. 2. Simulation diagram of five level MLI with single phase system
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Fig. 3. Output of five level MLI
3. Results and discussion. Figure 4 shows MLI fast
Fourier transform (FFT) analysis of five-level. Here the

THD level obtained is 17.41 % for MLI with PI controller
for a fundamental frequency of 50 Hz.
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Fig. 4. Distortion level of five level MLI with PI controller

Figure 5 shows MLI FFT analysis of five-level. Here
the THD level obtained is 6.56 % for MLI with PI
controller and filter for a fundamental frequency of S0Hz.
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Fuzzy logic is the application of conditional or rule-
based logic to the transformation of an input space into an
output space. It is a «fuzzy set» if the boundaries are
ambiguous. The inclusion of elements with just a sliver of
membership is permitted. It deals with difficult-to-define
ideas (e.g., fast runner, hot weather). Being only a part of it is
fine. Fudged set membership values range from 0 to 1,
indicating the extent to which an object is a member of the
collection. Input values in a fuzzy set range can be used to
determine the appropriate membership value for a given
membership functions. This type of multivalve logic is also
known as a rule or condition because of the terminology used
to describe the inputs and outputs of the multivalve devices.
The schematic diagram of FLC is illustrated in Fig. 6.

) |

Crisp
Input

e o Crisp
-[ Fuzzifier Defuzzifier b G

Fuzzy Fuzzy
Input A Output
Set Intelligence set

Fig. 6. Schematic diagram of FLC

Weightings, which can be added to each rule in the
rule base, can be used to control how much a rule affects
the output values. A rule’s importance, reliability, or
consistency can be assigned a numerical weighting.
Depending on the results of other rules, these rule
weightings can be either static or dynamic [14].

FLC in the fuzzy logic system is in charge of choosing
the fuzzy rules that control it. Error (£) and error change
(dE), which are inputs to the FLC system, are shown in the
following diagram. Distortion level of FLC and filter for
three membership functions is shown in Fig. 7.

Figure 7 shows FFT analysis of five level MLI with
FLC and filter for three membership functions. Here the
THD level obtained is 5.2 %

MATLAB/Simulink model of FLC is shown in Fig. 8.
FLC’S output is determined solely by the rules set by the
designer, and the controller does the rest. By doing this we
can obtain desired output fuzzy logic system rules as
follows in Table 1, where Ne — Negative, Ze — Zero, Pe —
Positive, Me — Medium, Sm — Small, B — Big, as a result of
implementing these fuzzy rules in a FLC, errors are smaller
if the change in error is also smaller, so the output is

smaller. If the value of error is negative (Ne) and the error
change is zero, a medium result would be achieved which
is illustrated in Table 2.
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Fig. 8. MATLAB/Simulink of FLC

Table 1
Rules for three membership functions

Change in error (dE=AE(?))
Ne Ze Pe
Ne| Sm Me Sm
Error E(f) | Ze| Me B Me
Pe Sm Me Sm
Table 2

Rules for five membership functions

Change in error
Error | NeB | NeS | ZO PeS | PeB
NeB | PeB | PeB | PeB | PeS 70
NeS | PeB | PeS | ZO 70O | NeS
70 PeS | ZO | ZO 70O | NeS
PeS PeS | ZO Z0O | NeS | NeB
PeB ZO | NeS | NeB | NeB | NeB

If the value of error is negative and the error change
is positive, the output will be small. System could get a
medium output with no errors or errors changing in a
negative direction. A large output would be possible with
no errors or errors changing in a negative direction. If the
error value is zero and the change in error value is
positive, the output would be medium. If the error value is
positive and the error change value is negative, the output
will be small. It is considered medium-sized when the
error rate is more than 10 %.

Figure 9 shows FFT analysis of five level MLI with
FLC and filter for five membership functions. Here the
THD level obtained is 3.43 %.

Table 3 shows the comparison of THD levels for
different controllers. The results show that FLC gives the
better response when compared with conventional PI
controller. Although the distortion is reduced to some
extent when PI controller is used, but it is greatly reduced
when Fuzzy controller is used. Table 4 gives the
specifications of various parameters used in the simulation.
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Table 3
Comparison of THD for different controllers
Controllers THD, %

PI controller 17.74
PI controller with filter 6.56
Fuzzy controller with filter 520
for three membership functions )
Fuzzy controller with filter 343
for five membership functions )

Table 4

Specifications of parameters used in the Simulink models
Parameters Specifications

Resistive load R, Q 1
Inductive load L, mH 1
Frequency of carrier signal, Hz 1000
Frequency of reference signal, Hz 50
Proportional constant k, 1.6
Integral constant k; 36

4. Conclusions. The quality of multilayer output
voltage waveform improves as the quantity of levels in a
multilevel inverter grows. Different carrier waveforms are
used for three and five levels of the project to reduce
harmonic distortion. We used a multilevel inverter with a
selective pulse width modulation technique to reduce
harmonic distortion in five levels. PI and fuzzy logic
controllers with filters have been added to the five-level
multilevel inverter to further reduce the IEEE standards.

We can achieve from simulation results that total
harmonic distortion levels can be reduced to less than 5 %
by using the proposed PI and FLC controllers with filters
on multilevel inverters. Due to these advantages in both
technical and economic terms, it can be concluded that the
proposed methodology will be beneficial in a wide range
of industrial settings.

In the future, a sinusoidal pulse width modulation will
be generated using other techniques for high-frequency
applications by means of modified carriers using a fuzzy
controller in order to reduce distortion as well as to improve
the voltage. Then this proposed selective pulse width
modulation will be applied to all types of inverters like
voltage source and current source inverters. Previously only
five level operations were done using the pulse width
modulation technique. So, in the future, more than five-level
will be achieved with other controllers. The verification of
this inverter for lesser total harmonic distortion and higher
frequencies can be done as a part of future work.
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Ensuring standardized parameters for the transmission of digital signals by twisted pairs at
the technological stage of manufacturing cables for industrial operating technologies

Introduction. In production control and control systems, buildings use many simple devices - sensors to detect light, heat, movement,
smoke, humidity and pressure, mechanisms for activation and control of switches, closing devices, alarm, etc. - «operating
technologies» (OT). Different communication protocols and field tire technologies, such as Modbus for conditioning systems, Bacnet
for access control and Lonworks for lighting, have been traditionally used and used for their connection. Network fragmentation
leads to the need to use gateways to transform protocols when creating a single automation system, which complicates the
implementation of complex control systems for any object. At the same time, information networks are unified, but the Ethernet
protocol used in them for operating technologies for various reasons (technological, cost) has not been widespread. Due to its high
bandwidth compared to existing field tire networks, industrial Ethernet is significantly capable of increasing flexibility in the
implementation of additional functions in OT. Modern industrial Ethernet networks are based on non-shielded and shielded twisted
pair category 5e cables. The presence of additional metal screens in the structure of twisted pair causes the increase in electrical
resistance of conductors due to the effect of closeness, the electrical capacity, and the ratio of attenuation in the range of
transmission of broadband signals. Purpose. Substantiation of the range of settings of technological equipment to ensure
standardized values of the extinction coefficient and immunity based on the analysis of the results of measurements in a wide
frequency range of electrical parameters of shielded and unshielded cables for industrial operating technologies. Methodology.
Experimental studies have been performed for statistically averaged electrical parameters of the transmission of pairs for 10 and 85
samples of 305 m long and shielded cables of category Se, respectively. It is determined that in the frequency range from 1 to 10
MHz, unshielded cables have less values of the attenuation coefficient. In the range of more than 30 MHz, the shielded cables have
smaller values of the attenuation due to the influence of the alumopolymer tape screen. It is established that the coefficient of paired
correlation between asymmetries of resistance and capacity of twisted pairs is 0,9735 - for unshielded and 0,9257 - for shielded
cables. The impact has been proven to a greater extent asymmetry of resistance the pairs on the increasing noise immunity of cables.
The influence noise interference on the deviation of the diameter and electrical capacity of the isolated conductor from the nominal
values in the stochastic technological process is analyzed. The strategy of technological process settings to ensure the attenuation
and the noise immunity in the high-frequency range is substantiated. Practical value. Multiplicative interference, caused by random
changes in the stochastic technological process, can lead to a deviation of diameter 2 times from the nominal value at level of
probability at 50 %. The equipment settings of the technological equipment must guarantee the coefficient of variation capacity of
the insulated conductor at 0.3 % for high level of noise immunity. References 36, figures 10.

Key words: industrial Ethernet, twisted pair, ratio of attenuation, noise immunity, ohmic and capacitive asymmetry,
stochastic technological process, additive and multiplicative interference, coefficient of variation.

Cyuacni mepeoici npomucnogozo Ethernet 3acnosami na eumux napax HeeKpaHO8AHUX md eKpaHosanux Kabenig xamezopii Se.
Bnposaooicennsn oononapuoeo Ethernet cmukaemvcs 3 npobnemoro 3abesneuents nepedaui yugposux cueHanie Ha siocmars 0o 1000
M 31 weuokicmio 0o 1 I'Bim/c. Buxonano excnepumenmanbhi 0OCTIONCEH S, CMAMUCMUYHO YCePeOHeHUX eAeKMPUYHUX napamempia
nepeoaui eumux nap ons 10 i 85 eubipox 6yxm dossicunoro 305 m Heekpanosanux ma eKpanoganux Kabenie kamezopii Se 8i0n08ioHo.
Busnaueno, wo y oianazoni uacmomu 6i0 1 0o 10 MI'y neekpanoeani kabeni maromo MeHwli 3Ha4eHHs Koepiyicnmy 3eacanus. Y
Oianasoni 6inbwe 30 MIy expanoeani kabeni Maiomv MeHWi 3HAYEHHs KOeQiyieHmy 32aACanns, wo O0OYMOGIEHO GNIAUBOM
anomMononimepHo2o ekpany. Bemanoeneno, wo xoeghiyicnm naproi kopensiyii Misic OMIUHOI0 Ma EMHICHOIO ACUMEMPIMU GUMUX NAD
dopienioe 0,9735 — ona neexpanoganozo ma 0,9257 — ona expanosanozo kabenis. [{oeedeno ennug y 6invutiti Mipi omiynoi acumempii
sumux nap Ha 3aseadocmilikicme kabenis. Ilpoananizoeano eniue aoumugHoi ma MyTbMUNIIKAMUEHOI 3a8a0 HA GIOXUNEHHS
diamempy ma €MHOCMI 1301b08AHO20 NPOGIOHUKA BI0 HOMIHANBHUX 3HAYEHb ) CHOXACMUYHOM) WeEXHOJIO02IYHOMY NpOYec.
Obrpynmosano dianaszonu HANAUIMYSAHb MEXHON024HO20 npoyecy 0 3a0e3nedents HOPMOBAHUX 3HAYeHb Koepiyienmy 32acanHs
ma 3asadocmiikocmi gumux nap y sucoxovacmomtomy oianazoui. biomn. 36, puc. 10.

Knrouoei cnosa: npomuciosuii Ethernet, Buta napa, koediuieHT 3racanHs, 3aBajaocTiiikicTb, OMiuHa Ta €éMHiCHa acuMeTpii,
CTOXACTHYHMII TEXHOJIOTIYHUI Mpolec, ATUTHBHA Ta MYJIbTHILIIKATHBHA 3aBa/H, KoedimieHT Bapiamii.

Introduction. Many simple devices are used in
control and management systems in production and
buildings — sensors for detecting light, heat, movement,
smoke, humidity and pressure, mechanisms for activating
and controlling switches, locking devices, alarms, etc.
The used controls, sensors, systems and devices are called
Operational Technology (OT). Different communication
protocols and fieldbus technologies have traditionally
been used to connect them, such as Modbus for air
conditioning [1-3], BACnet for access control [1-3] and
LonWorks for lighting [1-3]. Network fragmentation
leads to the need to use gateways to convert protocols
when creating a single automation system, which makes it
difficult to implement complex control systems for any
objects. At the same time, information networks are

unified, but the Ethernet protocol used in them, for
operational technologies has not been widely used for
various reasons (technological, cost) [4]. Due to its high
bandwidth compared to existing fieldbus networks,
Ethernet is able to significantly increase flexibility in the
implementation of additional functions in OT.

Single-pair Ethernet (SPE) standards [5-10] became
the solution to the implementation of the information
protocol in OT.

Single-pair Ethernet is the latest technology to meet
these new requirements, as it allows data to be transmitted
over Ethernet using only one twisted pair, with signal
transfer rates from 10 Mbit/s to 1 Gbit/s [10, 11]. For
example, for comparison: Fast Ethernet with a signal
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transmission speed of 100 Mbit/s requires two, and
Gigabit Ethernet requires four twisted pairs [12]. The
advantage of single-pair Ethernet is also the ability to
simultaneously supply power to end devices using Power
over Data Line (PoDL) technology. With a transmission
distance of up to 1000 m, single-pair Ethernet becomes a
particularly interesting solution for use in the field of
automation of any processes, including in the power
industry [5, 6].

For example, single-pair Ethernet is already being
implemented in new generations of cars instead of CAN
and other buses [7-9]. In the future, control,
communication and security functions will work in a
unified way using Ethernet. This is a basic requirement
for managing full network connectivity or autonomous
transport in the future.

Single-pair Ethernet is also suitable for use in
industrial automation. Single-pair cable connections are
quick to install, save space, are inexpensive and easy to
operate. Equipping simple sensors, cameras and similar
devices with Ethernet interfaces makes SPE the driving
force of integrated industry and the Industrial Internet of
Things (IIoT) (Fig. 1) [5, 6]. In general, by 2025, the
global market for Internet of Things technologies will be
estimated at 6.2 trillion USD, of which 4.8 trillion USD
will fall on the spheres of health care (2.5 trillion USD)
and production (2.3 trillion USD), as the largest market
segments [6]. To a greater extent, the growth will come
from the connection between machines in production,
processing industry, and the field of health care. The
field level becomes intelligent, which simplifies and
accelerates configuration, initialization and
programming thanks to the use of cables based on a
single twisted pair [6].
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Fig. 1. Growth dynamics of the global Internet of Things
market [5]

The cable, as an infrastructural foundation, is a
direct transmission line. Depending on the required
transmission rate and line length, two standard types of
twisted pair are currently available for SPE.

For networks with signal transmission rate 10 Mbit/s
for a distance of up to 1000 m, the cable design is
regulated by the following Standards: IEC 61156-13 —
SPE data transmission cable with bandwidth of up to 20
MHz for stationary installation [10] (a 10Base-T1L cable
with a transmission distance of 1000 m in some cases is
capable replace more expensive optical cables [12-15]);
IEC 61156-14 — SPE data transmission cable with
bandwidth up to 20 MHz for flexible installation [10].

Thanks to SPE technology, in which new data
coding and scrambling technologies are applied, industrial
and technological networks get better characteristics in
terms of synchronization of devices connected to the
communication line, the level of electromagnetic
interference emitted to neighboring pairs is reduced, and
higher data protection which are transmitted is ensured

(Fig. 2).

Fast Ethernet
100 MBit/s per twisted pair, unidirectional

100 B — Transmit Ps_ e — 100
BASE-TX| - e — Cpin — o — JBASESIX]
GBit Ethernet

250 MBit/s or 2.5 GBit/s per twisted pair, bi-directional

L m——
“Trans acaie - o e 1GBASET!

e

Qi B ey
Singie Fair cinernet
100 MBit/s or 1 GBit/s per twisted pair, bi-directional

RS [~ | Transmit & Receive e el

Fig. 2. Implementation of industrial Ethernet technology based
on a cable of 4 twisted pairs of category Se (upper two figures)
and SPE (lower figure): when transmitting signals at rate
100 Mbit/s two pairs are used for reception and transmission,
two ones — reserve; when transmitting signals at rate of 1 Gbit/s
and more — four pairs for simultaneous reception and
transmission with a complicated interface [6]

For a network with a signal transfer rate 1 Gbit/s for
a distance of up to 40 m, the cable design is determined
by the following Standards: IEC 61156-11 — SPE data
transmission cable with bandwidth of up to 600 MHz for
stationary installation [10]; IEC 61156-12 — SPE data
transmission cable with bandwidth up to 600 MHz for
flexible installation [10].

In comparison with traditional industrial cables of
category Se with four pairs for transmitting signals over a
distance of 100 m at rate of up to 1 Gbit/s (Fig. 2), when
implementing the technology of a single-pair cable based
on a twisted pair, a reduction in the diameter and weight
of the cable is observed, provided that standardized
electrical transmission parameters in the frequency range
up to 600 MHz: attenuation coefficient, impedance,
reflection loss, and resistance to external electromagnetic
interference, which determines the shielded design of the
twisted pair [6, 13].

The goal of the paper is to substantiate the range of
technological equipment settings to ensure standardized
values of the attenuation coefficient and noise immunity
based on the analysis of the results of measurements in a
wide frequency range of electrical parameters of shielded
and non-shielded cables for industrial operating
technologies.

Review of publications and problem definition.
The presence of additional metal shields in the design of a
twisted pair leads to an increase in the electrical resistance
of the conductors due to the effect of proximity and, to a
greater extent, the electrical working capacity, and, in
general, the attenuation coefficient, that is, the range of
transmission of broadband signals with an increased level
of cable immunity [6, 16-24].
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Numerical calculation of the 2D model, under the
condition that the partial capacity of each of the insulated
conductors and the capacity of the shield to the ground of
the twisted pair remain constant over the length, shows
that the maximum surface energy density in the shielded
cable is 1.62 times greater than in the non-shielded cable,
and is mainly concentrated in insulation [25]. The
simulation results are consistent with the experimental
data on the efficiency of the foil-shielded and/or braided
twisted pair compared to the non-shielded one in the
frequency range up to 170 MHz [25, 26].

Based on the comparison of the capacity of non-
shielded and shielded twisted pairs of category Se, it was
proved that the working capacity of shielded cables has
increased values [27, 28]. The authors established that
variations in the thickness of the insulation, i.e., the
working capacity, have a greater influence on the
attenuation coefficient compared to the active resistance,
provided that the diameters of the conductors of the
twisted shielded pair are the same [27]. Recommendations
are given for increasing the insulation thickness of cable
conductors to ensure the working capacity of twisted
shielded pairs in the range of standardized values [25, 26].

