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V.F. Bolyukh, L.S. Schukin, J. Lasocki

INFLUENCE OF THE INITIAL WINDING DISPLACEMENT ON THE INDICATORS OF
THE ELECTROMECHANICAL INDUCTION ACCELERATOR OF CYLINDRICAL
CONFIGURATION

Purpose. The purpose of the article is to determine the influence of the initial displacement of the windings on the indicators of an
electromechanical induction accelerator of a cylindrical configuration with pulsed excitation from a capacitive energy storage and
with short-term excitation from an alternating voltage source. Methodology. To take into account the interrelated electrical,
magnetic, mechanical and thermal processes, as well as a number of nonlinear dependencies, we use the lumped parameters of the
windings, and the solutions of the equations describing these processes are presented in a recurrent form. The mathematical model
of the accelerator takes into account the variable magnetic coupling between the windings during the excitation of the inductor
winding. When calculating the parameters and characteristics of the accelerator, a cyclic algorithm is used. Results. At a frequency
of an alternating voltage source of 50 Hz, the current amplitude in the armature winding is less than in the inductor winding. With an
increase in the source frequency to 250 Hz, the phase shift between the winding currents decreases. The current in the inductor
winding decreases, and in the armature winding it increases. The accelerating components of the force increase, and the braking
ones decrease. With an increase in the source frequency to 500 Hz, the current density in the armature winding exceeds that in the
inductor winding. In this case, the phase shift between the windings is further reduced. Originality. When a cylindrical accelerator is
excited, the largest amplitude of the current density in the inductor winding occurs at the maximum initial displacement of the
windings, but the amplitude of the current density in the armature winding is the smallest. The largest value of the current density in
the armature winding occurs in the absence of an initial displacement. When excited from a capacitive energy storage, the
electrodynamic force between the windings has an initial accelerating and subsequent braking components. As a result, the speed of
the armature initially increases to a maximum value, but decreases towards the end of the electromagnetic process. When a
cylindrical accelerator is excited from an alternating voltage source, a phase shift occurs between the currents in the windings,
which leads to the appearance of alternating accelerating and decelerating components of electrodynamic forces. The accelerating
components of the force prevail over the braking components, which ensures the movement of the armature. Practical value. At a
Jrequency of an alternating voltage source of 50 Hz, the highest speed at the output of the accelerator v~0.5 m/s is realized at an
initial displacement of the windings zo=6.2 mm, at a frequency of 250 Hz, the highest speed v.;/=2.4 m/s is realized at zy=3.1 mm, and
at a frequency of 500 Hz the highest speed v,/=2.29 m/s is realized at zy=2.3 mm. References 19, figures 9.

Key words: electromechanical induction accelerator, cylindrical configuration, initial winding displacement, capacitive energy
storage, alternating voltage source, armature speed.

B enexmpomexaniunomy iHOYKYiliHOMY NPUCKOpiosaui yuliHOpUUHOL KoH@icypayii Hatlbitbwa amniimyoa cmpymy 6 obmomyi
iHOYKMOPA 6UHUKAE NPU MAKCUMATLHOMY NOYAMKOBOMY 3CY6i, aie amMniimyoa cmpymy 6 0OMomyi AKOps npu YoOMy HAUMEHIUA.
Haiibinvwa eenuuuna cmpymy 6 0OMomyi AKOPA GUHUKAE NPU 8IOCYMHOCMI nouamkoeozo 3cysy. Ilpu 30y0ocenni 8i0 eMHicHO20
Hakonuyyeaya euepeii enekmpoOUHAMIYHA CUAA MidC OOMOMKAMU MAE NOYAMKOBY NPUCKOPIOBANbHY | NOOANbULY 2ATbMIGHY
CKAA008i. BHAcniook yb020 WEUOKICMb AKOPS CROYAMKY 3pOCMAE 00 MAKCUMANbHO GeAUHUHU, dle NOMIM 3MEHULYEMbCA 00
MOMeHmY 3aKIiHUeHHs eleKkmpomacHimHuozo npoyecy. [lpu 30y0ocenni npuckoprosaya 6i0 Odcepena 3minnoi nanpyeu (A3H) misxc
cmpymamu 8 0OMOMKAX SUHUKAE PA308ULL 3CY8, WO NPU3BOOUMb 00 NOUEP20B80i 3MIHU NPUCKOPIOBATbHUX T 2ANbMIBHUX CKAADOBUX
eaexmpoounamiunoi cuau. IIpuckoproganvhi cKiados8i cuiu nepegaddcaromv HAO 2aNbMIGHUMU CKIAO008UMU, WO 3abe3neuye
nepemiwgenns axops. Ipu yvacmomi J[3H 50 I'y amnaimyoa cmpymy 6 oOmomyi Akops MeHute, HidC 6 oomomyi inOykmopa. 3i
36invwennam wacmomu J3H ¢haszosuii 3cye Mmidc cmpymamu 0OMOMOK 3MEHULYEMbCA, CMpyM 6 o0OMomyi iHOyKmopa
3MeHWY€EmMbCA, a 6 06momyi Akopa 30inbuiyemocs. 1IpuckopiosanvHi ckiadosi cunu 30in6uyomscs, a 2a1bMieHi — 3MEHULYIOMbCAL.
Ipu niosuwenni vacmomu [3H oo 500 'y winbnicme cmpymy 6 oomMomyi AKOpsA Nepesuwye anano2iuny eeauyuny 8 oomomyi
inoykmopa. bi6n. 19, puc. 9.