It was shown in [29] that an increase in the insulation
thickness by 50 % relative to the radius of the conductor
leads to a decrease in the capacity of the insulated
conductor by 20 %. Such a constructive solution leads to an
increase in the mass and dimensional indicators of the
twisted pair as a whole. The authors substantiated the
methodology of the synthesis of design and technological
solutions, including the effectiveness of the use of foam
insulation, for regulating the capacity of the twisted pair of
cables of industrial networks at the technological stage of
the production of an insulated conductor.

Thus, the implementation of modern industrial
Ethernet faces the problem of reaching a compromise
between shielding and the effect of the shield on the
working capacity to reduce the attenuation coefficient
while ensuring the transmission of signals in a wide
frequency band by shielded twisted pairs [30].

Experimental studies of the effect of the shield on
the attenuation coefficient and interference resistance
of twisted pairs. The attenuation coefficient o (dB/m) is
the frequency-dependent parameter and depends on the
active resistance R (the sum of the resistances of the
forward and reverse conductors) and the inductance L, the
working capacity C, the active conductivity of the
insulation G (the electrophysical properties of the
insulation — the tangent of the dielectric loss angle tgod) of
a twisted pair twisted with the appropriate step 4 to
increase immunity [31]:

ey

=8,69-/C - £~\/I+ —eC L |
2 VL 2
Industrial Ethernet cables are usually made of
copper wire with diameter of 24 AWG (0.511 mm) [32]

and insulation based on a cable composition with high
dielectric properties [33], including polyethylene [31].

(1

The results of the presented electrical parameters of
the transmission of twisted pairs are averaged for 10 and
85 samples of 305 m long hanks of each non-shielded and
shielded (in general, aluminum polyethylene foil shield)
category Se cables, respectively.

Figure 3 shows the correlation dependence between
the working capacity C of twisted pairs of non-shielded
Ciand shielded C, samples of 4-pair cables of category
Se: shielded cables have higher values of working
capacity under the condition of the same insulation
thickness. Here, the DC resistances of direct R, and
reverse R, conductors of shielded cables 2 (Fig. 4)
also have larger values compared to non-shielded ones /
(Fig. 4). And, as a result, larger values of the attenuation
coefficient & are observed in shielded structures (Fig. 5).
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Fig. 3. The effect of the shleld on the Workmg capac1ty
of non-shielded and shielded category Se cables
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Fig. 4. Correlation dependence between the resistance of
conductors and the working capacity of twisted pairs of samples
of non-shielded (1) and shielded (2) cables

It turns out (Fig. 5) that the attenuation coefficient of
non-shielded cables has smaller values only in the
frequency range from 1 MHz to 10 MHz (compare
Fig. 5,a,b and Fig. 6,a,b).

Shielded cable conductors have higher resistance
values for the same diameters and diameter tolerances.
This is due to the proximity effect of the shield, which
leads to an increase in resistance even to DC.

Increased values of resistance and capacity of
shielded network cable pairs lead to higher values of
attenuation coefficient. However, this is true only for the
frequency range for which the depth of the skin layer (A)
is less than the thickness (%) of the shield. In the
frequency range for which the skin layer and the shield
thickness are of the same order, the attenuation coefficient
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of shielded cable pairs is equal to a of non-shielded cables
(Fig. 4). For the given data, the effect of the shield on the
attenuation coefficient begins to appear for frequency of
more than 30 MHz: the shielded cable has lower values of
the attenuation coefficient (Fig. 5,b). For the frequency
from 10 MHz to 30 MHz, the values of attenuation

coefficients of non-shielded and shielded cables
practically do not differ.
30 a, dB/100 m
25
20
15 a
10
5
f, MHz
250
30 a, dB/ 100 m
25
20
15 b
10
5
f, MHz
100 150 250

Fig. 5. Hlstograms of the frequency dlstrlbutlon of the
attenuation coefficient of non-shielded (@) and shielded ()
cables with twisted pairs of category 5e

00 & dB/100 m
15
10 a
5
1, MHz
15 20 25 30
00 & dB/100 m

15
10 b
5
f, MHz

Fig. 6. Attenuation coefficient of non-shielded (a) and
shielded (b) cables in the frequency spectrum from 1 to 30 MHz

External shields, which are placed on the cores from
4 pairs lengthwise, are made of a thin polymer film
metallized with aluminum (aluminum polyethylene).
A copper drainage conductor with silly with diameter of
0.5 mm is included in the film shield. It ensures the
electrical continuity of the shield in case of accidental
rupture of the metal foil shield during cable laying,
installation and operation. Such a shield provides reliable
shielding from the magnetic component of
electromagnetic interference. This interference manifests
itself in the high frequency range. It is possible to use an
additional shield in the form of braiding. It provides
protection of cable pairs from electrical interference that
occurs in the low frequency range. The use of double-
layer shields ensures reliable shielding in the entire
operating frequency range of the network cable.

The frequency dependencies of transient attenuation
at the near end (NVEXT) of non-shielded and shielded
cables are consistent with the results of the frequency
dependence of the attenuation coefficient (Fig 7):

NEXT=201glalh /h; 1)/ i1+ k(o 1y + 1)y -1)] (@)

where A, h; are the twisting steps; y, is the propagatlon
coefficient of electromagnetic waves in twisted pair i with a
smaller twisting step 4, which is determined (y = «a + jf)
by electrical parameters at the corresponding circular
frequency |)/| = i‘/(R2 +0? I* ) (Gz +o? -Cz)
module, 1/m; b is the phase coefficient, rad/m); k=0.2 — 0.8
is the coefficient that depends on the cable design and the
location of the interacting circuits.

Electromagnetic coupling and influence parameters
are determined by the mutual arrangement of pair
conductors in the cable, the twisting step, the degree of
structural homogeneity, and the quality of the insulation
materials [34-36]. Here, the electrical component of the
electromagnetic influence is related to the change along
the length of the thickness and dielectric permeability of
the insulation, the mutual location of the pairs in the
cable. Magnetic one — to the change in the diameter of the
conductors of the pair along the length of the cable,
deviations in the diameters of the forward and reverse
conductors (ohmic asymmetry), fluctuations in the
twisting step of pairs of conductors along the length,
unequal distance between the pairs.

The ratio between the electric and magnetic
components of electromagnetic coupling is determined by
the operating frequency range of the cable. In the low
frequency range (up to 10 kHz), the electrical component
of electromagnetic influence prevails. This effect is
significant only between closely spaced pairs. For
frequency of more than 100 kHz, the influence is caused
by both electric and magnetic components, to reduce
which different twisting steps of twisted pairs in the cable
are used. In a twisted cable, the transient attenuation of
pairs will be different due to ohmic and capacitive
asymmetries. Twisting pairs with different coordinated
steps leads to the fact that the working capacities and
resistances of the loops of twisted pairs differ from each
other. Capacitive asymmetry arises — the difference in the
working capacity of twisted pairs and ohmic one arises —
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the difference in the resistances of loops R, of twisted
pairs with different twisting steps and different diameters:
AC=(c;-¢; )G +c)); 3)

AR = (RSi —Ry ) (Rsi + Ry )’ “4)

where R; = R, + R, is the resistance of the pair loop,
which is equal to the sum of the resistances of the direct
R, and the reverse R, conductors.

The resistances R, and R, are also different from
each other. The difference between them is that the ohmic
asymmetry within the pair is caused only by the different
diameters of the conductors.

It was established (Fig. 4) that a positive correlation
is characteristic for the direct and reverse conductors of
twisted pairs of non-shielded and shielded network cables.
Only in this case, the normalized value of the ohmic
asymmetry of no more than 1 % of the loop resistance is
ensured, which guarantees the protection of the cable
from external and internal (between pairs) interferences.

Figure 7 shows the lines of the transient attenuation
level for frequency of 10 MHz as a function of ohmic and
capacitive asymmetry of twisted pairs of non-shielded
(Fig. 7,a) and shielded (Fig. 7,b) cables, respectively.
Figure 8 — for the frequency of 20 (a), 62.5 (b) and 100
(c) MHz of non-shielded (/) and shielded (2) samples,
respectively.

AC, %

NEXT_UTP_10 MHz

AC. % NEXT_FTP_10 MHz
2.4 g —
.
1.8
142 b
0.6 s
B 300
250
=] 200
2 I 150
G.D 7. Il 100
0.6 1.2 1.8 AR, % H=

Fig. 7. Transient attenuation at the near end for frequency of
10 MHz depending on ohmic and capacitive asymmetries of
twisted pairs of non-shielded (@) and shielded (b) cables

The use of a shield leads to a smaller spread and an
increase in transient attenuation in shielded cable designs
(compare curves / and 2 in Fig. 8).

The results of experimental studies prove that there
is a significant positive correlation between ohmic and
capacitive asymmetries. So, the pair correlation

coefficient is: 0.9735 — for a non-shielded cable; 0.9257 —
for shielded cable. The value of the pairwise correlation
coefficient between asymmetry and near-end transient
attenuation varies for different hanks (cable length in each
hank is 305 m) (as an example, selectively, see below).

For non-shielded cable:

- between ohmic asymmetry and NEXT: 0.6683 —
for the first; 0.9058 — for the second; 0.7871 — for the
third; 0.4990 — for the fourth;

- between capacitive asymmetry and NEXT: 0.6683
— for the first; 0.7256 — for the second; 0.5567 — for the
third; 0.2689 — for the fourth.

For shielded cable:

- between ohmic asymmetry and NEXT: 0.9257,;

- between capacitive asymmetry and NEXT: 0.5868.
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Fig. 8 Transient attenuation of twisted pairs of non-shielded and

shielded cables (a-c) and non-shielded cable for frequency
100 MHz (d)
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Thus, the guarantee of the transmission parameters
(attenuation coefficient and interference immunity) is
determined by the technological process settings to ensure
the geometric parameters and homogeneity, first of all, of
the twisted pair conductors.

Ranges of technological equipment settings in the
manufacture of twisted pairs with standardized
transmission parameters. Cables are manufactured on
technological equipment that can be affected by random
disturbing influences. The cable is a long-dimension
product that is made «per pass», in connection with which
its geometric parameters have non-constant length values,
that is, they are irregular.

This leads to a change in the electrical parameters of
the transmission, which requires the introduction of a
system of automatic control of the manufacturing process,
first of all, the diameter of the conductor to reduce the
dispersion of this parameter.

The stochastic model of the technological process
takes into account the additive (4) (Fig. 9,a,b, curves
and 2) and multiplicative (5) (Fig. 9,a,b, curve 3)
characteristics of the change in the diameter d of the
conductor from the nominal d, (radius r,)) values in the
process of applying insulation

d=d,-@; @)

d=d, (1+2), 5)

where ¢ is the random number with a normal distribution
law.
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Fig. 9. Integral functions of the distribution of deviations from
the nominal values of the diameter (radius) and electric capacity
of the insulated conductor in the case of multiplicative and
additive nature of variations in the geometric dimensions of the
twisted pair of category Se

Fluctuations in the diameter 4 also lead to a change
in the capacity C from the nominal values C, of the
insulated conductor (Fig. 9,b).

Additive interference (Fig. 9,a,b, curves / and 2,
Fig. 10, curves 2 and 4) is due to external factors affecting
the technological process, in particular, a transtient
process in the power supply network. Multiplicative
(Fig. 9,a,b, curve 3, Fig. 10, curves / and 3) — due to
random changes in the technological process itself.

Figure 10 shows the effect of variations in the
capacity of an insulated conductor on transient attenuation
at the near end between adjacent pairs. The curves
correspond to: /, 2 — /C = 0.1 % for multiplicative and
additive nature; 3, multiplicative — o/C = 1 %); 4, additive
—0/C =1 % (o is the root mean square deviation).
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With the same coefficients of variation o/C = 0.1 %,
the capacity spread is 0.101 % and 10.1 % in the case of
multiplicative (curve /) and additive (curve 2) nature of
its change (Fig. 10), respectively. As a result, transient
attenuation at the level of 50 % of probability is 2.33
times less, that is, the level of mutual influence between
neighboring pairs is greater (Fig. 10, curves / and 2), with
the additive nature of the interference.

For the same capacity variations (curves 3 and 4,
Fig. 10) the nature of their change practically does not
affect the transient attenuation.

Transient attenuation value for frequency 20 MHz —
at the level of 70 dB (Fig. 8,a), in the frequency
range from 62.5 MHz to 100 MHz — at the level of 60 dB
(Fig. 8,b,¢).

Conclusions.

The correlation between the resistance of the
conductors and the working capacity of the twisted pairs
proves the greater values of the electrical parameters of
the shielded compared to the non-shielded ones, provided
that the insulation thickness of the conductors of the
4-pair category Se cables is the same.

It was found that the attenuation coefficient of non-
shielded cables has lower values in the frequency range
from 1 MHz to 10 MHz. At higher frequency values, the
opposite is true: shielded cables have lower attenuation
values. For frequency of 200 MHz — by 12 %, which can
ensure the transmission of signals over a longer distance.

On the basis of the determined strong positive
correlation between ohmic and capacitive asymmetries, it
is proved that the transient attenuation at the near end is
most affected by the homogeneity of the geometric
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dimensions of the twisted pair conductors. Larger values
of the pair correlation coefficient between ohmic
asymmetry and interference immunity for a shielded cable
determine the appropriate settings of the technological
process when applying the shield.

It is shown that the multiplicative interference
caused by random changes in the stochastic technological
process, at the level of 50 % probability, can lead to a
deviation of the diameter by 2 times from the nominal
value.

To ensure normalized values of interference
immunity of twisted pairs in the high-frequency range, the
technological equipment settings must guarantee the
coefficient of variation of the capacity of the insulated
conductor at the level of 0.3 %.
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Theoretical determination of individual values of insulation four-element equivalent circuits
elements parameters at technical diagnostics of insulation by absorption methods
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The aim of this article is to present a methodology of determining of the individual values of the parameters of four-element
equivalent circuits for insulation with through conductivity. Methodology. The proposed method consists in the fact that at a time
interval of more than 10 s, when the charge indicator no longer contributes to the leakage current, three points t;, t, and t; are
selected, such that t, —t; = t; — t5. To be able to determine the absorption coefficient Rgy/R s, it is recommended to take t; = 15 s,
ty =37.5 s and t; = 60 s. At the same time, by subtracting I(t;) — I(t;) and I(t;) — I(t,), the constant component of the absorption curve
is excluded and it becomes possible to determine the individual values of the parameters of the generalized equivalent circuit of
insulation, additionally using its conductivity in operator form. Results. As calculations show, the correct determination of the
parameters of insulation equivalent circuit according to the proposed method is possible only with a certain ratio of these
parameters. The charge time of the geometric capacitance Co(Ry+R,), where Ry and R, are the resistance that forms the charging
exponent, and the resistance of the sensor, should be within 0.2 s <Cy(Ry+R <1 s, the time constant C,R,, where C, and R, are the
capacitance and resistance of the absorption chain, should be more than 3 s, the product of C,R;, where R, is the leakage resistance,
more 0.5 s, the leakage resistance R is less than the absorption resistance R,. Checking the methodology on a model example gives
the values of the parameters of the insulation equivalent circuit that match the specified ones with high accuracy. Practical value.
The use of individual values of the parameters of insulation equivalent circuits when applying absorption diagnostic methods with
considering the time values and dimensional factors, allow to calculate all currently used diagnostic parameters, to determine the
conditions of certain insulation types, as well as in more detail, in comparison with the existing approach, to assess the technical
condition of the insulation and the reasons of its changes. References 20, figures 2.

Key words: non-destructive methods of insulation diagnostics, absorption methods of diagnostics, parameters of elements of
insulation equivalent circuits.

Poszenanyma meopemuyna memoouxa eusnauenHs iHOUGIOYANbHUX 3HAYEHbL NAPAMEMPIE el1eMeHmis y3a2aibHeHol cxemu 3amilyeHHs
i30nayii’ no 3anexcHocmi abcopOYitino20 CMpPyMy 6i0 uacCy, a MAKONC THULUX HOMUPbOXELEMEHMHUX CXeM 3aMIWeHHs 1301yl 3
HACKPI3HOIO NPOGIOHICMI0 MA IX 63AEMHO20 NePepaxyHKy, w0 HOGHICMIO PO3KPUBAE THGOpMaAmueHuil nomenyian abcopoyitinux
Memooie 0iacHOCMYBaHHA eNleKmpuyHoi i301ayii. 3HaHHA YuX 3HAYEHb MeopemuuHo O00360JA€E, BPAXOBYIOYU 3HAYUEHH yacy md
posmipHi - paxmopu, cpopmysamu  GyOb-sikuil  abcopOYitiHuL  OIAZHOCMUYHULL NAPAMEmp, WO GUKOPUCMOBYEMbC 3apa3s, |
npocaiokysamu 1020 3miHu 6 npoyeci excnayamayii izonayii. Haconowyemoca, wo oaa @izuuno o6rpynmosanoi inmepnpemayii
pe3yrvmamie 0iaeHOCMUYHO20 KOHMPOIO abCOPOYIHUM MemoOOM 3a OOHICI0 3 cXeM 3amiwjeHHs i301ayii HeoOXiOHO mamu
iHghopmayiro npo cknao i cmpyxkmypy izonayii. biom. 20, puc. 2.

Kniouoei cnoea: HepyHHIBHI MeTOAM AiarHOCTHKH i30.1s1ii, aOcopOuiiiHi MeTOAM AiarHOCTHKH, apaMeTPH eJeMEeHTIB cxeM
3amileHHs i3ousuii.

Introduction. The electrotechnical and electric  power of more than 5 kW occur due to damage to the

power equipment used at Ukrainian enterprises has
worked out a significant part or all of the designated
service life, taking into account that the most intensive
commissioning of it took place until the 90s of the last
century. This applies to power plant equipment such as
generators, transformers, internal demand motors and
high-voltage switchgear equipment, insulation of
overhead networks and cable lines, as well as induction
electric drive motors.

Currently, most of the power generating equipment
of TPPs and CHPs has reached their limit service life
(more than 200,000 hours), they are worn out and,
according to the existing regulatory documentation, they
need to be reconstructed or replaced. The distribution of
specific damage of the main units of turbo- and
hydrogenerators, which increases with increasing power,
shows that the stator insulation is subject to control as the
most «weaky» unit [1].

If we take into account all the main equipment of
power plants, it should be noted that great attention
should be paid to monitoring the technical condition of
power transformers [2-7], especially with extended
service life.

Due to wear, in the vast majority of cases (85-95 %),
failures of induction motors with a short-circuited rotor
(the most widely used in the country’s enterprises) with

stator and rotor windings and are distributed as follows:
stator winding — up to 80 %, rotor winding — up to 10 %
[1, 8-11]. This causes increased attention to control the
reliability of their insulation.

Moral and physical wear of cable lines with voltage
of 6-10 kV in power supply systems ranges from 40 to
90 %. Here, up to 70 % of all power supply violations
occur when cable lines with voltage of 6-10 kV fail, and
therefore control of their technical condition is also an
urgent issue [12-15].

When using worn-out electrical equipment, it should
be borne in mind that when we talk about the designated
service life, according to the regulatory documentation,
this is about the group resource, which is defined as the
working time of a group of products, for which n percent
of the most defective products are rejected. This time is
taken as a group service life with a reliability of 1-1/100.
This generally accepted approach does not take into
account that life dissipation can be several hundreds of
percent, and therefore the residual life of some products,
especially if the life is distributed according to the log-
normal law, may be several times greater than intended.
Based on this fact, it can be considered justified to try to
extend the life of the equipment by determining an
extended life. However, we emphasize that the operation
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of electrical equipment, which has worked out and for
which an extended life has been established, due to the
uncertainty of the real life, requires continuous
monitoring of its technical condition. Only under such
conditions the unused service life of the equipment can be
effectively used.

Control of the level of reliability of electrical
insulating materials and structures in operation is carried
out by measuring the influence of external and operational
factors on the parameters of the insulation characteristics,
which lead to a change in the technical condition of the
insulation, including those that are not related to
functioning. Most often, the technical condition of
insulation and electrical insulating materials is determined
using integral parameters, such as resistance, capacitance,
dielectric loss angle tangent, leakage current, absorption
coefficient, recovery voltage, etc. [16].

One of the methods of monitoring the technical
condition of electrical equipment is absorption diagnostic
methods, which are recommended as normative for
diagnosing insulation of transformers, synchronous
generators, compensators, collector exciters, and AC
electric motors [16]. A brief description of absorption
methods is given in [1].

Modern scientific studies of absorption methods and
their use relate to diagnosing the state of insulation of
power transformers [2, 3, 9-12, 15], rotating electric
machines [8-11], low- and high-voltage cables [7, 12-14].

Insulation defects and methods of their diagnosis are
generally described in [1, 8, 9]. In [1], the general issues
of diagnosis of insulation and, in particular, the use of
absorption methods are considered. Diagnostic parameters
in the case of using absorption diagnostic methods
include, firstly, parameters that use the characteristics of
the rate of decline of the absorption current curve
(increase in insulation resistance) depending on the time
of application of constant voltage to the insulation in
different sections of this curve, i.e. absorption coefficient,
polarization coefficient, dielectric absorption ratio,
polarization index and other similar characteristics and
their derivatives. The second direction related to
absorption methods is the recovery voltage method, which
is implemented in two variants. In the first case, the ratio
of the maximum value of the recovery voltage resulting
from the charge from the absorption capacitance of the
insulation disconnected from the voltage source after the
discharge of its geometric capacitance to the charging
capacitance (capacitive absorption coefficient) is
determined. In the second variant, it is the same ratio
determined at different time intervals for the discharge of
the geometric capacitance, which leads to partial
discharge and absorption capacitance. In addition, the
initial rate of rise of the r recovery voltage, the time to
reach the maximum value of the recovery voltage,
nonlinearity coefficients of the recovery voltage, the self-
discharge time constant, and other characteristics can be
used as diagnostic parameters.

The generalized equivalent insulation replacement
circuit (Fig. 1,a) is the basis of all absorption diagnostic
methods. Its elements include the geometric capacitance
C,, which reflects the capacitance associated with fast
processes of electronic and ionic polarization, the through

resistance R, i.e. the steady value of insulation resistance
to the flow of direct current, the absorption capacitance
C,, which is responsible for the slow processes of
migration polarization caused by accumulation of free
charges on the boundaries of the regions of the dielectric
with different electrophysical properties or in the near-
electrode regions, and the absorption resistance R,, which
is introduced to correctly reflect the inertial properties of
the migration polarization [1].

The absorption coefficient (and other differential
diagnostic parameters for the generalized circuit and other
four-element substitution circuit), as a rule, can be written
in the form:

_ R +Rzexp(— tzalv)

R+ Rzexp(— 4 alv)
where ¢, and #, are the time of measuring resistances R,
R,, in the general case R; are resistive elements, a;, is the
function of resistive and capacitive elements of the
substitution circuit. Specific expressions for R; and o
used for the absorption coefficient will be given below for
all four-element insulation replacement circuits.

In [8, 9], the main causes and defects of insulating
structures, the processes that occur in the insulation under
the action of an electric field and lead to the formation of
its defects are considered. In [9], a generalized analysis of
control methods and diagnostic parameters of insulation
of DC traction motors is presented. Here, a generalized
insulation substitution circuit was used, the parameters of
the substitution circuit were determined through the
parameters of the model containing parallel absorption
circuits of series-connected capacitances and resistances.

In [2] it is noted that two fundamental processes take
place in insulation: polarization and electrical
conductivity, and that both processes should be sensitive
to changes in composition and characteristics that occur in
the insulation during operation, and a list of potentially
possible diagnostic methods is given. In [10], the
procedures of constant voltage tests for measuring the
insulation resistance and polarization index of the
insulated stator, as well as the rotor windings and methods
of interpreting the results obtained during the diagnosis of
rotating machines are outlined.

At the same time, it was established [11] that when
diagnosing the windings of rotors and stators of
generators and motors, the insulation resistance and the
polarization index well detect moisture and partially
conductive inclusions, but are not sensitive to many other
defects: the weakening of the turns in the slot, which
leads to abrasion of the insulation, delamination of
insulation due to use at high temperatures, separation of
copper from insulation due to cyclic loads, destruction of
protective coatings and partial discharges between coils.
The authors suggest using a comparison of charging and
discharging current for each phase of the winding and
individual coils with simultaneous measurement of
resistance and polarization index.

In the works reviewed by us above, the authors use
standard indicators, which are standard integral
combinations of the parameters of the elements of the
generalized equivalent circuit, as was shown for the
absorption coefficient, and do not consider the issue of
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simultaneous determination of all individual parameters
of the elements of the substitution circuit, as such, as well
as their interdependence.

If we talk about the possibility of diagnosing
electrical insulation with the help of recovery voltage,
then the work [3] demonstrated a good correspondence
between the model based on the generalized dielectric
substitution circuit and real insulation for the coefficients
of polarization, depolarization and recovery voltage.

The recovery voltage method is most widely used
for power transformers. The conditions for monitoring the
insulation of high-voltage transformers by the recovery
voltage method are outlined in [4].

In [5], a new approach is considered to combine the
results obtained using two methods, namely: reverse
voltage measurement and polarization-depolarization
current measurement for several power transformers, to
find the relationship between the moisture content of oil
and paper, relating to power transformers.

In the recovery voltage method [6], the recovery
voltage is determined after charging the insulation with
DC voltage. The so-called polarization spectrum can be
created by repeatedly charging for different times and
then obtaining the value of the recovery voltage. The
recovery voltage range gives an indication of the
condition in which the insulation of the transformer is.
The results of measurements on two high-power
transformers in operation, which determine the humidity
of solid insulation, were analyzed.

With the help of equivalent circuits, in [7] the
characteristics of the recovery voltage for paper-oil
insulation were studied: the charge time, the shorting
time, which was equal to half the charge time, the
recovery voltage and the ratio of its maximum to the
charging voltage was determined, and the time
corresponding to the maximum was also fixed. The
simulation was carried out for 14 cycles with different
charge times from 0.1 to 819 s, and the moisture content
and oil conductivity were evaluated. Analyzing the
results, the authors note that traditional diagnostics used
the value of a time constant during which the maximum
of the recovery voltage is reached, although it can be
masked by interphase polarization, which makes the use
of this technique unacceptable in practice.

Taking into account that the aging of paper-oil
insulation of power transformers occurs mainly due to
moisture and oxygen, new methods of assessing the state
of insulation based on dielectric response have been
developed, but they use expensive tools. The work [7]
shows the effectiveness of measuring recovery voltage
using simple measuring devices. The relationship between
the initial growth rate of the recovery voltage and the state
of the insulation is established.

Conducted studies [12] show that the application of
voltage response measurement is a very effective tool for
determining the aging state of oil paper insulated cables.
The initial slope of the charge voltage is directly
proportional to the insulation conductivity and the initial
slope of the recovery voltage is proportional to the
intensity of the polarization processes. Therefore, the two
main wear processes (wetting and thermal aging) of oil-
paper insulation can be considered separately.

The work [13] considered the application of the
voltage triggering method on laboratory-aged low-voltage
polymer (PVC and PE) insulated cables and compared the
results with the results of chemical and penetration tests.
With the help of the method of voltage triggering, it is
possible to detect the state of aging of the insulation, that
is, the probable decrease in dielectric strength for cables
of operational age in comparison with dielectric losses.

Recovery voltage, as a diagnostic factor, was also
studied in [14, 15]. In [17], a method for determining the
characteristics of phase and belt paper-oil insulation of
medium voltage power cables is presented. The
methodology is implemented using a three-core cable
replacement circuit in a common metal shell and analysis
of the results of aggregate measurements of absorption
characteristics. The system of linear algebraic equations
for determining the characteristics of phase and belt
insulation is well conditioned. The article presents the
results of determining the absorption characteristics of
phase and belt insulation of a power cable at voltage of
6 kV, which are in good agreement with real values.

It should be noted that in the works where the
recovery voltage, which depends on the charging voltage
and combinations of the values of the elements of the
generalized equivalent insulation replacement circuit, as
well as related derivative diagnostic parameters, the
analytical expressions for which are given below in the
article, this is not about determining all the individual
values of the parameters of the elements of the
generalized equivalent insulation replacement circuit at
the same time.

The third direction of diagnostic research
is emerging almost now thanks to the works by
G.V. Bezprozvannych [17-19], who was one of the first,
if not the first, to understand that a statistical approach
should be used to diagnose electrical insulation. But even
in this case, the simultaneous determination of the
individual values of the parameters of the elements of the
generalized equivalent insulation replacement circuit
remains outside the attention of the authors.

Authors of works on dielectric spectroscopy [12, 14]
and others as a diagnostic parameter, the tangent of the
dielectric loss angle in the low-frequency region use,
which is quite complexly related to the parameters of the
elements of the generalized equivalent insulation
replacement circuit, and therefore, taking into account the
topic of this work, the results obtained by them may not
be considered. So, for this direction as well, the
simultaneous determination of all individual parameters
of substitution circuits is not relevant.

The first work that analyzed in detail the
shortcomings of diagnosing electrical insulation by
measuring absorption coefficients, polarization index,
dielectric  absorption ratio and other interval
characteristics is the article [20], where the authors noted
the ambiguity of the interpretation of the diagnosis results
due to the dependence of the diagnostic criteria on the
values of the parameters of several elements of
substitution circuits at the same time, which can vary in
the process of aging of the insulation, leading to
ambiguity of diagnostic parameters, as well as due to the
extremity of these diagnostic parameters. There was also
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a lack of information about the explicit value of the
parameters of the resistive elements of the substitution
circuit, or their implicit use for diagnostic parameters
based on the method of recovery voltage, but a detailed
analysis of these methods was not carried out.

In the opinion of the authors of this article, there is
an  opportunity to  significantly increase the
informativeness of absorption diagnostic methods and
partially eliminate the ambiguity of their interpretation by
determining the individual values of the parameters of the
elements of the four-component insulation replacement
circuits. It is clear that knowledge of the individual values
of these parameters will theoretically allow to form,
taking into account time and dimensional factors, any
diagnostic parameter based on absorption methods.

The goal of the article is to develop the scientific
basis of the methodology for determining individual
parameter values of four-element insulation replacement
circuits with through-conduction.

The article considers the case when the dielectric has
only one absorption exponent, taking into account that the
generalization of the technique to several absorption
exponents is obvious. For this, it is necessary to exclude
first the constant component, and then sequentially the
exponents with the largest time constant, subtracting the
current corresponding to them from the residual curve and
rebuilding the new residual curve on a semi-logarithmic
scale. The authors understand that the article is of a purely
theoretical nature, the determination of the individual
values of the parameters of the insulation replacement
circuit is carried out for the curve simulating the absorption
current in the insulation, but it is obvious that the
application of the proposed technique to the real absorption
curve will allow to determine the real values of the
parameters of the insulation replacement circuit, which is
being investigated. The practical use of the technique for
real insulation will be demonstrated in the next article.

Use of dielectric equivalent circuits to diagnose
insulation. The insulation of electrotechnical and electric
power equipment is characterized by heterogeneity of

structure and properties, which is caused by the very
structure and composition of the electrical insulating
material. In addition, the inhomogeneity of the insulation
can arise during the operation of the insulation due to the
inhomogeneous distribution of the field associated with
the geometry of the dielectric structure itself, as a result of
which electrical and thermal aging of the insulation will
proceed with different intensity in areas with different
field strengths. The influence of the heterogeneity of the
material and the geometry of the electrical insulating
structure on the configuration of the internal field in the
insulation can be estimated by calculation only for some
of the simplest cases. If non-homogeneous materials are
used in a non-homogeneous field, the superimposition of
external and internal inhomogeneities greatly complicates
the task. One of the simple approaches to bypassing the
emerging complications is to model electrical insulating
structures with simple electrical substitution circuits
consisting of resistors and capacitors and having
frequency characteristics corresponding to the frequency
characteristics of the insulation under investigation. It is
assumed that with such a replacement, it is possible to
make a more or less adequate idea of the degree of
heterogeneity of the insulation with a certain
interpretation of the obtained results. Note that a similar
approach, based on replacing diclectrics with equivalent
circuits, is used not only to describe the properties of
electrical insulation, but also to study the relationship
between the structure and electrophysical properties of
heterogeneous composite dielectric materials.

Any four-component substitution circuit with
through conduction can correspond to this model
absorption current curve. For the correct choice of the
replacement circuit and the subsequent interpretation of
the diagnostic results, it is necessary to have an idea of the
composition, structure and peculiarities of the flow of
electrophysical processes in the insulation. This is quite a
difficult task, and therefore we will give only some
possible options for the interpretation of four-element
insulation replacement circuits.

9

: ﬁﬂ

d

Fig. 1. Four-element insulation replacement circuits with through-conductivity

The interpretation of the generalized insulation
replacement circuit (Fig. 1,a) was given above.

The layered material, which is a serial connection of
two dielectrics with elastic polarization, which is
represented by the capacitances C; and C,, and through
electrical conductivity, which is represented by the
resistances R; and R,, connected in parallel with the
corresponding capacances, corresponds to the circuit
(Fig. 1,b). Provided that &0, # &2, the macroscopic
inhomogeneity of such two-component insulation leads to
the appearance of migration polarization caused by the
accumulation of free charges at the interphase boundary,

the consequence of which is the exponential decline of
current with time at constant voltage and dielectric losses
at alternating voltage.

The circuit (Fig. 1,c) may correspond to insulation
with partially destroyed or broken local inclusions or a
composite dielectric material with a subthreshold
concentration of a component with much higher electrical
conductivity, characterized by the resistance R,, with
which a dielectric (capacitance C;) with low electrical
conductivity is connected in series ( resistance R;), as well
as in parallel to this series circuit with capacitance C,,
which reflects fast types of polarization.
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And, finally, the circuit (Fig. 1,d) can be used for
insulation, which is a composition of a high-Q non-polar
polymer with very low conductivity (capacitance C;,) and
a polar polymer included partly in series with it (circuit
C4, Ry), and partly in parallel (resistance R)), or for a
composite material consisting of an ionic or other low-Q
filler in the threshold mode.

Thus, the model curve of the absorption current can be
selected for one of the insulation substitution circuits, and it
is for this substitution circuit that the individual values of the
parameters of its elements can be calculated, but then these
values can be recalculated to other substitution circuits as
well. First, in the article we will consider how to determine
the individual values of the parameters of the elements of the
generalized equivalent circuit, and then their recalculation
into the individual values of the parameters of the elements
of other four-element insulation replacement circuits.
Formulas for reverse calculation are also given.

Determination of individual values of the
parameters of the elements of the generalized
equivalent insulation replacement circuit. Determining
the individual values of the parameters of the elements of
the generalized equivalent insulation replacement circuit:
through resistance, absorption resistance, absorption and
geometric capacitances can be implemented in practice by
recording and analyzing the transient current in the
measuring circuit shown in Fig. 2, with instantaneous
supply of constant voltage U = U,

1=
R .
N

Fig. 2. Equivalent measuring circuit: Ry — limiting (forming)
resistance, R; — measuring sensor resistance, R; — through
resistance, R, — absorption resistance, C, — absorption
capacitance, C, — geometric capacitance

In addition to the insulation, the measuring circuit
includes two resistors: the measuring R; — for measuring
the leakage current, and the forming R, — for generating
an exponent describing the charge of the geometric
capacitance of the insulation. The value of the measuring
resistance is selected in the range of 10° — 10° Q. The
forming resistance should be in the range of 10° — 10° Q
and provide a charge time constant of the geometric
capacitance Cy(Ro+R,) of about a second. Then, in 3-4 s,
it will attenuate, and based on later readings of the
absorption current, it will be possible to determine the
absorption time constant.

The model current through the insulation when the
measuring circuit (Fig. 2) is connected to constant voltage
Uy as a function of time will have three components: a
constant one and two exponents with the charge for the
geometric capacitance 1/a and the absorption capacitance
1/b time constants:

1= C+A~exp(— at)+B~exp(—bt). (1)

In order to theoretically determine its parameters

from the model absorption current curve, we suggest

using the three-point method, which makes it possible to
determine the constants ¢ and b, and then calculate the
coefficients of the absorption curve. Next, using the
formula for the leakage current recorded taking into
account the expression for the operator conductivity, it is
theoretically possible to determine the parameters of the
elements of the equivalent substitution circuit, and then
the value of the absorption coefficient or other interval
diagnostic parameters.

Within the framework of the proposed theoretical
method, at a time interval longer than 10 s, where the
charging exponent no longer contributes to the leakage
current, three points ¢, #, and t; are selected such that
b — t =t — t,. To be able to calculate the absorption
coefficient Rgy/R;s, it is recommended to take ¢, = 15 s,
t,=37.5sand t; = 60 s.