Knrouoei cnosa: eseKTpoMexaHiyHuii iHIyKUiHHMI NpUCKOpIOBaY, HWIIHAPHYHA KOH(pIrypauis, no4aTkoBuii 3cyB 00MOTOK,
€MHiCHUI HAKONMHMYYBay eHeprii, TxKepesio 3MiHHOI HANPYTH, LIBUAKICTH SIKOPS.

B anexmpomexanuueckom uHOYKYUOHHOM yCKOpumene YuiuHOPU4eckoll KoHguaypayuu Hauborbuas amnaumyoa moxka 6 oomomie
UHOYKMOPA 803HUKAEN NPU MAKCUMATLHOM HAYAIbHOM CMeWeHUU, HO aMRIUmyod moka 6 0OMomKe aKOps npu SMOM HAUMEHLLUUAS.
Haubonvwasn eenuyuna moxa 6 00OMOmKe AKOPS 603HUKAEM NPU OMCYMCMEUU HAYaIbHo20 cmewjenus. [Ipu 6036yacoenuu om
eMKOCIHO20 HAKONUMeENs JHepeul DdNeKMpPOOUHAMUYECKAs CUNA MedHcOy OOMOMKAMU UMeem HAYaNbHYI0 YCKOPAIOWYI0 U
nocneoylowylo mopmosawyio cocmasisiowue. Bcreocmeue 3moeo ckopocmb AKOps eHauane 6o3pacmaent 00 MAKCUMATLHO
6eNUYUNDBL, HO 3ameM YMeHbUAemcs K MOMEHMY OKOHYAHUA DNeKmpoMacHumno20 npoyecca. Ilpu 6o36ysicoenuu yckopumens om
ucmounuka nepemennozo uanpsicenus (MIIH) mescdy mokamu 6 oOMOmMKAX G03HUKAem (pazoevill cosue, npusooswull K
BO3HUKHOBECHUIO 4epedyIOWUXcsl YCKOPAIOWUX U MOPMO3AWUX COCIMABIAIOWUX DNeKMPOOUHAMUHECKOU Ccumbl.  Yckopsiowue
cocmagasiowue cubl npeoobaadarom Had MOPMO3AUWUMY COCMABTAIOWUMU, YO obecheyusaem nepemewenue akops. Ilpu yacmome
HIIH 50 I'y amnaumyoa moxa 6 obmomke AKops menvuie, yem 8 oomomke unoykmopa. C ysenuuenuem yacmomor UIIH paszosutil
cOBUE MeANCOY MOKAMU 0OMOMOK YMEHbULAEMCSl, MOK 6 0OMOMKe UHOYKIMOPA YMEHbUAemcsl, a 6 00MOmKe AKOpPs YBeluuueaemcs.
Vexopsowue cocmasnsarowue cunvr ygenuuusaiomest, a mopmossiwmue ymenvwaiomest. Ipu nosvtuwenuu uacmomor UITH oo 500 'y
NJIOMHOCMb MOKA 8 0OMOMKe AKOPS Npesbluiaem aHai02uyHyIo 8eIuyuny 8 oomomke unoykmopa. buobin. 19, puc. 9.

Kniouesvie cnoga: 3neKTpOMeXaHWYeCKHH WHIYKIHMOHHBIH YCKOpHTeJb, HUIHHAPHYecKasi KOH(QUrypanus, HadajlbHoe
cMelneHne 00MOTOK, eMKOCTHOI HAKONUTE/Ib JHEPIH, HCTOYHHUK MepeMeHHOI0 HANPSIAKEeHHsI, CKOPOCTh SIKOpPS.