The proposed choice of three calculation points
allows, due to the subtraction I(t,) — I(t;) and I(t;) — I(t,),
to eliminate the constant component of the absorption
current and then, under the condition that the charge time
of the geometric capacitance Co(Ro+R;) = 1 s, and the
charge time constant of the absorption capacitance
C,R, >3 s, the constant b in the second interval can be
calculated with sufficient accuracy by the formula

1)
p=_ 56/ Q)
ts—1y

In the first time interval from 0 to 10 s, three points
t;, , and #; should be selected, also observing the
requirement that ¢, — #; = t; — f,. Then the charging
constant a at the first time interval is calculated as follows

1 =12
-4

-4

. 3)

Coefficients 4, B and C are determined from a
system of 3 equations taken for three values of the model
absorption current curve, preferably at small time values,
when the system of equations will be better defined and
more accurate coefficient values can be obtained. The
system of equations for determining the coefficients of (1)
will have the form

a1A+blB+C = ]1;
a2A+sz+C= [2, ’
where a; = exp(—at,), b; = exp(-bt,), I; = 1(¢,).
The coefficients of the equation 4, B and C

according to the solution of system (4) are generally equal
to the values given in (5):

4= (11 =15)-(by =b3)—- (I, = 13)-(by =By .
(a1 —az)-(by =b3)=(by =b3)-(az —a3)’
_L-IL—A-(a—ay). 5)
(b —b) ’
C= Il —CllA—blB.

To write down the formulas for determining the
values of the parameters of the generalized equivalent
insulation replacement circuit, we write down its
conductivity (6) in operator form. This conductivity

corresponds to the following time dependence of the
current through the insulation (8)

“
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where a and S are the coefficients of the numerator, a and b
are the absolute values of the roots of the denominator of
the conductivity of the generalized insulation replacement
circuit in operator form, which are equal to the inverse
values of the time constants of the leakage current.

The equalities hold for the roots of the denominator
according to Vieta theorem

a = atb= (aga RO JrOlgl JrOlgod);

by =ab=0y,- (agl +ag0d)

The coefficients of the numerator o and f can be

determined through the coefficients of the absorption

current 4 and C, taking into account the expressions for a;
and b, according to formula (9)

©)

ﬂ:bIC(R0+Rd); (10)
Uo
a:a+ﬁ_m_ (11)
a UO

Now we can move on to determining the values of the
parameters of the generalized substitution circuit. Taken
into account that R, and R, are known, and o0 = o — 2,
it is possible to determine the geometric capacitance

1

C,=——~—. 12
¢ (a1-a)Ry+Ry) (12
Next, using equalities
_ _agod'ﬁ
B=04,0gq and ag = b_p
we have
R,—(%—lj~(Ro+Rd), (13)
and taking into account that
agl=—(a_a)'ﬁ,aaa:£:b_ﬂ and
b-p 0y a-—a
Ogq =0 —0Ogy —Ogy
we find
—a)-(Ry+R
Ra: (a 0()( 0 d) , (14)
a_b—ﬁ_a—a.ﬁ
a-a b-p
C, = ! [a—“_“ﬁ—b_/’)j. (15)
(Ro+Ry)-(b-p)" b-p" a-a

It should be noted that, as shown by more detailed
model calculations, the correct determination of the
parameters of the insulation replacement circuit by the
proposed method for the model example is possible only
with a certain ratio. The charge time constant of the
geometric capacitance Cy(Ro+R;) must be within

0.2< Cg(Ry+R,)<I s, and therefore it is necessary to know
or determine the capacitance of the measurement object
with the appropriate accuracy in advance. Considering
that for the calculation of the absorption coefficient, the
absorption current is determined at 15 s and 60 s after
applying the voltage, the time constant C,R, should be
greater than 3 s. In addition, it is necessary that the
product C,R; is greater than 0.5 s, and the leakage
resistance R is less than the absorption resistance R,.

To illustrate the procedure for using the three-point
method, consider an example of calculating the parameter
values of a model generalized insulation replacement circuit
using the calculated absorption current for a circuit with
known parameter values. Let’s assume that 5:10° Q,
Ry=210"Q, C,=710°F, R, =8-10" Q, C,= 310" F,
R, = 6-10° Q.Then, using (7) — (9) for the absorption current
flowing through the model circuit of the replacement of the
insulation, we have an expression by which it is necessary to
determine the individual values of the parameters of the
elements of the model replacement circuit

1=1,69-108£170:00551) | 4.98.1061-0.7161) 11 25.10710 (16)

To determine the values of the time constants of the
exponent of the model absorption curve in the first
interval, we choose the time values of 1, 2, and 3 s, and in
the second — 15, 37.5, and 60 s. Using (2), (3), we find
that ¢ = 5.5-10°, b = 0.7164, which practically coincides
with the values of the time constants in (16). Now we can
find the calculated coefficients of the equation, which are
equal to 4 = 1.686:10°, B=4.982-10°and C=1.25-10",
respectively, and exactly match the actual values of the
coefficients. After calculating a; and b, we find by (10),
(11) & = 8-10~°, which exactly corresponds to the original
value, and a slightly underestimated = 9.9196-10® at an
exact value 9.9206-10°. Having all the necessary values,
we calculate the values of the parameters of the insulation
replacement circuit using (12) — (15): C, = 7-10° F,
R,=810"Q, C,=3-10°F, R,=8-10"" Q, which coincide
with the original values to the fourth decimal place.

The given calculation example can also be used to
theoretically illustrate the advantage of knowing the
individual values of the individual parameters of the
insulation replacement circuit before the formal use of the
absorption coefficient. The absorption coefficient for the
model calculation circuit is equal to 1.18, which in practice
would give formal grounds for decommissioning the
insulation due to unsatisfactory characteristics. However, if
we take into account that the through-flow resistance has a
value of 810" Q, and the calculated tgd for electrical
conductivity has a value of 5.7-10, then we can come to
the opposite conclusion — the insulation has satisfactory
characteristics and is not at risk of breakdown.
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Thus, the theoretical verification of the proposed
model methodology shows that only in the case when the
necessary relationships between the values of the
insulation parameters and, accordingly, the circuit of its
replacement, take place, the calculations of individual
values give good accuracy. But it is necessary to keep in
mind that when going beyond the above limits of
parameter values, the accuracy deteriorates quite sharply.

Theoretically, it is possible to increase the accuracy of
determining the values of the parameters of the substitution
circuit by performing two calculations. The first calculation
should be carried out under the condition that R, and
R; << R, and R,, and the influence of external resistances
on the absorption current can be neglected. Here

I1=U, L+Lexp L ,
Rl Ra Ta

where 7, = C,R,, is the absorption time constant.

Having chosen three time values in the region of the
decline of the absorption curve as before so that , — #; =
= t; — t, = At, using the current values /,, I, and 5, we find
their differences d/,, = I, — I, dl,; = I, — I5 and the value
of absorption time constant

At
T, =—F————- 17
“ In(dry /dly;) (47
Now we can calculate the absorption resistance
Uy Gl 5
R, = exp| —— |—exp| ——= ||, 18
¢ 1”12( p( TaJ p[ TajJ o
absorption capacitance
C,=1,/R,, (19)
and through resistance
U
R = 0 (20)

1) e -1
Ra Ta

At the second stage, we need to make a calculation,
choosing R, approximately 10° Q to form the charging
exponent, using (2), (3) to find the time constants a and b,
and then, taking into account that the other parameters are
already known almost exactly, calculate the approximate
value C, according to the formula

Cn = (abCaRa (RO + Rd ))_1 : (21)

If the charging time constant Cy(Ro+R,) is in the
range from 0.2 s to 1 s, then C, will be determined with
an accuracy no worse than a few percent, if not, then a
new value of R, that satisfies the given condition is
chosen and the calculation is repeated . Thus, in this case,
despite the greater amount of work, it is possible to obtain
the exact values of the three parameters that determine the
absorption coefficient, and the approximate value of the
fourth one.

Theoretically, it is possible to determine all values of
the parameters of the insulation replacement circuit by the
three-point method even with a single calculation by using,
in addition to the absorption curve, also the recovery
voltage. To do this, first the first stage of the preliminary
calculation is repeated and the absorption current values
necessary for the accurate determination of R, R, and C,
are fixed, and then when simulating the method of recovery

voltage (short-term insulation shorting for the discharge of
the geometric capacitance to a low resistance and
measurement with an electrostatic voltmeter or a voltmeter
with a resistance, which significantly exceeds the resistance
of the insulation, the recovery voltage on the insulation,
which arises as a result of the charge of the geometric
capacitance from the absorption capacity) the capacitive
absorption coefficient is determined

k. = Uvmax — Ca
C »
Uy C et C,
where U,ma.x 1S the maximum value of the recovery
voltage, and the geometric capacity

1
C, = Ca(z—l}

Note that with this model determination of the
recovery voltage, the capacitive coefficient of absorption
and the geometric capacitance, the possible discharge of
the insulation capacitances due to its through resistance in
the process of charging the geometric capacitance from
the absorption one is neglected, which may lead to some
overestimation of the value of the found geometric
capacitance.

A more detailed theoretical study of the recovery
voltage can be carried out knowing the values of the
parameters of the insulation replacement circuit. Consider
the case with the inclusion of R; and R, in the discharge
circuit, when after charging the insulation and
disconnecting the voltage source, a short-term short
circuit occurs. Assuming that R, is so small (less than or
equal to 10* Q) that it can be neglected, consider the
redistribution of charge between the capacitances C, and
C,, as well as the discharge of C, through R,, R, and R,
and C, through R; and R, under the condition that C, is
charged to U,,, and the charge on C, is zero. Marking

RiR,
R+ Ry,
from the system of equations for currents /; and /, in the
operator form, taking into account that U,, = LApC,), we
write down the expression for /:

+a + R
I, (Rde +R, (p gde) ([? aaade) _ de =U,,,
p p (Rde R, )
where ogse = CoRie, Oaade = Cu(RiTRg), and for the
recovery voltage in the operator form we have
U. = Y 2 Uca 14
pCy CoRye (P+0gg) P+ 0ggee)
Pl gltde \P T 0qq ) \P T Cgdee
or as the function of time
_ Uca exp(— aaat)_ exp(_ agdeet)

B CyRye ot

Now we can calculate the time at which the recovery
voltage has an extremum

_ ln(aaa )_ ln(agdee)
max >

(22)

:Rdes

U

aa ~ %gdee

Gag — Cgdee
the maximum value of the recovery voltage
QA gdee
U,max _ Uca (agdeejaaa ~Oggee
Ogdee Cg Ra Qaq
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and the rate of recovery of the voltage on the geometric
capacitance, which at =0 is
du, o= U,

dt CeR,
and depends not only on the parameters of the insulation
replacement circuit, but also on the value of the voltage
U..,, to which the capacitance C, is charged. For the
classic variant of determining the recovery voltage, when
initially the geometric and absorption capacitances are
charged to the maximum value of the voltage U,, the
obtained formulas will be valid if U.,=Uj is accepted. We
note that the characteristics of the recovery voltage used
for diagnosis in [4] and in other works can also be
calculated based on the determined individual values of
the parameters of the elements of the substitution circuit,
without conducting additional measurements.

To make sure of this, we consider that the voltage
U., on the absorption capacitance can be obtained with
an incomplete charge of the insulation. If a geometric
capacitance is charged through a small resistance
(10° - 107) Q, so that its charge constant is less than 0.1 s,
then with such an absorption constant time, the voltage
equal to the applied U, will actually occur on the
insulation after a second, and the absorption capacitance
will be charged with an absorption time constant and the
voltage on it will be

Ua = UO (1 - exp(— aaat))'

If we limit the process of applying the constant

voltage to the insulation due to a small limiting resistance

by time
At = —Lln(l Y J )
Qaq UO

the absorption capacitance will charge up to the voltage
U.. Then it is necessary to discharge the geometric
capacitance to low resistance to zero voltage in a short
time and record the increase in voltage on the geometric
capacitance due to its charge from the absorption
capacitance, which is described above.

Recalculation of the parameters of the generalized
equivalent circuit to other insulation replacement
circuits. Using the parameter values found above for the
generalized equivalent insulation replacement circuit, it is
possible to find individual parameter values for other four-
element circuits reflecting the possibility of through-current
flow (see Fig. 1). Theoretically, the conditions of identity
of the response to the action of an external constant electric
field can be obtained, for example, by equating their
transient characteristics in operator form.

Having chosen as the main one the generalized
substitution circuit considered above, shown in Fig. 1,a,
we will find the relationship between the parameters of
different equivalent circuits corresponding to the same
time dependence of the current through the dielectric by
solving the systems of equations obtained by equating the
corresponding coefficients of transient conductances in
the operator form at different powers of the operator p. In
parallel we will also consider the transition from the
parameter values of equivalent insulation replacement
circuits to the parameter values of the generalized
replacement circuit and present formulas for calculating
the absorption coefficient for different insulation

replacement circuits. For the equivalent circuit of a two-
layer dielectric (Fig. 1,b), the conductivity in the operator
form is equal to

2
C\Cy p” +playy Tag ) tayan
9

Y, = 23
2 Cl +C2 p+0£2€ ( )
where
| 1 R +R,
M= 55 DE——— O = ———F———.
RiC Ry RiRy(C) +Cy)

From a comparison of formulas (6) for ¥; and (23)
for Y,, we write down a system of equations for the
transition from the substitution circuit in Fig. 1,b to the
substitution circuit in Fig. 1,a and vice versa, using the
parameters of the elements of the equivalent circuits:

_ GG

: 24
£ g+, @4
1 11 1 ; 25)
CyR, CoR;  CiRy CoRy
SN NS DR B ; 26)
CoR, C,R, C,R CR CyR,
+
1 R+R, @7

CaRa R1R2 (Cl + CZ)
Equation (24) immediately gives the expression for
C, in terms of C; and C,. From (25), taking into account
(24), (27), we have
Rl = Rl +R2. (28)
Substituting the appropriate values into (26) and
performing the necessary transformations, as well as
taking into account (7) for a,,, we obtain

_RRy (R +Ry)-(C1+Cy) (29)
(C1Ry —CaR,
_ (ar -GR,y) .
(G +Co )Ry + Ry
The reverse determination of the coefficients for the
transition from the circuit in Fig. 1,a to the circuit in Fig.
1,b is better carried out by first determining ¢;; and ;.

To find ¢, and a,,, we use the system of two equations
(25), (26), written in the form

01000 = Ogq0g = 4;

R

a

(30)

€2y

o1+ 09 =gy +0g, +0g =B.

ga

Having found ay; and ay,, as well as taking into
account equations (27), (28), it is possible to write the
parameters of the elements of the insulation replacement
circuit in Fig. 1,b through the parameters of the elements
of the replacement circuit in Fig. l,a, as well as the
expression for the absorption coefficient:

C = aaa(all_a22) . O, = aaa(a22_all)
1 s 2 .
Ryay 000 (011 =ty ) Ryay 1002 (020 — 0444 )
The absorption coefficient for the circuit in Fig. 1,0
is equal to

_ 1 +d1bexp(— 60a1b)

1 +d1bexp(—15a1b) ’
(RG - Ry Gy )"
RiRy(C+C,

R +Ry

h diy, = _
WS RiRy(Cy +Cy)

app =
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For the substitution circuit in Fig. 1,c, we have the
transient characteristic in the form

2
p +P(0ﬂgs Taz +0ﬂ33)+0ﬂgs0€33

Y= C . (32)
£ pProse
1 1 R, +R
where o5 = ; Oz = D oag, =S
R,C, RsC, RR;C)

After comparing the coefficients at different degrees
of the operator p in the numerator and denominator for
(32) and (6), we obtain formulas for recalculating the
coefficients of the generalized insulation replacement
circuit (Fig. 1,a) to the coefficients of the circuit (Fig. 1,c)
and vice versa. Taking into account that C, remains
unchanged, we have:

Cg = Cg, Rl
3
The reverse transition from the circuit in Fig. 1,a to
the circuit in Fig. 1,c corresponds to the formulas:

2 2
R R,R R
=L _Rp=—al_ c=Cl1+=2],
R, +R R, +R R
and the absorption coefficient, expressed in terms of the

parameter values of the circuit elements (Fig. 1,c), is
equal to

2
R R
_R3+RsaRa_R_S(R3+Rs)7ca_c3(R R j .
3 X

Cg = Cg,R3

R +R3exp(— 6Oa1v) _ Ry + Ry
Rs +R3exp(_15alv) ’ RSR3C3 .

For the circuit (Fig. 1,d), the transient conductivity
in operator form is equal to

a

A1y

2
CyCs  p° +plog +ay +og) T a0,

Y, = , (33

4 C4 +CS p+(l4e ( )
where ay = L Oy, = L. o :;
TURCT Y RCT Y Ry(Cy+C)

The transition from the circuit in Fig. 1,d to the
circuit in Fig. 1,a, taking into account (33) and the
obvious equality of R, is possible according to the
formulas obtained as a result of solving the corresponding
system of equations:

2 2
R=R,C,= GG .R, =R4(1+QJ ,C, SRS
Cs + C4 Cs (Cv + C4)

The transition from the circuit in Fig. 1,a to the
circuit in Fig. 1,d and the absorption coefficient is
described by the formulas

, C,+Cy

Absorption coefficient for the circuit in Fig. 1,d
Ryt dlgexp(— 60a1g)

B R4 +d1gexp(—15a1g) ’

2
Cg Ca
Rl:RZ’Cs:Cg+Ca’C4:Cg 1+F ,R4:Ra .

a

CER, 1

; Oy = .
(C}, +C4)2 ¢ (Cb+C4)R4
To illustrate the equivalence of insulation
replacement circuits, consider, as an example, the case
when the determined values of the parameters of
the elements of the generalized equivalent insulation

circuit are equal to C, = 10°F, C,=107" F, R, = 102 Q,

where dj, =

R, = 2-10"" Q. Then the calculated values of the
parameters of the elements of other equivalent circuits
will be: for the circuit in Fig. 1,b — C| = 1.098:107 F,
C,= 111410 F, R, = 9.968-10"' Q, R, = 1.557-10° O;
for the circuit in Fig. l,e — C, = 9.997-10° F,
C;=135310"F, R, = 1.69-10"" Q, R; = 8.31-10"" Q;
for the circuit in Fig. 1,d — C, = 1.093-10° F,
C,=1.169-10*F, R,=9.999-10" Q, R, = 1.486-10° Q.

As the calculation based on the listed values of the
parameters shows, different substitution circuits give
practically the same absorption curves and the same
absorption coefficient, which for this case is equal to 2.156.
At the same time, the interpretation of the results depending
on the insulation replacement circuit will be different due
to, as already noted, the different structure of the circuits.

The authors would like to make a few remarks
regarding the practical application of the methodology for
determining the individual values of the parameters of the
elements of the insulation replacement circuits proposed
in this article.

In practice, even knowing the values of the
parameters of the substitution circuit does not lead to an
unambiguous interpretation of the results obtained in the
process of diagnosis. When assessing the technical
condition of the electrical insulation, it should be taken
into account that the change in R; will correspond to both
reversible and irreversible changes in the insulation. Of
the reversible changes, it is necessary to distinguish, first
of all, heating and moistening of the insulation.
Irreversible changes in the insulation can occur as a result
of diffusion, chemical, electrochemical processes or as a
result of mechanical destruction by the thermal
fluctuation mechanism. First of all, the leakage resistance
should be affected by the carbonization of organic
components during significant overheating, the formation
of conductive channels (tracking or treeing) as a result of
the action of partial discharges on organic materials or the
reduction of metal oxides due to electrolysis, especially at
constant voltage, in the case of inorganic materials.

An increase in C, will indicate an increase in the degree
of macroinhomogeneity (the formation of macroscopic
defects in the insulation, such as cracks, cavities,
delamination, etc., as well as a local change in electrophysical
characteristics due to aging in an inhomogeneous field), and a
decrease in R, will indicate an increase in the defectivity of
the insulation on microscopic level.

With the practical use of our proposed method,
knowledge of the individual values of the parameters of
the a priori selected insulation replacement circuits in the
presence of information about the composition, properties
and operation mode of the insulation will also allow to
determine the contribution of different phases to the
properties of heterogeneous or composite insulation and
to orientate in the physical essence of the processes
occurring at its aging in operation. However, due to the
wide variety of structures and combinations of properties
of insulation components, the question of interpretation of
measurement results requires a separate consideration in
each specific case.

Conclusions. The article describes the scientific basis
of the method of determining the individual values of the
parameters of the four-element insulation replacement
circuits using the example of the generalized replacement
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circuit. To calculate these values, a three-point method was
used, when readings of absorption current values are
selected so that t, — #;, = 3 — t,, while the constant
component of the current is eliminated, and the parameters
of the exponential components used in the calculation of
the parameter values are consistently determined without
error. The formulas for the mutual recalculation of the
individual values of the parameters of the elements of the
four-element insulation replacement circuits with through
conductivity are given and it is shown that the accuracy of
the calculation is satisfactory. The possibility of
constructing known diagnostic parameters using individual
parameter values of the elements of the generalized
insulation replacement circuit is shown.

It is noted that within the framework of absorption
diagnostic methods, the problem of determining the
technical condition of insulation based on the results of
the step voltage response study does not have an
unambiguous solution. The choice of the substitution
circuit and the interpretation of the measurement results
should be based on a priori information about the
processes taking place in the insulation, or a hypothesis
about its structure and properties.
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K.A. Kuchynskyi, O.H. Kensytskyi

Thermomechanical loads of powerful turbogenerator stator winding insulation
in the presence of water cooling defects

Introduction. An analysis of incidents linked to power units’ emergency disconnecting from network as a result of turbogenerators’
malfunction on the NPP of Ukraine is conducted. It is identified, that the reason of the majority of incidents is an insufficient
reliability of the stator winding’s direct cooling system. Problem. The most problematic point in winding for today is the frontal
parts, where, while cooling is reduced, there are not only thermal, but also thermomechanical loadings on an insulation appearing.
The level of these loading depends on structural design of frontal parts and a character of violation of coolant agent circulation in a
bar. In some cases they can exceed limit values. The spread and the quality of research on this issue for today are insufficient. Goal.
The aim of the completed research is to determine the thermomechanical loading of insulation of stator winding bar in a powerful
turbogenerator with a direct liquid cooling under condition when coolant circulation is malfunctioned. Methodology. A complex
mathematical model of thermomechanical processes in an insulation of stator winding bar of a powerful turbogenerator is
developed. It takes into account the real geometry of the winding bar, variable thermal loading of core elements in radial and axial
directions, as well as ways of fixation of slot and frontal winding parts. Studies of thermomechanical processes in an insulation of
stator winding bar of turbogenerator are conducted. Results. Values of mechanical displacement and stress for the different modes
of malfunction are obtained. Areas of bar, where mechanical loading may exceed the boundaries of mechanical durability of
material of insulation of stator winding are identified. With decline of coolant liquid consumption the radial displacement and stress
in the winding insulation bar in the area, where the bar exits from the slot are increasing along with that the values of radial stress
of insulation of the winding bar in places of frontal parts’ fixation exceed limit values. Practical significance. The offered
mathematical models allow to realize calculation experiments and can be used in practice for development and validation of
diagnostic systems, analysis, design and investigation of emergency situations during exploitation of turbogenerators on power
stations of Ukraine. References 20, table 1, figures 8.

Key words: turbogenerator, stator winding, water cooling, violation of circulation, thermomechanical loading.
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HABAHTAKCHHS.

Introduction. The analysis of incidents related to The creation of high-power TGs would be

unplanned emergency disconnections of power units of
NPPs of Ukraine from the network and load reduction
shows that a significant share of them (from 30 to 70 %)
is the result of insufficient reliability of electrical
equipment.

The largest share in underproduction of electricity
due to failure of electrical equipment is accounted for by
turbogenerators (TGs) (up to 70-80 %), relay protection
and automation devices (up to 15 %), measuring
transformers (up to 7.5 %), electric drive (5.8 %) and
power transformers (up to 2.5 %) [1]. That is, TGs are
currently the most problematic (unreliable) from the point
of view of underproduction of electricity, since each TG
damage leads to long and expensive repairs.

impossible without the use of modern cooling systems
for the most electromagnetically loaded nodes. First of
all, it concerns the stator winding. The introduction of
direct liquid (water) cooling of the stator winding rods
made it possible to increase the linear load up to 3000
A/cm and, as a result, to increase the unit power of
power units, in particular nuclear power plants. Today,
the unit power of most power units of nuclear power
plants of 1000-1300 MW is a common phenomenon.
TGs with water-cooled windings have an increased
risk of clogging the cooling channels (fouling process).
Analysis of information on the occurrence and
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development of thermal defects of the TG stator windings
shows that all of them are related to cooling disorders.
The most dangerous violation is partial or complete
blockage of the cooling channels. The main causes of this
phenomenon are deposits in the water channels and the
ingress of hydrogen into the distillate. When hollow
conductors are blocked, their temperature can
significantly exceed the permissible level [2].

A statistical analysis of data from the experience of
operating powerful TGs with direct cooling of the stator
winding shows that the share of failures associated with a
violation of the circulation of the distillate in it is 10-20 %
of the total number. And the idle time of the power unit
for this reason takes about 12 % of the total [3]. In
specific value, such failures are inferior only to failures
caused by the loosening of the extreme packages of the
stator core [4].

According to a large-scale study [5], more than half
of all generator failures are related to insulation damage.
The effect of high temperatures reduces the electrical and
mechanical strength of the insulation due to accelerated
thermal aging processes.

According to the results of inspections at power
plants [6], 10 rods with reduced distillate consumption
were found at 6 out of 15 TGs with direct cooling of the
stator winding with power of 320 MW. That is, almost
every third generator in operation has rods with clogged
cooling channels and distillate consumption below
technical standards. This is especially dangerous for TGs
of maximum power (800 MW and above), since the
current density in them is 2-2.5 times higher. In seven
stator winding rods of the TVV-1000-4 type generator, a
decrease in distillate consumption below the minimum
permissible level was found. One rod of TVV-800-2 had a
distillate flow significantly below the minimum
acceptable level (about 72 % of the nominal), in two rods
the reduction of the distillate flow reached 81 % and 51 %
of the nominal.

There are known cases of TG damage caused,
among other things, by a violation of the refrigerant
circulation due to partial and complete blockage of empty
conductors. A final event common to these cases, which
requires significant financial and time costs for repair and
elimination of the consequences, is a breakdown of the
main insulation (in particular, the accident of the TVV-
1000-4 type generator of power unit No. 1 of the Kalinin
NPP, 1988; the breakdown of the insulation of the stator
winding rod of the TVV-500-2U3 generator of the
Chernobyl NPP, 1994; the accident of the generator type
TVV-1000-2Y3 at Khmelnytska NPP, 1997; emergency
disconnection from the network of unit No. 3 of the South
Ukrainian NPP due to damage to the upper rod of the
stator winding of the generator type TVV-1000-2Y3,
2003; emergency disconnection of the generator of power
unit No. | of Khmelnytska NPP due to an unacceptable
increase in the temperature of the stator winding rod
during the execution of the program of start-up
operations, 2019, etc.). Cases of clogging of the hollow
conductors of the stator winding of four-pole generators
of the NPP with power of 1000 MW were also recorded.

Problem definition. Since 2011, 10 out of 13 power
units of the NPP of Ukraine have been inspected for the
condition of the equipment and a set of works has been
carried out to extend the terms of their operation. Among
them, the mentioned measures also applied to
electrotechnical equipment, including TGs and their
support systems. The result of the performed works was
the extension of the life of power units by another 20
years beyond the standard (30 years).

However, starting in 2016, the number of TG
failures began to increase [1]. Moreover, this applies to
machines with power of 1000 MW both in two-pole and
four-pole versions. In particular, the damage rate of four-
pole TGs with power of 1000 MW in the period 2015-
2019 compared to 2006-2010 [7] increased threefold. The
analysis of the available data allows us to conclude that
the reliability indicators of three two-pole TGs out of five
and three four-pole ones out of eight do not meet the
requirements of GOST 533-2000.

Today, one of the main problems identified during
the operation and repair work of generators of the TVV-
1000-4Y3 type is depressurization of the winding rods
(zone I in Fig. 1). Most of the cases of depressurization of
the winding are detected during the period of planned and
preventive repairs, and only in six cases the loss of
hermeticity of the winding led to emergency shutdowns of
power units. The ingress of distillate into the body
insulation during the flow of elementary conductors
causes its gradual moistening and leads to its electrical
breakdown. The rod fails. Whereupon — long-term repairs
with significant economic costs. Table 1 shows the
damage indicators of TGs type TVV-1000-4Y3 of power
units of NPPs of Ukraine in 2015-2019. The specific
damage rate of TGs in the four-pole design of type TVV-
1000-4Y3 was 0.24 damages per generator year of
operation [1].

Since TGs are one of the most responsible objects
that ensure the functioning of the electric power system,
the main efforts of specialists are directed to research of
electromagnetic and thermal processes, force interactions,
and the level of magnetic losses in the cores of stators of
various designs [8-11]. However, the analysis of the
thermomechanical loads of the stator winding elements
under different operating conditions of the TG is also
essential and important.

I
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Fig. 1. The end zone of the TG stator of the TVV-1000-4Y3

type
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Table 1
Indicators of damage of TGs type TVV-1000-4Y3

Number at the NPPs of Ukraine 8

Number of damage 6
2230

Underproduction of electricity, million kW-h

One of the nodes of the TG with increased damage
is the end zone of the stator (Fig. 1), on the elements of
which a complex of significant nonuniformly distributed
electromagnetic, thermal and thermomechanical loads is
concentrated. In connection with this, the actual task of
the performed research is to determine the influence of
these loads on the reliability of the elements of the end
part of the stator winding at the exit from the core slot and
in the area of its fastenings when the circulation of the
refrigerant in the core is disturbed (zone I, Fig. 1).

The occurrence and development of most thermal
defects of the stator winding are associated with cooling
disorders. Here, overheating is dangerous not only due to
an increase in the probability of a thermal breakdown of
the body insulation, but also due to the thermomechanical
effect on the elements of the conductors and insulation of
the winding, due to the limitations of the thermal
expansion of the rod [12].

Significant temperature gradients lead to the
emergence of thermoelastic forces, and thermomechanical
stresses may exceed the allowable rupture values for the
corresponding structural materials. In a number of cases, a
defect in the circulation of cooling water in the winding is
detected when the process of intensive destruction of the
body insulation is already taking place, which leads to its
breakdown and a serious accident. Therefore, thermal and
thermomechanical aspects of the survivability of high-
power generators are among the most important issues
subject to experimental research in the coming years [13].

In practice, thermomechanical processes in powerful
TGs are modeled mainly by approximate analytical
expressions or based on 1D rod calculation schemes.

n [14], the impact of the features of fixing the
stator winding in the slot and frontal parts, the reduction
of the level of frictional interaction between the winding
and the teeth in the end zone at a certain length L. on the
nature of the core pressing pressure distribution was
analyzed based on the results of calculations based on
the eight-bar 1D model. The considered design with
some equivalent thermal and mechanical parameters is
considered symmetrical with respect to the middle of the
stator. Here, it is assumed that all model’s rods are
heated uniformly along the length and bore of the stator;
the body insulation and the electrically conductive part
of the rod do not have mutual axial movements
(displacements); the teeth and the back of the core are
one whole. Thermomechanical processes are described
by a system of 1D differential equations in the axial
coordinate x. According to the results, it was concluded
that the displacements of the stator winding in the slots
lead to mechanical loading of the frontal parts and their
fastening elements. These loads are all the greater, the
higher the rigidity of the fastening of the frontal parts

and the lower the density of fastening the rods in the
slots.

The analysis of the results of thermomechanical
studies in powerful TGs allows us to conclude that the
choice of their parameters is crucial for the theoretical
justification of 1D rod calculation schemes. A number of
their combinations can usually be obtained only on the
basis of the results of experimental studies, which, in turn,
are extremely difficult to conduct on real objects in real
operating conditions. A number of problems remain
unsolved, associated with a relatively high deviation of
the calculated results from the field test data, which may
be unacceptable for assessing the mechanical condition of
the responsible elements of the stator. Therefore, further
improvement of approaches to modeling the strength
characteristics of the latter is an urgent scientific and
technical task.

Assessing the direct mechanical condition of the
insulation system is difficult without building correct
models of the connected elements of the stator, primarily
the core and winding rods, which is due to the high level
of model discretization.

In [15], using combined (numerical-analytical)
thermomechanical models, mechanical stresses of thermal
origin are investigated in a sectioned two-layer bulk
winding made of 0.9 mm copper wire, impregnated with
epoxy resin, on a segment of a 6-pole stator of a compact
reactive machine. The dependencies of stress changes on
the coefficient of linear temperature expansion and the
coefficient of filling the slot with copper are given. It is
noted that at high temperature of copper, stresses can
significantly exceed the yield and strength limits of
polymer coatings and lead to their destruction.

The paper [16] examines the process of pressing the
coils of the stator winding of electric machines under high
pressure in order to increase the filling factor of the slots
and its effect on the insulation of the conductor of a
thermoset polymer film with thickness of 0.05 to 0.1 mm
(deformation and thermal conductivity). To predict the
effective thermal conductivity of the windings, analytical
and numerical (by the Finite Element Method) modeling
of the thermal state in steady state and analysis of the
mechanical stresses of the compressed electric coils were
carried out.

In [17], it is noted that in the insulation of the stators
of wind power plants during transient modes, increased
levels of thermomechanical stresses occur. To determine
their actual level, information on temperatures throughout
the year was collected, and their distribution was analyzed
using statistical methods.

In [18], a finite element model of the vibration
characteristics of the end zone of the TG stator with
power of 600 MW is described. The main physical and
mechanical properties of the stator elements used in the
model are determined by the results of field experiments.
Windings cores with direct water cooling, taking into
account the complexity of the internal structure, are
modeled with a homogeneous isotropic material with
properties determined by bending tests.
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Approximate methods of solving problems of
thermoelasticity are based on the generalized principle of
minimum potential energy of deformation together with
expressions approximating possible stresses [3]. Here, it
is assumed that the body is under the action of surface and
volume forces with a known distribution of the
temperature field.

Obtaining the most complete results for the values of
displacements, deformations and stresses when the
temperature changes in the generator elements can be
achieved by mathematical modeling of thermomechanical
processes in the rods using the Finite Element Method
(FEM) in both stationary and transient modes of
operation.

The goal of the paper is to develop a mathematical
model and analyze thermomechanical processes in the
stator elements of the turbogenerator, taking into account
the presence of thermal defects and determining the areas
of the rod where the thermomechanical stresses are the
greatest.

The paper presents the results of theoretical studies
of the thermomechanical load parameters of the elements
of the stator winding of the generator (rod insulation) in
different temperature modes of its operation, in particular,
at different distillate consumption (thermal defects of
cooling).

Modeling of thermomechanical processes in the
insulation of the rods of the stator winding of a water-
cooled turbogenerator. Solution of the formulated
problem is carried out by using FEM.

The input parameters for studying the
thermomechanical displacements and stresses of the
nodes of the finite element model under different
cooling conditions of the stator winding rod are the
temperature distributions of the main nodes of the stator
core in a 2D formulation from the central section of the
machine to the end zones on the turbine side, as well as
the thermomechanical properties of the construction
materials (steel, copper, insulation) — their modulus of
elasticity E, coefficient of thermal expansion a and
Poisson coefficient u [3].

To solve the problem of thermoelasticity, we use a
triangular finite element according to six components of
nodal displacements. The coordinates of vertices (nodes)
i, j, m in the Cartesian coordinate system can be chosen
arbitrarily, which is a significant advantage of FEM.
Each element is also characterized by the thickness ¢ and
the deviation of its temperature from some equilibrium
value AT.

It is assumed that the temperature along the length of
the rod wvaries according to a linear law, while the
maximum temperature value is reached at the exit of the
winding on the side of the turbine, where the heating of
the cooling water in the hollow conductors of the rods is
the greatest.

The complete system of equations of the element
for the calculation of unknown displacements U in nodes
[19] is written as

13 iy (1)

where [£] is the stiffness matrix of the element; variables
U with indices «2» (i.e., in the 2D formulation of the
problem) correspond to the values of displacement along
the y axis, and with indices «2-1» — along the x axis; {f} is
the load vector of the element due to thermal effects.