© V.F. Bolyukh, I.S. Schukin, J. Lasocki
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Introduction. Electromechanical induction
accelerators (EIAs) provide acceleration of the actuator to
a high speed in a short active section [1-5]. In these
coaxial accelerators, the stationary inductor winding,
excited either from a capacitive energy storage (CES) or
from an alternating voltage source (AVS), induces a
current in the armature winding. The interaction of the
armature winding current with the magnetic field of the
inductor winding leads to the emergence of an
electrodynamic force. Under the action of the axial
electrodynamic force, the armature winding together with
the actuator move linearly relative to the inductor
winding, accelerating to high speed. All electromagnetic
and electromechanical processes in the EIA proceed for a
short time with indicators that significantly exceed the
corresponding indicators of linear electric motors with a
long operating mode.

EIAs are used in many areas of science and
technology. Such accelerators are used in test installations
for shock loads, in high-speed electrical devices and
valve-switching equipment, in launchers, etc. [6-11] for
example, work [12] describes a setup for testing
electronic equipment in a collision with a moving object.
Launchers are also used for many classes of unmanned
aerial vehicles [4, 13]. Systems of active protection of
armored devices from enemy objects on the approach are
being developed on the basis of EIAs [14].

Features and problems of EIAs. EIAs with axial
symmetry of the windings can have a disk or cylindrical
configuration. In a disk accelerator, the windings of the
inductor and the armature are made in the form of
relatively thin disks with similar radial dimensions. In the
initial position, the disk windings are set at the minimum
axial distance from each other, at which the magnetic
coupling is maximum. But as the armature winding
accelerates, the magnetic coupling between the windings
decreases sharply [15].

In a cylindrical accelerator, the windings are made in
the form of hollow cylinders, the axial dimensions of
which significantly exceed the radial thickness of the
windings. In such an accelerator, the armature winding
can move axially inside or outside the inductor winding.
This makes such a design preferable, since with a larger
displacement of the armature winding, and hence a longer
interaction time, an effective magnetic coupling between
the windings is ensured. Figure 1 shows a diagram of an
EIA of a cylindrical configuration with a fixed outer
winding of the inductor 1 and an accelerated inner
winding of the armature 2. As the armature winding
axially displaces inside the inductor winding, the
magnetic coupling, characterized by the mutual
inductance M), between the windings, remains at a
greater distance when the armature winding moves in
comparison with the disk accelerator. This makes the
design of the cylindrical accelerator more promising in
comparison with the disk configuration.

The armature can be made in the form of a multi-
turn short-circuited winding or in the form of a massive
electrically conductive element. The massive armature is
structurally simpler and has increased reliability.
However, the induced current in the massive armature is

distributed nonuniformly over the volume, which
negatively affects the electromechanical parameters of the
EIA. In a tightly wound multi-turn short-circuited
armature, impregnated and monolithic with epoxy resin,
despite a more complex design and reduced reliability, a
uniform distribution of the induced current over the
volume is ensured [6]. This makes it more promising,
especially for the cylindrical EIA.

M, mH: 4 mE fm

3 dz ?
1.5 I
N / I
2510414
O.S \\
0 g__;:__
o] 10 20 30 Zp,mm 40

Fig. 1. Dependence of the mutual inductance between the
windings M), and its gradient dM,/dz of the EIA on the initial
displacement of the windings zy:

1 — inductor winding; 2 — armature winding

However, in the EIA of the cylindrical
configuration, the problem arises of choosing the initial
displacement z, of the armature winding relative to the
inductor winding. This is due to the fact that in the
absence of the indicated displacement, when the central
planes of the windings coincide, the magnetic coupling
between the windings will be greatest. Accordingly, the
induced current in the armature winding will be the
highest. However, the axial electrodynamic force

£2(62) = (O (1) ‘”‘; 12 (),
yA

where i), i, are the currents in the inductor and armature
windings, respectively, driving the armature winding will
be absent. This is due to the fact that the force f is
proportional to the gradient of the mutual inductance in
the axial direction dM,,/dz. As the initial displacement z
of the armature winding 2 increases relative to the
inductor winding 1, the value of the mutual inductance
M,, between the windings decreases, while the gradient of
the mutual inductance dM,/dz has a maximum at a
certain value of z, (Fig. 1).

Since the currents in the accelerator windings flow
for a short time, the question arises about the choice of the
initial displacement z, of the armature winding 2 relative
to the inductor 1 winding, at which the EIA of the
cylindrical configuration provides the highest speed of the
armature winding together with the actuator at the output
of the accelerator vy

The goal of the paper is to determine the influence
of the initial displacement of the windings on the
indicators of an electromechanical induction accelerator
of a cylindrical configuration with pulsed excitation from
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a capacitive energy storage and with short-term excitation
from an alternating voltage source.

EIA  mathematical model. Consider an
electromechanical induction accelerator, in which the
windings are tightly wound with round copper wire and
made monolithic by impregnation with epoxy resin,
followed by its hardening. To take into account the
interrelated electrical, magnetic, mechanical and thermal
processes, as well as a number of nonlinear dependencies,
for example, of resistance on temperature, we use the
lumped parameters of the windings, and the solutions
of the equations describing these processes will be
presented in a recurrent form [16]. The mathematical
model of the EIA takes into account the changing
magnetic coupling between the windings during the
excitation of the inductor winding.

When calculating the parameters and characteristics
of the accelerator, a cyclic algorithm is used. For this, the
workflow is divided into a number of numerically small
time intervals At = f;; — ¢, within which all quantities are
considered unchanged. On the k-th cycle, using the
parameters calculated at the time #; as initial values, the
parameters are calculated at the time #.,. To determine
the currents over the time interval Az, we use linear
equations with unchanged parameter values. We choose a
small value of the calculated step Af so that it does not
have a significant effect on the results of computer
calculations, while ensuring the required accuracy.

The change in the spatial position of the armature
winding is taken into account by the change in flux
linkage ¥ between the windings [16]:

P @, o, M2

dt dt dz
where n = 1, 2 are the indices of the inductor and
armature windings, respectively; v, is the speed of
movement of the armature winding along the z-axis.

Initial conditions of the mathematical model:

i,(0) = 0 — current of the n-th winding;

h(0) = zo — armature winding displacement;

T,(0) = Ty — temperature of the n-th winding;

u.(0) = U, — CES voltage;

u(0) = Uy, siny, — AVS voltage;

v.(0) = 0 — armature winding speed along the z-axis,
where U, — voltage amplitude;

y,=0 — initial phase of AVS voltage.

The mathematical model of the electromagnetic
processes of the EIA at excitation from the CES is
presented in [17], and at excitation from the AVS — in
[18]. The mechanical processes of the accelerator take
into account the masses of the armature winding and the
actuator, the instantaneous position of the armature
winding, the electrodynamic force between the windings
and the aerodynamic resistance of the air environment
[15]. The thermal processes of the accelerator take into
account the specific heat, thermal conductivity, material
density, specific resistance and current density j, of the
windings. Boundary conditions of the third kind are used
on the cooling surfaces of the windings, and boundary
conditions of the second kind are used on the axis of
symmetry [19].

The amplitudes of the current densities in the
windings of the inductor jj,, and of the armature j,,,
the amplitude of the electrodynamic force between the
windings f.,,, the highest value of the armature speed v,
the speed of the armature at the output of the accelerator
v, when the electromagnetic processes decay, and
the temperature rise of the inductor winding 0, and the
armature winding 0, are used as the main indicators of
the EIA.

EIA parameters. Consider an electromechanical
accelerator with the following parameters: the inductor
winding has an outer diameter Dy, = 39 mm, an inner
diameter Dy;, = 27 mm, an axial height H; = 45 mm, and the
number of turns N; = 120; the armature winding has an outer
diameter D, = 26 mm, an inner diameter D,;,, = 20 mm,
an axial height A, = 30 mm, and the number of turns
N, = 40. The windings are wound with a round copper
wire with a diameter of dy = 1.3 mm.

The CES has an energy of W, = 625 J and is
implemented in two versions. Option I of the CES —
charging voltage U, = 500 V and capacitance Cy = 5000 pF
and option II of the CES — U, = 707 V, Cy = 2500 pF,
which provide different duration of electrical processes.

The alternating voltage source has a voltage
amplitude U,, = 100 V at frequencies of 50, 250 and
500 Hz and is connected to the inductor winding for a
short time (¢ = 45 ms).

Let us consider the influence of the initial
displacement z, of the armature winding relative to the
inductor winding on the characteristics of the EIA of a
cylindrical configuration. Note that for an accelerator with
the specified geometrical parameters, the greatest value of
the gradient of mutual inductance dM),/dz occurs at
2om~10 mm (Fig. 1).

EIA indicators when excited from a capacitive
energy storage. Let us consider the characteristics of the
accelerator in the absence of an initial displacement
(zo = 0), at a maximum displacement (zo = 20 mm) and at
an intermediate displacement, in which the highest
armature speeds at the output of the accelerator v, are
provided.

The currents in the EIA windings have a vibration-
damping character (Fig. 2,a).

When using the CES option I, the largest amplitude
of the current density in the inductor winding j,,=
= 1.12 kA/mm’ occurs at the maximum initial
displacement, but the amplitude of the current density in
the armature winding is the smallest — j,,=0.2 kA/mm?.
The largest value of the current density — j,,=1.4 kA/mm?
occurs in the absence of an initial displacement. Note that
for any initial displacement z,, the currents in the
windings practically decay after 10 ms.