The solution for displacement fields using FEM is
carried out by minimizing the potential energy of an
elastic body [3]. The left-hand side of the system of
equations for the elements of the area:

[K1= [(BY [DIBlaV , )
Vv
where [B] is the matrix of gradients connecting
deformations and displacements; [[B]” is the transposed
matrix; [D] is the matrix of elastic constants describing
the mechanical properties of connected elements; V' is the
volume of the finite element.
The right-hand side of the system of equations:

X
Uy ==[INT" 3 ¥ {av = [1BY [DYeo}av -
v 7 v
3
n 3
- [N 4P, s 4Py,
s P,

z
where [N]” is the transposed matrix of shape functions; X,
Y, Z are the volumetric forces; {gy} is the initial
deformation of the element due to thermal expansion; S is
the area of the finite element; P,, P,, P. are the surface
loads; {P} is the column vector of nodal forces.

Matrix of gradients:

B0 b0 by 0
[B]:E 0 ¢ 0 ¢; 0 ¢, (4)
C[' bi Cj b] Cm bm

where the coefficients are related to the coordinates of the
vertices of the element:

bi:yj_ym7 Ci=Xm—Xj,
bj:ym_yh Ci =X —Xm>» (%)
by =yi=Vj, Cm =X =X

matrix of elastic constants:
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2
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The resulting system of algebraic equations of high
order (equal to twice the number of nodes) is solved by
the Gaussian elimination method.

After determining the nodal values of the
displacement vector based on the heating data of each
element and the thermomechanical coefficients of its
material, the components of the deformations in the
elements are calculated taking into account the
corresponding initial and boundary conditions using the
solution of the system:

Ujii
; Ui
X
Uyja
& =[B] U, (10)
j
&
v U2m71
U2m

Stress components in the material inside the finite
element are determined by the difference between the
existing and initial deformations of the body due to
temperature effects. Thus, the non-zero stress components
{o} = [0y, 0y, Tyy] in the elements are calculated according

to Hooke law
lo}=[Dlie}-[Dleo}- (1
Analysis of the results of numerical
investigations. The study was carried out for a four-pole
generator type TVV-1000-4Y3 with power of 1000 MW.
The calculation area is the most heated half of the
rod (slot and frontal parts) of the stator winding on the
turbine side (Fig. 2).

violation of scale. The «free» (from fasteners) zone of the
rod is highlighted by vertical lines at the point where the
winding exits the slot. Here, it was assumed that the
displacements along the x axis in the middle of the rod in
the active zone of the stator (in the central cross-section of
the machine) are equal to zero. The displacements of all
nodes of the model along the y axis at the bottom of the
slot and at the border of the upper and lower rods of the
stator winding (slot part of the winding) are also absent.
In this area under research, the components free to move
— only along the x axis.

Thermomechanical characteristics (displacements
and stresses in the insulation of the stator winding rod of
the generator) were analyzed in nominal load modes
under normal conditions of its cooling, as well as in the
presence of thermal defects — at 1/2 and 1/3 distillate
consumption through the rod.

The fastening should not prevent the displacements
of the frontal parts in the axial direction (along the x axis)
during thermal elongation of the rectilinear slot part of the
stator winding. Here, according to the results of the
thermomechanical calculation of the half of the stator
(from the middle to the end zone on the side of the
turbine), the obtained values of the displacements
components of the core nodes in the axial section were the
boundary conditions of the first kind for the nodes of the
rod model, in which the fastening of the frontal parts was
«carried out».

Insulation temperatures in the element of each cross-
section in the slot part were calculated as the arithmetic
mean between the values in the copper of the winding and
the iron of the stator of the core model. The change in the
temperature of the rod nodes during the transition from
element to element along the length of the model was set
according to a linear law. As a result, we get rows of
values of nodal displacements and stresses in finite
elements.

Figures 3, 4 show graphs of changes in
thermomechanical displacements and stresses along the
insulation layer along the x and y coordinates (hereinafter
curves 1 and 2) in the slot and frontal parts of the winding
under the nominal cooling conditions of the stator
winding rods.
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18 = Lalculation arca of the ro Fig. 3. Distribution of displacements in the insulation along the
For clarity, the upper and lower layers of the model, rod
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Fig. 4. Distribution of stresses in the insulation along the rod

As can be seen, when the winding is heated, there is
an axial displacement of the rods relative to the stator core
(Fig. 3, curve 1), which corresponds to the condition of
structurally ensuring the freedom of movement of the rod
along the x axis.

In the area where the winding exits the slot, radial
«deformation» of the rod occurs in the area «free» from
fasteners (Fig. 3, curve 2). Here, fixing the winding in
the frontal zone prevents «unlimited free» displacement,
as a result of which compressive forces arise in the rods
and in the details of the frontal parts fastening (Fig. 4,
curves 1, 2).

In the slot part, the compressive stresses are
explained by the boundary conditions in the middle of the
model and the impossibility of radial displacements of the
rod nodes. There are practically no stresses in the «free»
zone of the rod (on its «knee»). «Peaks» at the exit from
the slot and at the place of the beginning of fasteners in
the frontal part are caused by a sharp change in the
boundary conditions at these so-called «special points»
and methodical properties of the approximate finite
element approach (by the degree of discretization of the
computational domain) to solving the problem.

Thus, at the nominal temperature of the winding and
its cooling conditions, the values of radial and axial stresses
in the insulation along the length of the rod generally do
not exceed the permissible values (80-90 MPa).

Figures 5, 6 reflect, respectively, the value and
nature of changes in thermomechanical displacements and
stresses in the insulation at 1/2 of the flow rate of the
coolant through the rod. The flow reduction was assumed
to be uniform across all cooling channels.
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Fig. 6. Distribution of stresses in the insulation along the rod

With a decrease in water flow by 50 %, the axial
displacements increase slightly and radial displacements
increase significantly (more than two times) at the point
where the rod exits the slot. Here, the values of the radial
stresses in the insulation elements of the slot zone and in
the places where the frontal parts are fastened exceed the
permissible values. In the latter, the same applies to axial
stresses, too.

As the cooling conditions worsen (when there is only
1/3 of the distillate flow through the winding — Fig. 7, 8),
the thermomechanical characteristics of the insulation
deteriorate significantly along the entire length of the rod,
the stress values exceed the permissible values beyond the
mechanical tensile strength of the material, which is
unacceptable.
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Thus, in order to avoid emergency situations, it is
necessary to constantly monitor the temperature of the
stator winding rods. The work [20] emphasizes the
importance of thorough regular leak testing of water-
cooled rods, contains information on the causes and
development of water leaks, describes recommended
methods of inspection, pressure drop testing,
maintenance, and also offers possible options for
timely repair.

Conclusions.

1. A mathematical model and technique of
numerical calculation of thermomechanical characteristics
in the rod elements of the stator winding of a powerful
turbogenerator in the presence of cooling defects have
been developed. The technique is based on the Finite
Element Method implemented as a package of applied
software for a personal computer.

2. The paper presents the results of numerical
calculations of the thermomechanical stresses of the
elements of the stator winding (rod insulation) of a four-
pole generator of the TVV-1000-4Y3 type with power of
1000 MW, depending on the temperature mode, taking
into account the change in the distillate flow rate. It is
shown that under the nominal cooling conditions of the
stator winding rods, displacements reach 600 um (axial)
and 200 pum (radial), thermomechanical stresses are on
average 60 MPa and 70 MPa at temperatures of 69.8 °C
and 85.3 °C in the slot and front parts of the winding in
accordance. In case of violations: 705 um and 401 pm;
stresses — 125 MPa and 150 MPa at temperatures of
100.8 °C and 147.3 °C (1/2 of distillate consumption);
790 pum and 500 pm, 160 MPa and 190 MPa at
temperatures of 116.3 °C and 178.3 °C (1/3 of distillate
consumption).

3. A comparative analysis of thermomechanical
stresses in the insulation of the rod in case of violations of
the circulation of the distillate in the stator winding
showed that their greatest values are observed near the
exit of the rod from the slot and the places where the
frontal parts are attached. As the cooling conditions
deteriorate, even in the nominal load mode, their values in
individual insulation nodes exceed the limit of the
material's mechanical tensile strength. At lower than
nominal water consumption, the thermal and
thermomechanical characteristics of the elements of the
winding rod are significantly enhanced in terms of the
violation of the physical properties of the insulation
material and the reliability of the machine as a whole.

4. The developed models and techniques can be used
for the study of thermal and thermomechanical processes,
taking into account cooling defects different from those
considered in the paper, as well as the presence of
external mechanical influences, in maneuvering modes of
starting and resetting the electrical load of the TG, for
studying the effectiveness of various methods of cooling
regulation, etc.
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A novelty approach to solve an economic dispatch problem for a renewable integrated
micro-grid using optimization techniques

Introduction. The renewable integrated microgrid has considered several distributed energy sources namely photovoltaic power plant,
thermal generators, wind power plant and combined heat and power source. Economic dispatch problem is a complex operation due to
large dimension of power systems. The objective function becomes non linear due to the inclusion of many constraints. Hourly demand of a
commercial area is taken into consideration for performing economic dispatch and five combinations are considered to find the best
optimal solution to meet the demand. The novelty of the proposed work consists of a Sparrow Search Algorithm is used to solve economic
load dispatch problem to get the better convergence and accuracy in power generation with minimum cost. Purpose. Economic dispatch is
performed for the renewable integrated microgrid, in order to determine the optimal output of all the distributed energy sources present in
the microgrid to meet the load demand at minimum possible cost. Methods. Sparrow Search Algorithm is compared with other algorithms
like Particle Swarm Optimization, Genetic Algorithm and has been proved to be more efficient than Particle Swarm Optimization, Genetic
Algorithm and Conventional Lagrange method. Results. The five combinations are generation without solar power supply system and
Combined Heat and Power source, generation without solar and wind power supply systems, generation including all the distributed
energy sources, generation without wind power supply system and Combined Heat and Power source, generation without thermal
generators. Practical value. The proposed optimization algorithm has been very supportive to determine the optimal power generation
with minimal fuel to meet the large demand in commercial area. References 20, table 4, figures 11.

Key words: economic dispatch, combined heat and power source, solar power, thermal generators, wind power, optimization
techniques.

Bcemyn. Bionosuiosana  inmezpoéana Mikpomepedica po3enaode KinbKa po3noodinenux odicepen enepeii, a came @omoenrekmpuyny
eNeKMpOCMAanyilo, Menniosi ceHepamopuy, GimpsiHy elreKmpocmanyilo ma KomMOiHo8ane Odicepeno menia ma eiekmpoenepeii. 3ae0anHs
EKOHOMIYHOT ducnemuyepuzayii € CKIaOHoI0 ONepayieio yepes 8eluKy posmipHicms enepeocucmeM. L{inbosa ynxyis cmae HeniniiHo0 uepes
eKIOUeHHs Oe3niui obmedicenb. Ha GUKOHAHHA eKOHOMIUHOI Oucnemuepusayii 6paxo8yemvCsi NO2OOUHHA nompeda mopeosoi niow, i
PO3211A0aI0OmbCa n’Amb KOMOiHayill, wob 3naimu HauKpawe onmumanvHe piwienHa 3a0oeonenna nonumy. Hoeusna sanpononosanoi
pobOmMU NONARAE 8 MOMY, WO ATOPUMM NOULYKY 20pOOYSA BUKOPUCTNOBYEMBCS OIS GUPIUIEHHS eKOHOMIUHO20 3a80aHHs Ouchemyepusayii
HABAHMAIICEHHS, W00 OMpuUMamu Kpaugy 30iCHICIb Ma MOoYHiCMy npu 6UpoOTIeHHI enekmpoenepeii 3 MinimanvHumu sumpamamy. Mema.
Exonomiuna oucnemuepuzayis 6uKonyemucs 0 iOHOBNI08AHOI iHmespo8anoi Mikpomepedici, uob 6usHAUUMU ONMUMATLHY NOWLYIHCHICMY
6CIX PO3NOOLIEHUX OJcepesl eHepeii, NPUCYMHIX V' MIKDOMEPeXCl, Olsl 30080NEHHsL NOMPeOU HABAHMANCEHHS 3 MIHIMAIBHO MOICTUBUMU
sumpamamu. Memoou. Anzopumm nowyKy 20podysi NOPIGHIOEMbCA 3 THUWUMU ATCOPUMMAMY, MAKUMU K ONMUMI3AYIS POIO YACTUHOK,
2eHemuuHUl aneopumm, i 0y10 0068e0eHO, WO GiH eeKMUGHIWUL, HIdDC ONMUMI3AYis POl YACMUHOK, 2CHeMUYHULL QNcOPUmM I
mpaouyitinuii. memoo Jlazpanoica. Pesynemamu. [1'sme xombinayiti: eewepayis 0e3 COHAYHOI CUCMEMU eHEeP2ONOCMAYAHHA Mma
KOMOIHO8aN020 Odicepena menna ma enekmpoenepeii, cenepayis 6e3 cucmem COHAUHO20 Ma iMPOBO20 eHePeONOCMAUAHHS, 2eHepayis, Wo
eKnIOuae 6Ci po3nodineni Oxcepena eepeii, eenepayis be3 cucmemu 6iMpoeoi eHepeii ma KoMOIHO8aHO20 Odcepena menia ma
eflekmpoenepeii, eenepayis 6e3 mennosoi enepeii. cenepamopu. Ilpakmuuna yinnicms. 3anpononosanuti aneopumm onmumizayii oyice
oonomie GUIHAUUMU ONMUMATbHE GUPOOHUYMBO eneKmpoenepeii 3 MIHIMATLHOI 8UMPAMOI0 NANUGA OJIA 3A0060EHHS BEIUKO20 NONUNTY 6
Komepyitiniti cghepi. biom. 20, Tadm. 4, puc. 11.

Kniouoei cnosa: ekOHOMIYHA JHCIeTYepH3alis, TEIJIOEJCKTPOLEHTPA/Ib, COHAYHA €HEePreTHKa, TEIIOBI TIeHepaTopH,
BiTpoeHepreTHKa, METOAH ONTUMI3aNii.

1. Introduction. Due to rapid increase in load
demand of residential and commercial consumers, the
cost of electric power generation plays major role in the
power system planning and operation. In order to reduce
the cost of energy consumption, the most suitable way is
the integration renewable energy sources among
distributed network. The complexity of interconnections
and the size of the distributed energy sources of electric
power systems that are controlled in a coordinated way. It
leads to the optimal allocation of generators which are
present in power system to meet the entire load demand
with minimum possible cost. Whether a generator ought
to participate in sharing the load at a given interval of
your time could leads to a problem of unit commitment.
Once the unit commitment problem has been resolved, it
becomes a haul of optimum allocation of the obtainable
generations to satisfy the forecasted load demand for this
interval. Optimal load dispatch, a sub-problem of the unit
commitment problem, is considered a particularly
important problem that deals with the minimization of
operational cost and power generation facilities and by in
power systems economics point of view. In optimization

problems, the most desirable objectives are minimization
of fuel cost, total real and reactive power losses in the
system, improvement of voltage profile by minimizing the
voltage deviation. Among these objectives, in economic
dispatch (ED) problem the minimization of fuel cost is
considered by taking real power outputs of thermal
generators and renewable energy sources like solar, wind,
combined heat and power source (CHP) source, fuel cell
and micro turbine etc.

2. Literature Review. In [1] the modified version of
tradition Lagrange algorithm for solving the dynamic
combined economic and emission dispatch problem has been
proposed. The effective operation of diesel generator in large
power network was analysed using whale optimization
algorithm. In [2] the authors stated that there are two species
of captive house sparrows, and they typically use both
producer and scrounger behaviors to get their food.

Authors of work [3] stated that the producers
energetically look for food, while the scroungers acquire
food by producers and the birds use behavioral strategies
flexibly, and toggle between producing and scrounging.
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In [4] the authors proposed the concept to use particle
swarm technology to optimize nonlinear functions. The
connections between Particle Swarm Optimization (PSO),
artificial life, and Genetic Algorithm (GA) are explored.
They developed a social-science context for PSO. They
illustrated that the evidence from computer simulations
create an powerful technique called information
processing technique which is sufficient to control the
vast amount of information comprising human familiarity.

In [5] an enhanced energy management operation by
managing distributed energy resources to achieve better
energy efficiency at the lowest possible cost by operating
a system over a time horizon and assure several key
constraints has been proposed.

In [6] the authors illustrated a design layout
methodology for a grid-connected PV-Battery-Diesel
microgrid in that applied power management strategy in
various system’s components was considered.

In [7] the authors explained a detailed connection
between the investment cost, lifetime, cost function, and
the fluctuant energy forecasting of solar and wind
resources. In [8] the authors illustrated the onshore wind
power generation cost through a geographical distribution
method which gives the data of technical potential and an
estimation of the local unit cost structure. In [9] a bird’s
eye view of PSO applications by analyzing more that 700
PSO application papers has been presented. In [10] the
formulation and solution approach for the ED problem by
considering various micro grid operational constraints has
been given. The suggested method allows the microgrid
to function cost-effectively in grid-connected mode and
also maintaining stability in islanded mode.

In [11] the authors proposed Attractive and Repulsive
Particle Swarm Optimization (ARPSO) algorithm for
economic load dispatch, which relieves the assumptions
imposed on the optimized objective function. The common
problem in all evolutionary computation techniques is
premature convergence and overcome in ARPSO algorithm.
In [12] microgrid energy management as an optimal power
flow problem has formulated, and a distributed Energy
Management Strategy has been proposed, where the
Microgrid Central Controller and the local controllers jointly
compute an optimal schedule has been formulated. In [13]
the authors proposed a new swarm intelligence optimization
technique called Sparrow Search Algorithm (SSA) to solve
optimization problems in various engineering applications.

In [14] the method to determine low carbon optimal
dispatch problem by considering carbon tax mechanism and
verified the performance of emission on IEEE test system
has been proposed. In [15] the analytical based hierarchy
process algorithm to ensure the weight coefficients for each
objective function has been developed. For a standalone
microgrid system, the multiobjective based optimal dispatch
problem was developed by incorporating the various
renewable energy sources. To get optimal power dispatch
quantum PSO was developed and validated.