The electrodynamic force f, between the windings
has an initial accelerating (positive) and subsequent
braking (negative) components (Fig. 2,b). The
accelerating component of the force arises at opposite
polarities of the currents in the windings, and the braking
one — at the same polarities of the currents. With an
intermediate initial displacement z, = 8 mm, the
amplitude of the accelerating component of the force is
fom = 1.64 kN. Due to this pattern of changes in the
electrodynamic force, the speed of the armature first
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increases to a maximum value v,,, = 5.94 m/s, and then
decreases by 2.23 times by the end of the electromagnetic
process. The displacement of the armature winding /.
nonlinearly increases with time in the active section of
acceleration, in which the electrodynamic interaction
between the windings occurs. Obviously, the value of
displacement /%, is significantly higher at the initial
displacement of the windings z, = 8 mm than at zy =20 mm.
At zo = 0 mm, the mechanical indicators of the EIA of the
cylindrical configuration are equal to zero. At zy = 8 mm,
the temperature rise of the inductor winding is 6; = 6.3 K,
and the temperature rise of the armature winding —
62 =2.4K.

When using the CES option II, the amplitudes of the
current densities in the windings of the EIA increase
(Fig. 3,a). The largest amplitude of the current density in
the inductor winding occurs at the maximum initial
displacement zy = 20 mm and is j;,=1.28 kA/mm’.
The amplitude of the current density in the armature
winding is minimal and amounts to j,,=0.26 A/mm’.
In the absence of displacement (zo = 0 mm), the current
density in the armature winding is maximum and is
Jom= 1.9 KA/mm’.
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b

Fig. 3. Electrical (@) and mechanical () characteristics
of the EIA at Cy=2500 pF, Uy=707 V

The electrodynamic force f; between the windings
also has an initial accelerating and subsequent braking
components (Fig. 3,b). With an intermediate initial
displacement of the windings (zo = 6 mm), the amplitude
of the accelerating component of the force increases to
2.9 kN. The armature winding speed initially increases to
a maximum value of v,,, = 7.91 m/s, and then decreases
by 1.54 times by the end of the electromagnetic process.
At zy = 6 mm the temperature rise of the inductor winding
is 8; = 5.9 K, and the temperature rise of the armature
winding — 6, = 5.0 K.

Thus, in spite of the shorter force action, the use of a
CES with a reduced capacity C, and an increased voltage
U, provides higher speed indicators of an EIA of a
cylindrical configuration. However, this is realized with
different initial displacement of the windings z.

Figure 4 allows to estimate the influence of the
initial displacement of the armature winding z, on the
indicators of the accelerator, excited from the CES.
Regardless of the option of the CES, the main
dependencies of the EIA are as follows. When using the
CES option I and increasing z, from 0 to 20 mm, the
amplitude of the current density in the inductor winding
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increases insignificantly (by 11.2 %), and in the armature
winding decreases significantly (6.98 times). As a result,
the temperature rise of the inductor winding increases by
19.1 %, and the temperature rise of the armature winding
decreases by 32.1 times. However, the amplitude of the
electrodynamic force f;,, and the speed at the output of the
accelerator v,r have pronounced maxima depending on the
initial displacement of the windings z,. The greatest
amplitude of the force f,, = 1.72 kN occurs at zy=6 mm,
and the highest speed v.,= 2.66 m/s — at zy=~8 mm.
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Fig. 4. Dependence of EIA indicators on the initial displacement
of the windings when excited from the CES

When the EIA is excited from the CES option II, the
amplitudes of the current densities in the windings
increase, as do the rises of their temperatures. However,
the highest speed v.,=5.11 m/s takes place at zy=~6.5 mm.

EIA indicators when excited from an alternating
voltage source. Let us consider the excitation of an EIA
of a cylindrical configuration when excited from an
alternating voltage source. If the AVS has a frequency
v=50 Hz, then a significant phase shift occurs between the
currents in the windings at an initial displacement
zog = 6 mm, leading to the appearance of alternating
accelerating and braking components of electrodynamic
forces (Fig. 5).

500 A Bdmm?, Fp, M v, mis; J g, M
Sl 100y | 500v,| 25k,

400 |
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/)
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10 20 30 40 ¢, ms 50

Fig. 5. Electromechanical indicators of the EIA at excitation
from the AVS with frequency of 50 Hz at zy=6 mm

-600
0

Since the accelerating components of the force
prevail over the braking components, the armature
winding moves relative to the inductor winding by a
distance /. at a speed v.,= 0.51 m/s. At such a frequency
of the AVS, the current amplitude in the armature
winding is about 4 times less than in the inductor
winding. Moreover, the current density in the armature
winding decreases as it moves relative to the inductor
winding.

Since the phase shift between the winding currents
decreases with an increase in the AVS frequency, the
braking component of the electrodynamic force also
decreases  accordingly.  Figure 6  shows the
electromechanical indicators of the accelerator at
excitation from the AVS with a frequency of 250 Hz at
zo = 8 mm. With this excitation, in comparison with
excitation with a frequency of 50 Hz, the current in the
inductor winding decreases, and in the armature winding
it increases. In the initial period of excitation, the current
densities in the windings are comparable. However, due
to a decrease in the magnetic coupling between the
windings, the current density in the inductor winding
reaches a steady-state value, and in the armature
winding it almost completely decays by the end of the
excitation period.

But due to the greater displacement of the armature
winding relative to the inductor winding, for the same
time the magnetic coupling decreases faster, which leads
to a stronger damping of the electrodynamic force.
This force decays after almost 30 ms. Its accelerating
components increase, while the braking ones decrease,
which leads to a higher speed at the output of
the accelerator v., =1.9 m/s than at an AVS frequency
of 50 Hz.

At the maximum initial displacement between the
windings (zo = 20 mm), the following changes occur in
the electromechanical processes (Fig. 7). With a
practically unchanged current density in the inductor
winding j;, the current density in the armature winding j,
at the initial stage significantly decreases due to the
weakened magnetic coupling. However, over time, the
current in the armature winding and the electrodynamic
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the same value in the inductor winding. In this case,
the phase shift between the windings is further 60
reduced. As a result, the braking components of the A
electrodynamic force decrease, which leads to an 50
increase in the armature speed at the output of the 40 L
accelerator to v, = 2.2 m/s, despite a decrease in the ] [ kg
accelerating components of the force. 30
Figure 9 makes it possible to estimate the influence 20 “
of the initial displacement of the armature winding on the 1 'JT Hﬂ .
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At a frequency of 50 Hz, the highest speed at the
accelerator output v.,= 0.5 m/s is realized at zy = 6.2 mm,
at a frequency of 250 Hz — v, = 2.4 m/s at z, = 3.1 mm,
and at a frequency of 500 Hz —v_,= 2.29 m/s at z, = 2.3 mm.
With an increase in the AVS frequency, the temperature
rise of the inductor winding 0; decreases, and the
temperature rise of the armature winding 0, increases.

At a frequency of 50 Hz, the value of 0, is
practically independent on the initial displacement of the
windings. However, at higher frequencies, with an
increase in the initial displacement, the value 0; slightly
decreases. The temperature rise of the armature winding
0, decreases to a greater extent from the value of z; in
comparison with the temperature rise of the inductor

winding.
Thus, when the EIA is excited from the CES, the
initial displacement of the windings should be

approximately zy=0.6z,,, where z,, is the distance at
which the largest dM,/dz value between the windings is
ensured. When the EIA is excited from the AVS, the
initial displacement z, must be selected depending on its
frequency: at a frequency of 50 Hz — zy=0.6z,, and at
frequencies of 250 Hz and 500 Hz — zy=0.2z,,.

Conclusions.

When a cylindrical EIA is excited, the largest
amplitude of the current density in the inductor winding
occurs at the maximum initial displacement, but the
amplitude of the current density in the armature winding
is the smallest. The greatest value of the current density in
the armature winding occurs in the absence of an initial
displacement.

When excited from the CES, the electrodynamic
force between the windings has an initial accelerating and
subsequent braking components. As a result, the speed of
the armature initially increases to a maximum value, but
decreases towards the end of the electromagnetic process.

When a cylindrical EIA is excited from the AVS, a
phase shift occurs between the currents in the windings,
which leads to the appearance of alternating accelerating
and breaking components of electrodynamic forces. The
accelerating components of the force prevail over the
braking components which ensures the displacement of
the armature.

At an AVS frequency of 50 Hz, the current
amplitude in the armature winding is less than in the
inductor winding. With an increase in the AVS frequency
to 250 Hz, the phase shift between the winding currents
decreases. The current in the inductor winding decreases,
and in the armature winding it increases. The accelerating
components of the force increase, and the braking ones
decrease. With an increase in the AVS frequency to
500 Hz, the value of the current density in the armature
winding exceeds the same value in the inductor winding.
In this case, the phase shift between the windings is
further reduced.