In [16] the authors illustrated the new strategy to
determine the optimal solution for the Combined
Economic and Emission Dispatch problem. In this case
study the location of East Coast of USA generating units
were considered. In this proposed method the cost
functions for solar and wind energy was considered and

determined the solution using modified Harmony Search
Algorithm. In [17] the dynamic nature of the load for
various buildings has been considered. In this fuel cost
and operational cost of the generating units were
incorporated during the sizing of the various components.
In [18] the mixed integer programming method to fetch
the optimal allocation of renewable energy sources based
on 24 hours time horizon has been developed. The test
cases were considered for two different mode of operation
like standalone mode and grid connected mode.

In [19, 20] the comprehensive optimization method
to solve the multi objective ED problem has developed.
The nonlinear and non-convex constrained optimal power
problem was solved using Gray Wolf Optimization
techniques.

The novelty of this paper has developed the new
optimization algorithm — Sparrow Search Algorithm (SSA)
to determine the optimal generator scheduling by
incorporating the renewable energy sources. In this paper the
obtained results from the developed algorithms was
compared with the conventional method and other
optimization techniques like GA and PSO techniques. The
main advantages of proposed algorithm will provide the
improved search space and better convergence.

3. Formulation of ED problem with renewable
energy sources. For solving ED problem, a microgrid
consists of two traditional generators (synchronous
generators), one CHP, wind generator and solar generator
is considered. The optimal dispatch of renewable energy
sources is shown in Fig. 1.

Fig. 1 Operation of optimal dispatch problem

The 24 hours load demand profile is shown in Fig. 2.

700 1 Demand, kW
5007 Load Curve
500 -
400 -
300
200 -

100 4

1:00 |

Fig. 2. 24 hours load profile
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A. Modeling of diesel generators (DG’s) and CHP.
The second order polynomial function is considered as the
cost function for the CHP and two conventional generators
and given the assumed cost coefficients in Table 1.
Table 1
Cost coefficients

Cost coefficients | CHP | Generator 1 | Generator 2
a 0.024 0.029 0.021
b 21 20.16 20.4
c 1530 992 600

The lower and upper generation limits of DG’s are:

0kW < P,; <650 kW. @)
The lower and upper generation limits of CHP are:
0 kW < P, <600 kW. 2)

Calculations for the generation of generators and CHP:

)

P +Zn:[ b
load
) oa & 2a,
i e
3 2@[

A=
i=1

To find the generation of each generator individually
using the following formula:

3)

P, = L. 4)

where / is the incremental cost.
The non linear quadratic cost function (£;) of diesel
generator is given in (5) [2, 3], where Pg; is the output power:

The total cost Fr is calculated by summing up the
costs of individual generator:
FT:F1+F2+FC. (6)
B. Modeling of solar. HOMER software — the
Micropower Optimization Model provided the critical
photovoltaic (PV) data needed to complete the case study.
The formula used to determine solar power generation is
as follows:

Ppy = Fsrc - Cc (1+k-(T~T;)), (7
Gsre

where Ppy is the output power, kW; Pgrc is the maximum
power of PV under standard test conditions (STC), 330 kW;
G, 1s the incident solar radiation, W/m?; Gsre is the solar
irradiance at STC, 1000 W/mz; k is the temperature
coefficient, —0.0047; T; is the reference temperature, 25 °C;
T. is the cell temperature, °C.

The solar power generation cost function is as in [4]
and it considers the operation and maintenance (O&M)
costs of the generated energy and also investment cost of
the equipments.

1) Cost of generation without including investment
cost is the:

G"-Ppy, (8)
where G* is the O&M cost per unit generated energy
(0.016 $/kW); Ppy is the solar power output.

When compared to wind energy the solar is very
costly, but can be included in a system with the support of
solar renewable energy credits.

2) Cost of generation including investment cost is
the:

a-l"P,+ G"-Ppy, 9)
where
-

a= s 10

1—(1+r) N 10

r is the rate of interest (0.09); N is the investment lifetime

(20 years); I” is the investment costs per unit installed

power (5000 $/kW) or 1630 $/kW by considering the
renewable energy credits.

The above equation is used to compute the entire
generating cost of solar energy, which includes the
depreciation of all generation equipment.

C Modeling of wind. HOMER software — the
Micropower Optimization Model was used to acquire the
wind data needed for the investigation. The formula used
to determine wind power generation (P) is as follows:

(1n

where p is the air density, kg/m’; 4 is the wind swept
area, 7r° = m-(22/2)* = 380.1327 m?; V is the velocity of
wind, m/s.

The cost function for wind generation is as shown in
[4], and it takes into account both the equipment
investment and the generated energy’s O&M costs:

1) Cost of generation without including investment
cost:

o)
P=—:\p-4-V3),
> L

G*-Py, (12)
where G® is the O&M cost per unit generated energy
(0.016 $/kW); Py is the wind power output.

2) Cost of generation including investment cost

al’-Py+ GE-Py, (13)
where
r
a= =0.1095, (14)
1- (1 + r)_Nf

r is the interest rate (0.09); N is the investment lifetime
(20 years); I” is the investment costs per unit installed
power (1400 $/kW).

The above equation can be used to compute the
entire generating cost of wind energy, taking into account
all of the generation equipment’s depreciation.

4. Proposed methodologies. Sparrows are social
birds that come in a variety of colours and sizes. They can
be found in almost every section of the globe and like to
live in human-populated areas. They eat mostly grain and
weed seeds. The sparrow, unlike some of the other little
birds, is highly intelligent and has an excellent memory.
The producer and the scrounger [2] are two varieties of
captive house sparrows. Producers actively seek out food
sources, whereas scroungers rely on producers to provide
them with food. Furthermore, research suggests that birds
switch between generating and scrounging behavioural
methods frequently [3]. In order to locate food, sparrows
frequently employ both the producer and scrounger
strategies [2]. Individuals in the group keep an eye on
each other’s actions. Temporarily, the attackers in the bird
herd battle for food resources with the partners with large
intakes in order to increase their own predation rate [4]
[3]. Individual energy reserves are crucial when sparrows
employ varied foraging techniques, the sparrows with low
energy reserves more scrounging. Birds on the outside of
the colony are more likely to be attacked by predators and
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are continuously trying to improve their position [5]. The
birds in the center come closer to their neighbors in order
to reduce the size of their danger zone [7, 14]. It is
commonly known that sparrows have a natural interest
about everything while also remaining attentive. When a
bird detects a predator, for example, one or more
individuals chirp, and the entire flock flies away [14].

Application of SSA to solve ED problem:

1. Initialize the SSA parameters i.e., the maximum
iteration count (G), the amount of producers (PD), the
sparrows count who recognize the danger (SD), the alarm
value (4,), the number of sparrows (n).

2. Initialization of fitness function i.e., sum of
individual cost function of various generators in various
power stations.

3. The cost coefficients and generation limits of
various generators, total demand is given as input.

4. After executing the first step of the program a
large number (equal to the population size) of vectors of
real power fulfilling the total demand and generation
limits are randomly allocated.

5. The fitness function’s value is calculated for each
vector of active power. To obtain f,, the values obtained
in one iteration are compared to the values obtained in the
preceding iteration. If the f; obtained in one iteration is
better than the f, obtained in previous iteration then the
value of f, is updated, otherwise it is left unchanged.

6. The active power vector (L) reflects the
economic load dispatch solution, and the ultimate value of
Je 1s the minimal cost.

The flow chart for solving ED problem using SSA is

shown in Fig. 3.
G
v
Update position Xj,., &
evaluate cost function
¥

‘ Rank the fitess values |

¥
- R = alarm value?
* Y

Update the v

threatened Update the finder's position

spamow’s Output the

position best solution
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<>

Generate new position X5tk via
mutation operation

Keep the
position

Update the current
position

Fig. 3. Flowchart for solving ED problem using SSA

5. Results and discussion. The ED problem is
performed using the MATLAB platform and the total
power generation costs for the five scenarios mentioned
below for the microgrid are compared. Five scenarios
considered are:

Case 1: 2 Diesel Generators + CHP;

Case 2: 2 Diesel Generators + Solar;

Case 3: 2 Diesel Generators + Wind;

Case 4: CHP + Solar + Wind;

Case 5: 2 Diesel Generators + CHP + Solar + Wind.

This is to identify the optimal arrangement of
generations that can be incorporated into a micro grid for
the least or moderate cost.

After conducting the ED operation among the three
dispatchable generations, the generation cost is
determined from the cost functions corresponding to its
generated power. The cost of wind and solar power
generation is also calculated depending on generation
using their respective cost functions. As a result, the
overall cost of production may be estimated.

Genetic algorithm. The total cost of generation for
each hour, obtained using GA for Case 1 is shown in Fig. 4.
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Fig. 4. Variation of demand and cost analysis for Case 1

The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using GA for Case 2 are shown in Fig. 5.
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Fig. 5. Variation of demand and cost analysis for Case 2

The total cost of generation excluding investment cost,
total cost of generation including investment cost for each
hour, obtained using GA for Case 3 are shown in Table 2.

The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using GA for Case 4 are shown in Fig. 6.
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Table 2

Power generation and cost analysis for Case 3 using GA

. Total generation cost | Total generation cost
Time, | Demand, > . O

hrs W excluding 1nyestment including 1nyestment

cost of wind, $ cost of wind, $

1:00 215 6520.8 6520.8
2:00 205 6060.93 7310.17
3:00 200 5310.763 10706.61
4:00 280 7214.224 13198.28
5:00 350 8374.143 18368.07
6:00 425 11614.43 15711.21
7:00 470 13180.34 16402.54
8:00 435 10852 20423.74
9:00 425 9463.016 24947 .54
10:00 350 7886.234 20676.66
11:00 375 8928.383 20263.07
12:00 360 8946.674 17323.44
13:00 330 7909.188 18337.57
14:00 340 8173.499 17745.24
15:00 343 8832.256 15125.83
16:00 360 9491.263 14887.11
17:00 350 8668.774 17045.54
18:00 495 14218.21 16226.28
19:00 560 16510.13 17759.37
20:00 575 17182.05 17694.08
21:00 503 14908.02 15077.87
22:00 444 13079.02 13248.87
23:00 270 7927.52 8127.26
24:00 240 7060.974 7771.51
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The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using GA for Case 5 are shown in Fig. 7.
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Sparrow Search Algorithm (SSA). The total cost of
generation for each hour, obtained using SSA for Case 1 is
shown Fig. 8.
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Fig. 8. Variation of cost analysis for Case 1 using SSA

The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using SSA for Case 2 are shown in Fig. 9.

300000

== Total Cost of Generation Including
investment cost with energy credits for
solar($)

——Total Cost of Generation Including
investment cost of solar ($)

250000

200000

== Total Cost of Generation Excluding
investment cost of solar ($)

100000 ﬂ/ \,\ g Demand (kW)
30000 A
0 M

Fig. 9.

150000

<
=4
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The total cost of generation excluding investment
cost, total cost of generation including investment cost for
each hour, obtained using SSA for Case 3 are shown in
Fig. 10.
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The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
renewable energy credits for solar for each hour, obtained
using SSA for Case 4 are shown in Fig. 11.
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Fig. 11. Variation of cost analysis for Case 4 using SSA

The total cost of generation excluding investment
cost, total cost of generation including investment cost,
total cost of generation including investment cost with
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renewable energy credits for solar for each hour, obtained
using SSA for Case 5 are shown in Table 3. The total cost

of generation per day for all the five cases obtained using
Lagrange’s method, GA, PSO, SSA are shown in Table 4.

Table 3
Cost analysis for Case 5 using SSA
Total cost of Total cost of Total cost of Total cost of Total cost of Total cost of
. generation generation generation including | ... generation generation generation including
Time, . ; . : ..> | Time, . ; . : .
hes | excluding . including investment cqst with hes | excluding . including investment cgst with
mvestment cost, | investment cost, energy credits for mvestment cost, | investment cost, energy credits for
$ $ solar, $ $ $ solar, $
1:00 7909.8 7909.8 7909.8 13:00 3128.217 189074 70775.26
2:00 7474.43 8723.67 8723.67 14:00 3127.884 179871.9 67197.82
3:00 6722.963 12118.81 12118.81 15:00 3561.15 163635.3 59987.18
4:00 8536.324 14520.38 14520.38 16:00 5136.048 136613.6 51634.52
5:00 9623.343 19617.27 19617.27 17:00 7257.599 74653.77 34874.69
6:00 12580.43 16677.21 16677.21 18:00 14891.21 16899.28 16899.28
7:00 11853.58 57801.14 29004.26 19:00 16912.13 18161.37 18161.37
8:00 6547.547 134121.6 54588.05 20:00 17498.05 18010.08 18010.08
9:00 4022.912 173348.3 69659.57 21:00 15461.02 15630.87 15630.87
10:00 3128.32 186525.1 71536.42 22:00 13798.02 13967.87 13967.87
11:00 3128.346 191129.8 72056.39 23:00 9219.72 9419.46 9419.46
12:00 3128.102 190386.2 69820.2 24:00 8403.574 9114.11 9114.11
Table 4
Cost comparison between Lagrange’s method, PSO, GA, SSA
Total cost of generation per day obtained using various optimization
Cases considered Lacranee’ techniques, §
range s GA PSO SSA
method
2 DG’s and 1 CHP 286244.76 289970.9 286435.4 286357.8
2 DG’s and solar excluding investment cost 190337.6 190662.1 190370.7 190341.68
2 DG’s and solar including investment cost 1712631.41 1712956 1712665 1712636.2
2 DG’s and .solar including investment cost with renewable 6836605.61 6869301 686638.7 6866097
energy credits
2 DG’s and wind excluding investment cost 237607.55 238312.8 237665.5 237610.7
2 DG’s and wind including investment cost 370193.42 370898.7 370251.4 370196.6
1 CHP, solar and wind excluding investment cost 200178.2 200178.2 200178.2 200178
1 CHP, solar and wind including investment cost 1855051.97 1855051.97 1855051.97 1855051.97
1 CHP, solar and Wmd.lncludmg investment cost with 829204.37 829204.37 829204.37 829204.37
renewable energy credits for solar
2 DG’s, | CHP, solar and wind excluding investment cost 202994.67 205910 203139.688 203050.7
2 DG’s, 1 CHP, solar and wind including investment cost 1857959.21 1860790.4 1858019.842 1857931
2 DG s, 1 CHP, solar and Wlnd including investment cost 83193121 834763.69 831993.502 831904 6
with renewable energy credits for solar

6. Conclusions. Economic dispatch aims to schedule
the outputs of all available generation units in the power
system to keep fuel costs as low as possible while meeting
system restrictions. Many traditional algorithms and
optimization techniques can be used to solve economic
dispatch problem among which Sparrow Search Algorithm
(SSA) is used. Traditional method i.e., Lambda iteration
method and optimization methodology i.e., Genetic
Algorithm (GA) and Particle Swarm Optimization (PSO) are
solved to prove that SSA gives better results than those.

A renewable integrated microgrid with two
synchronous generators, one combined heat and power
source, a wind power plant, and a solar power plant is
already being proposed. The MATLAB code for traditional
method i.e., Lambda iteration method, PSO, GA, SSA has
been executed successfully for all the considered cases and
a comparison table was made to compare the total cost of
generation obtained in PSO, GA, SSA, Lambda iteration
method. It can be concluded that SSA produce better and
accurate results than all other algorithms used. SSA gives
better convergence speed than PSO and GA.
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Enhancing power system security using soft computing and machine learning

Purpose. To guarantee proper operation of the system, the suggested method infers the loss of a single transmission line in order to
calculate a contingency rating. Methods. The proposed mathematical model with the machine learning with particle swarm
optimization algorithm has been used to observe the stability analysis with and without the unified power flow controller and
interline power flow controller, as well as the associated costs. This allows for rapid prediction of the most affected transmission line
and the location for compensation. Results. Many contingency conditions, such as the failure of a single transmission line and
change in the load, are built into the power system. The single transmission line outage and load fluctuation used to determine the
contingency ranking are the primary emphasis of this work. Practical value. In order to set up a safe transmission power system, the
suggested stability analysis has been quite helpful. References 16, figures 9.

Key words: machine learning, particle swarm optimization, power system security, interline power flow controller, unified
power flow controller.

Mema. lJo6 zapanmyseamu npasunviy pobomy cucmemu, 3anNPONOHOSAHULl Memoo nepedbayac empamy oOHici ninii nepedaui
PO3paxyuky petimuney Henepeobauyenux oocmasun. Memoou. 3anpononosana mamemamuyna Mooenb 3 aneOPUMMOM MAUUHHOLO
HAGUAHHL 3 ONMUMI3AYIEID POI0 YACMUHOK BUKOPUCHIOBYBANACA Ol CHOCMEPEJICeHHsl 3d AHANI30M CMIUKOCmI 3 VHIQIKOSAHUM
PecyIsIMOPOM NOMOKY HOMYICHOCE MA MINCTEHIUHUM Pe2yIsimopoM NOMOKY HOMYMICHOCE ma 6e3 Hb02o, a MAKON’C 3 GiON0GIOHUMU
sumpamamu. Lle 0o36ons€ weuoko nepeddbauumu Haiibinbuw nocmpadicoany ainilo nepedaui ma micye ona komnencayii. Pesynomamu.
bBacamo nosawmamuux cumyayiti, makux sK 6IiOM08a OOHIEl iHIi enekmponepedayi ma 3MiHA HABAHMADJICEHHS, G0OVO08aHI 6
enepeocucmemy. OcHogHa yeaza y yitl pobomi Npudinacmvcsa GIOKIIOUEHHIO OOHIEl TiHIi  enekmponepedaui ma KOMUBAHHAM
HABAHMAICEHHS, SIKI GUKOPUCIOBYIOMbCA 01 U3HAUEHHA petimuney Henepedbayenux oocmasun. Ipakmuuna yinnicms. IIpononosanuii
aHaniz CMitKocmi 8UABUECA Oydice KOPUCHUM 00 CIBOpeHHs be3neunoi cucmemu nepedayi enekmpoerepeii. biomn. 16, puc. 9.

Kniouosi crosa: MallMHHe HABYAHHS, ONITHMi3alis Pol0 YaCTHHOK, 0e3NeKa eHeprocucTreMu, BOYJ10BaHUH KOHTpPOJep MOTOKY

NOTY KHOCTi, yHi(piKOBaHMIiI KOHTPOJIEp MOTOKY MOTYKHOCTI.

Introduction. Multiple renewable and non-renewable
power sources have been added to the grid in recent years in
an effort to keep up with rising demand. Generators,
transmission lines, and distribution networks already have it
rough, and transient load changes make matters worse.
Investigating the most appropriate load modeling is
necessary for predicting the system’s features. When paired
with contingency criteria and constant-impedance, constant-
current, and constant-power loads, the ZIP load model
creates accurate and durable representations of loads over
extended time periods (ZIP is a common acronym for the
polynomial load model — constant impedance Z, constant
current /, constant active power P).

Even the most basic contemporary lives require
complex electrical systems. Therefore, it is crucial to keep
the electrical system reliable. A power system’s users,
infrastructure, and bottom line must all be safeguarded if
the system is to be considered secure. The failure of a
transmission line or generator, an unexpected increase in
load demand, the destruction of a transformer, etc. are just
a few examples of the kinds of occurrences that might
make such a power system useless. Maintaining the safety
of the power system is an intriguing problem. Power
outages have increased as a consequence of system
instability. Many companies go bankrupt, and the lives of
regular people are disrupted. Because this is the source of
the blackout, taking decisive action to stop it from
spreading to other lines is crucial. The reliability of a
system after an outage or other disruption may be swiftly
evaluated with the use of a contingency analysis. The
device’s normal operation may be affected once a faulty
part is removed; thus, the backup strategy must account
for this possibility. Any significant disruption to line
traffic has the potential to overload neighboring lines and
set off a chain reaction. There needs to be swift action
from the regulator when a line failure leads to a spike in
demand. The electricity grid’s operators and planners
should always have the system’s future in mind. The
process of contingency screening utilizes a wide variety
of static and time-dependent techniques [1, 2].

Load models allow for the prediction of how loads
will react to a change in voltage or frequency. Finding a
load model that is user-friendly and accurate across a
variety of load response scenarios is crucial. Implementing
strategies is essential. The impacts of the polynomial load
model and the steady-state load model are compared in this
study. The model’s imprecision stems from its over-
reliance on a single load to characterize three distinct types
of attributes. In terms of constant impedance, constant
current, and constant power, polynomial load models can
characterize resistive loads, induction motor loads, and
variable-frequency loads. As a result, the accuracy of the
polynomial load model is maximized. Devices in the
flexible AC transmission system (FACTS) may reduce the
impact of many disturbances in the power grid. The line
overload index and the voltage stability index must be used
together to estimate system stress in an emergency. Faulty
bus hotspots may be found more quickly and precisely
using the line stability index because it takes less time and
effort to calculate [3-7].

The most flexible FACTS device is the unified power
flow controller (UPFC), which uses a combination of series
and parallel inverters connected over a DC bus. In practice,
devices are positioned along the weakest line to mitigate its
effects. A proposed severity index is a grading system for
outcomes. It is hypothesized that the UPFC will be in the
most perilous position. Paycheck distribution is a top priority
in UPFC’s layout. The suggested technique is tested in a
pilot program using the IEEE 30 bus system. In this post, we
will describe the techniques used to analyze the reliability of
electrical grids. The criteria for determining vital lines and
the procedures to follow in the event of an interruption are
detailed. There is no hiding from the book’s significance and
effectiveness. We compare the outcomes from before and
after compensation were provided.

Examination of contingency method. Unpredictability
and instability characterize the occurrence of a contingency
phenomenon within a control framework. In the field of
control systems, numerous substantial investigations of
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probable outcomes have been done. The particle swarm
optimization (PSO) technique is used to determine the best
possible FACTS installation site and configuration settings.

Load modeling is the most common causes of
contingencies are unexpected shifts in load. When
analyzing various loads, load modeling is crucial.
Modeling the relationship between power and voltage on
a load bus mathematically is known as load modeling. It
has far-reaching implications for research into electrical
grids [8, 9]. In this research, we consider two distinct load
models to conduct our risk assessment. Models of
constant and variable loads as below.

Steady state load model. The continuous load
paradigm is also known as steady state load. The model’s
active and reactive power equations are:

P = ZV,YUV cos(9 +6; 5) (1
. n
==Y Vi sinl6y +5,-6,). 2

Elements of active power and reactive power, both
on and off the diagonal, are derived using P; and Q; as the
active and reactive powers, respectively.

Polynomial load model. A common acronym for
the polynomial load model is ZIP (constant impedance Z,
constant current I, constant active power P). Power
equations for the model are :

- atbus i

= ZV,YUV 005(5 +6; 6’)[PIV,~2+P2V,~+P3_;(3)
j=1

n ] -

= =3y p;sinls; +0; 6)[PIVZ~2+P2V,-+P3_;(4)

J=1
- atbus;:

) .
2
P {Z VijiViCOS(5jz'+9i—Hj)]HVj BV +BG)

{ ZV lVlsm(é +0. - 0)[P1VJ-2+P2VJ-+P3:,(6)

where bus 7 has an active power of P;, whereas bus j has a
reactive power of O; and so on. Values of nodal voltage at
buses i and j are denoted by V:;and V}; 9 is the angular
voltage of the i™ and /™ units; the llne’s admissions
denoted by VYj; the parameters for the ZIP load are
denoted by Py, P,, and P;.

Machine learning (ML). Waikato University in New
Zealand is responsible for developing WEKA (short for
Waikato Environment for Knowledge Analysis). The
program includes data-processing tools, machine-learning
algorithm implementation, and visualization resources. It’s
open-source and free, so you may use it to analyze as much
data as you like. Prediction techniques in ML are known as
supervised learning. The case distribution in a dataset may
be seen with unsupervised learning. Input-outcome
associations are uncovered using supervised learning
techniques. The relationships between them are a model.
Common supervised approaches include classification and
regression models. Different kinds of data analysis are
available in ML. In this study, the J48 algorithm is
employed to group information based on the suggested

indices. The j48 tree represents C4.5. It’s used to make data
sets. Decision trees are useful for sorting data into groups.
A tree is structured using this way. Assuming the tree
already exists, we append the structure of data. Predicted
missing values are disregarded by j48 during tree building.

Proposed index to find the severity of the line is
named as hybrid lines stability ranking index (HLSRI) is
employed to forecast and categorize, in descending order,
a set of important lines’ numerical values. After that,
compensation is employed to guarantee the system’s
continued security:

2
HLSR1=4XQ” |Z| X0, (B-D <]
uF | Xeme " [sin(o-o)P
(7
{1 o< 5c}
where [ =
0 o620c

where ¢'is used as a modifier and S is utilized as a toggle.
In a stable system, HLSRI is less than 1, whereas in an
unstable system, HLSRI is close to 1 [10]. The generated
values of HLSRI is upload to train the ML tool (Fig. 1).
The j48 category also is shown in Fig. 1.

HLSRI index values given to ML
tool to train the network H
(file format: .csv)

Machine Learning tool
Identifies
348 dlassifier used in ML the
Location
— ofthe
compensa-
tion from
ML

to train & predict

D

Fig. 1. Transmission line data analysis, categorization, and prediction

| Contingency analysis |

The configuration described is seen in Fig. 2. The
5-foot tree has 3 leaves and 1 branch. It demonstrates that
the range of the HLSRI fluctuates [11, 12], while the size
and number of leaves in the decision tree remain constant.
Here, we classify rankings according to 3 criteria for the
testing system [13]:

Classifier model, J48 tree Structure, IEEE 30
1) most stress/critical (7.0): HLSRI > 0.0461;
2) moderate stress/semi-critical (10.0): 0.0296 > HLSRI < 0.0461;
3) healthy line/non-critical (24.0): HLSRI < 0.0296.
Weka Classifier Tree Visualizer

B

<=0.0296 >0.0296

Normal line(24,0)
>0.0461

Semi-Critical line(10,0) )

Fig. 2. HLSRI using ML-J48 algorithm tree structure for IEEE 30 bus

<=0.0461

Modeling of custom power devices is also included
are works from the UPFC and interline power flow
controller (IPFC). An injection model may be used to
estimate the ranking index for actual and reactive power
flow, which is relevant for FACTS appliance control
restrictions. Here is a basic summary of the mathematical
modelling process used by FACTS.

Shunt and series controller (UPFC). There are
really 2 controllers at work in a unified power flow system
which is linked to the transmission line through DC link
capacitors shared by the shunt and series voltage source
converters. The arrangement converter’s yield voltage is
added to the nodal voltage at bus 7 to get the final nodal
voltage at bus j. How the power’s intensity is controlled is
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shown by the ¢y phase angle, and the voltage’s direction is
provided by the yield voltage Vz. A three-stage UPFC is
supported by 2 voltage sources and power restrictions.

Eygr =Vcr(cosdcg + jsindcr) ; ®)
R, ={~ Eyplyg + Eygl,, |- )
Active and reactive power equations at bus i are:
B =26 +Vi¥,[Gy codes —5, 1+ By sinle, — 5, |+

+VVCR[ G;; cod6; 5CR)+B sin(6); 5CR)] (10)

+ViVCR[GVR cod6; —Ocg)+ By sin(6); —5CR)]}[Pl V2 +BY +P31
0= V2B, +v1,[Gy sinlo,— 5, )- By codg, -5, |+
VY erlGysin(6,— )~ By sin(6) —§CR)]

+ViVCR[GVR sin(6) —cr) - By cosl6; —5CR)]}[PlVi2 +PV; +P3l
where G; and B; are the conductance and susceptance
between bus i and bus j, respectively. Equations (10), (11)
modified mathematical expressions of UPFC with ZIP
load model [13].

Series and series controller (IPFC) typically
makes use of many DC-to-AC converters, all of which
provides series compensation for a different line. The
IPFC really includes a number of the static synchronous
series compensators. All of the converters have high
reactive power transmission and storage capacities. In
addition, the converters can produce or soak up reactive
power at will. A series converter connected between bus i
and bus j can provide complicated power, as described by
below equations in that order:

(11

V2G ZVV (G cos@ —-B; sm9)

/ # (12)
Vi vet/(G COS( Ye,,) B; 5111(0 evez/)ipriz*‘PzVi +p31

:l
J#i
n

{V2 B;; z J(G sing; - B;; cosﬁ)
Jj=1

o (13)
< 2
S breGy sinle~6,)- Byeode 6, i+ B+ B
§¢z
V2G ZV (C;U COSH”—BIJ Slngﬂ)—
/;le (14)
n
l Selj(G C0< sey) Bg‘ Sm( SeU)iP]VEZ-ﬁ-P2Vi+P3l
ﬁ;,
n
Qi = B, - ZViVji (Gij cost;; —B;; Singji)_
o (15)
YEIJ(G Sln( Y@l]) Bij 004 Y@l])il)ll/;z +PZVI +P3l
j¢1

where V; and V; are the maximum allowed bus i and j
voltages, p.u.; V; and the conjugate of /; are the
maximum allowed bus 7 and j series voltage and reference
current. Mathematical expressions of IPFC incorporated
in ZIP load model to assess its behavior and the above
(12)(15) modified IPFC mathematical expression with
ZIP load model.

Results and discussion with compensation
devices. To analysis the contingency of IEEE test system
to asses the status of the power security:

Case I: IEEE 30 bus with ML algorithm.

Case 2: Soft computing techniques are applied for
modified IEEE test system.

Case 1: IEEE 30 bus with ML algorithm. IEEE 30
bus is considered from the historical data for ML algorithm
to predict severity and status of the system in power system
security point of view. Figure 3 represents voltage profile vs
bus no. in ZIP load model under various load conditions.

——vol
108{>V A oltage
sl I
1.04 4 \\ II\! \v/\\

\ ~ N\ “
s A
R \ A\
0.08 bus no.

0 5 10 15 20 25 30
1084V, V —— Voltage!
1.06 \ f\ A
1.04 V
1.024
1.004 - b
oW
0.96
0.94
0.02 ; . ; ; bus no.

o 5 10 15 20 25 30
1.08

Vv,V Voltage
1.06
1.04 4
1.024
1.00 4
0.98 -
c

0.96 -
0.94
0.92
0.90
on bus no.

5 10 15 20 25 30

Fig. 3. Voltage proﬁle vs bus no. with various loaded condition:
a — base case; b — 130 % loading; ¢ — 150 % loading

Figure 4 shows the demand, active generator capacity
and corresponding fuel cost during various loading conditions.

Figure 5 shows the total active generator capacity and
corresponding fuel cost before and after FACTS devices
using ML. From Fig. 4, 5 it is clear that, IEEE 30 bus system
consists of 6 generators, but only 2 generators are utilized
(one slack bus another generator bus) due to this, generator is
burden to meet the demand and fuel cost gets increases.
Hence IEEE modified bus system is consider with 6
generators units.

Total generation, demand and fuel cost
during various loaded conditions

Fuel cost

Demand

Over loading  Generation

Fig. 4. Generation and fuel cost for various load conditions
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Fig. 5. Generation and fuel cost for various load conditions
with compensation

Case 2: Soft computing techniques are applied
for modified IEEE test system. In this case 1 IEEE 30
system having 6 generators, but only 2 are utilized due to
this generator under stress and it leads to increase loss and
fuel cost. So IEEE 30 bus system is modified and to
reduce the stress on generators, generator reschedule is
required and it is achieved by the objective function.

In order to get the optimal generation values for the
generators to meet the required demand. An objective
function is developed. In the below analysis ML tool is used
to find severity of line leads to the location of compensation
and for optimal generator values PSO is utilized.

Particle swarm optimization (PSO). Many fields
benefit from PSO’s unique properties. PSO optimizes
complex problems using collective intelligence. PSO finds
optimal or near-optimal solutions using swarm particle
communication and exploration. High-dimensional PSO
outperforms traditional optimization methods. It solves
complex problems efficiently. Also, PSO’s iterative nature
lets it adapt to changing environments. By adapting, PSO
exploits search space. Finally, PSO is simple, its efficacy
and simplicity make it popular across disciplines. So, PSO
inspired efficient optimization algorithms and hybrid
methods for complex problems [14, 15]. Figure 6 shows
the block diagram shows the utilization of ML tool in
combination with PSO to get minimum fuel cost with
optimum generators values.

Severity of line |

Status of system

Generator values
are recorded

capacity
utilized

PSO generates Location of
4 optimal generators| FACTS devices

value

Minimum fuel
cost with optimal
generator capacity

Fig. 6. Block diagram of ML+PSO

ML + PSO

Objective function. The novel method mitigates the
IEEE 30 bus severity index, power outages, capital costs,
fuel use, and voltage changes. The PSO method is used to
determine optimal generator values for the minimum fuel
cost and dimensions of FACTS hardware. Here, we can
see the objective function:

F=min(F, + F, + F3), (16)
where F is the objective function; Fy, F,, F3 are the
corresponding  iterations. This objective function is
implemented using PSO algorithm along with ML algorithms.

Optimization of real power loss. At this point,
we’ve reached a point where our active power loss is as
small as it can get. Effectively depicting the preliminary
objective function, (17) shows how to significantly reduce
the actual power loss in transmission lines:

n
Fi=Pro= Y Gyl +V7 =20V, cos(8; ;). (17)
k=1, j#i
where P, is the actual power loss; n is the number of
transmission lines; Gy, is bus & and j’s conductance; ¥, and
V; are their voltages; & and ¢ are their angles.

Capital expenditures for FACTS devices. Here,
the capital expenditure ($/h) for UPFC and IPFC are
analyzed as:

F3 = Costyprc + Costipre,
where: Costyppe = 0.0003-5* — 0.26911-s + 188.22;
Costipre = Costippcs + Costipres;
Costippes = 0.00015-57 — 0.0134-5, + 94.11;
Costiprcp = 0.00015~sj2 —0.0134-s; +94.11;
s=|0a| 1@} s: =|0in|=|0ul: 5; =|00n|~|Cal

After the FACTS have been configured in MVAR,
the reactive power flow in the line is represented by O,,
whereas it was represented by Q; beforehand. The
reactive power flow down the line is represented by Q;
and Qp, and the cost function S; of the converters linked
to buses 7 and j is shown in [10, 13, 16].

Cost reduction of fuel. Reduced fuel costs in the
generator have finally been realized. The cost of fuel for
the generator can be thought of as the quadratic of the sum
of the costs involved in using fuel functions that are
themselves convex. Equation (19) depicts the generators’
quadratic fuel cost function:

(18)

Ng
Fy=minCost) [a;pg; +bipgi +Cipgil,  (19)
i=l1
where N, is the total number of generators; i is the index of
the bus; a;, b; and ¢; are the i generator’s fuel cost
coefficients; p,; is its maximum active power output.

Results and discussion. This study demonstrates
the modified IEEE 30 bus system under varying loads and
failure scenarios. Figure 7 shows the voltages profiles
with soft computing techniques.
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Fig. 7. Voltage profiles of modified IEEE 30 system
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Figure 8 shows the active power transfer enhancement
along with total system losses for ML and ML combined
with PSO.
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Fig. 8. Enhancement of active power and total system losses
with soft computing techniques of modified IEEE 30 system

Figure 9 shows the total generator capacity based on
demand along with fuel cost using ML and ML+PSO with
100% loading.

[ Total Fuel cost($/hr)
[ Total Ganeration(MW)
[ Demand(Mw)

MLAPSO(IPFC) 2834 | 284233 | £49.276 ‘
ML(IPFC) 2834 | 283.952 | 557,925 |
ML+PSO{UPFC) 2834 | 28537 | 551.549 |
ML(UPFC) 2834 | 290.674 | 571.369 ‘
ML+PSO(Contingency) 2834 | 298.261 | 577.332 |
ML{(Contingency) 2834 | 312456 | 614.934 ‘
ML+PSO(Base Case) 2834 | 298056 | 576.921 |
ML{Base Case) 2834 | 31223 | 614,482 |
0 200 400 600 800 1000 1200
Fig. 9. Demand, generation and fuel cost with soft computing
techniques

Conclusion. Hence mathematical analysis of ZIP load
modeling and contingency analysis along with economic
analysis is carried out for IEEE 30 and modified IEEE 30 test
system in the view of the single line outage and overloading.
The effective way of finding the critical lines during the
faulted condition using hybrid lines stability ranking index.
An objective function is developed to find the cost of devices
with minimum fuel cost by optimal location of flexible AC
transmission system devices (unified and interline power flow
controllers) using particle swarm optimization algorithms.
Here compensation devices (unified and interline power flow
controllers) are used to maintain the stable and secure.
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