At an AVS frequency of 50 Hz, the highest speed
v,y = 0.5 m/s is realized at the initial displacement of the
windings zy = 6.2 mm, at a frequency of 250 Hz the
highest speed v.r= 2.4 m/s is realized at zy = 3.1 mm, and
at a frequency of 500 Hz, the highest speed v.,= 2.29 m/s
is realized at zo= 2.3 mm.
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RESEARCH OF OPERATING MODES OF CONDUCTORS IN POWER SUPPLY
SYSTEMS OF CRANES WITH INDUCTION FEED, TAKING INTO ACCOUNT
THE INFLUENCE OF HIGHER HARMONICS OF THE CURRENT

Purpose. Investigation of the influence of higher harmonics of current on current distribution, voltage and power losses in the
supply systems of crane trolleys and development of a calculation method for practical use. Methodology. The analytical method
and the results of the modeling method were used for research. Results. Analytical relationships have been obtained that make it
possible to determine the current distribution, voltage and power losses in the systems of induction feeding of crane trolleys,
taking into account the composition and amplitude of the higher harmonics of the current. Originality. For the first time,
analytical dependences are obtained that take into account the effect of changing the trolley parameters on the frequency in the
feed systems. Numerical values have been determined for the most commonly used induction feed systems for cranes. It is shown
that with an increase in the cross-section of the feed bar there is a decrease in the main, and especially additional, losses.
Practical value. Theoretical relationships have been obtained that can be used to calculate the optimization of induction feed
systems in the presence of higher harmonic currents arising in power systems during operation of crane semiconductor
controlled electric drives. References 13, tables 4, figures 6.

Key words: induction feed system, trolleys, feed bus, current distribution, power and voltage losses.

Y cmammi euxnadena memoouxa pospaxyHky po3nooiny cmpymy RO CMPYMONPOS0OAM, 6Mpam HAnpyeu i NOMyNcHOCmi 3
VPAXYBAHHAM GUWUX 2APMOHIK CMPYMY 6 CUCIMEMAX JICUGIEHHs. KPAHi6 3 IHOVKYIUHUM nioxcugieHHam. Ompumani HeoOXiOHi
AHANIMUYHT 3ANEXHCHOCMIE, WO 08 A3YI0Mb NAPAMEmPU CIPYMONPOB0OI8 3 GBIOHOCHUMU 3HAYEHHAMU YACMOMU SUWUX 2APMOHITHUX |
BUBHAUAIOMb IX 6NAUE HA CIMPYMOPO3NOOLN, empamu Hanpyeu ma nomyoscHocmi. Ilokazano, wo 3i 30inbueHHAM nepemuny wuH
niodHCUBIEHHSL BI00OYBACMbCS 3HUNCEHHS 6Mpam Hanpyau i 000amKOGUX 6Mpam, 8 MoMy YUCTL i 80 CMPYMIE GUUUX 2APMOHIK, 3a
PAXYHOK Nepepo3nooiny yux Cmpymie i empam 6i0 HUX 8 WUHY NoO0Aadi, Wo MA€E NPAKMUYHO HE3ANeHCHULL 810 4ACTNOMU AKMUBHULL
onip. Iloxkasano, wo OCHOBHA YACMUHA OO0AMKOBUX BMPAM BUSHAYAEMbCA AMNLIMYOAMU 2APMOHIK 3 nopsaokom n<7/. Memoouxa
Modice Oymu 3acmoco8ana 0Jis CUCEM JHCUGTEHHS 3AIZHUYHO20 MPAHCHOPMY | PO3HOOLILHUX CUCTEM, BUKOHAHUX 3 3ACNOCYBAHHAM
cmanemionux i cmaneanominiesux cmpymonpogodis. bioin. 13, Tabn. 4, puc. 6.

Kniouogi cnosa: cucrema iHAYKIIHHOIO KUBJICHHS, TPoJiesl, IIUHA KUBJIEHHS, PO3IOALI CTPyMYy, BTPaTH HOTY:KHOCTi Ta
HANPYTH.

B cmamuve uznoocena memoouka pacuéma moxkopacnpeoenenusi N0 MoKOnpo8oOdM, NOMepPb HANPAICEHUsL U MOWHOCMU C YHEMOM
BbICUIUX 2APMOHUK TOKA 6 CUCEMAX NUMAHUs KPAHO8 ¢ UHOYKYUOHHOU noonumkou. [lonyuenvl Heobxodumvle anarumuyeckue
3A6UCUMOCIU, CEA3YIOUjUE NAPAMEmMPbl MOKONPOBOOOE C OMHOCUMEIbHBIMU 3HAYEHUSMU YACHOMbL BbICUUX 2APMOHUYECKUX U
onpedensilouue ux GUsHUe HA MOKOpacnpeoeienue, nomepu Hanpajcenus. u mownocmu. Ilokazano, umo ¢ ysenuuenuem cedeHusl
WK NOONUMKU NPOUCXOOUMN CHUIICEHUE NOMEPb HANPAICEHUS, NOMePb MOWHOCIU, 6 MOM YUCTe U OM MOKO8 8bICUUX 2APMOHUK,
3a cuém nepepacnpeoeneHuss JIMUX MOKOG U NOMePb OM HUX 8 WUHY NOONUMKU, 001a0aroujell npakmuyeck He3asUuCUMblM Om
uacmomel akmueHolM conpomugienuem. I1okasano, 4mo 0CHOGHASL 4acmb 000ABOUHLIX NOMEPL ONPEOeisiemcs aAMNIUMYOamu
2apMOHUK ¢ nopsiokom n<7. Memoouxka npumenuma O CUCMEM NUMAHUSL DJICEIE3HOOOPOICHOZ0 MPAHCNOPMA U
PACNPEOeNUMeNbHbIX CUCTIEM, GbINOIHEHHbIX C NPUMEHEHUEeM CMANeMeOHbIX U CMANedIOMUHUEsbIX MOKONP080006. bubm. 13,
Tabi. 4, puc. 6.

Knrouesvie cnosa: cucteMa WHAYKIHOHHO MOANUTKH, TPOJLIesl, IIHHA MOANUTKHA, TOKOpacnpeaejIeHne, NOTEPH MOIIHOCTH U
HANPSKEHUsI.

Introduction. Energy saving in electrical networks
is a priority area, both worldwide and in Ukraine. The
widespread introduction of semiconductor converters
leads to an increase in higher harmonics of current and
voltage distortion, which increases voltage and power
losses in electrical networks and leads to a deterioration in
power quality indicators [1-3], and also has a significant
impact on the operation of converters connected to these
networks [4]. Determination of the composition and
amplitude of the higher harmonics of the current is carried
out by calculation, experimental and modeling methods
[5-9]. To determine the influence of higher current
harmonics on the supply network, it is necessary to know
the parameters of the equivalent circuit. For low-voltage
workshop networks, the values of active and inductive
resistances are determined mainly by an analytical
method. For complex wired conductor systems containing
ferromagnetic elements and protective shields, analytical
calculations are difficult. For these cases, modeling
methods are used [5, 10].

For the most common and typical circuits, as a rule,
analytical methods for calculating voltage and power
losses are used [2, 11]. Such circuits include crane
installations where variable frequency drives (VFDs) are
used when modernizing old ones or designing new ones.
The use of VFDs with semiconductor converters in crane
power systems leads to a significant content of higher
harmonic currents in the supply network, which are taken
into account by the total harmonic distortion (7HD;) in
accordance with the requirements of the International
Standards IEEE 519-1992, IEC 61000-3-12:2012 and IEC
61000-3-12:2004. Higher harmonic currents lead to
additional voltage and power losses in shop networks [6].
This circumstance attracts more and more attention to the
study of operating modes of nonlinear loads, taking into
account the higher harmonics of the current [4-9, 12, 13].

The implementation of the requirements for limiting
the generation of higher harmonics in the network
required research and development of circuit solutions for
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converters, passive active filters [1, 3]. From an economic
point of view, the power distortion compensation is
carried out at the load nodes: switchgear 6, 10 kV or
switchgear 0.4 kV. However, in shop networks supplying
electrical receivers with converters, the influence of
higher harmonics turns out to be significant [5] and
requires its solution.

In [6, 7], the authors proposed a method for studying
the influence of higher harmonics of current in power
supply systems of crane installations using steel trolleys
and aluminum buses for the current conductor. It is shown
that the presence of higher harmonics of the current leads
to an increase in voltage losses by 3.2—4 times and power
losses by 1.26—1.43 times in comparison with sinusoidal
current for steel trolleys.

In the power supply system of heavy duty cranes and
relatively long working spans, to ensure the operating
voltage within the permissible limits, the main trolley is
fed. The most widely used induction feed system is the
least expensive. With induction feeding, an aluminum bus
is usually laid in parallel to the trolleys [11].

The presence of higher harmonics of current in the
power supply systems of the cranes leads to a change in
the impedances of individual conductors and, accordingly,
in the current distribution in them.

The goal of the paper is to investigate the
influence of higher harmonics of currents on current
distribution, voltage and power losses in the conductors
of the induction feed system of cranes, and offer
recommendations for reducing losses from higher
harmonics.

Main research material.

Initial data. According to the generally accepted
technique, the current of the fundamental harmonic of the
trolleys /, is determined from the condition of the
permissible voltage losses in the working section of the
crane operation, according to the relationship [6, 11]:

I - AUpax AU nax .

t= - : ’
AUy 340, R, - (cospy +1tgg, -singy) (1)

Iy =Tmax =15

where AUy, AU, are the permissible voltage losses and
voltage losses per 1 m of trolley section length,
respectively, at a given trolley current; /, is the working
length of the trolley; I.x, I, are the maximum current of
the system and feed bus, respectively; tgp,;, = Xu/R;;
where X, R, are the inductive and active resistance of the
trolley for the fundamental harmonic with frequency of
50 Hz; ¢, is the shift angle of the fundamental harmonic.

To ensure the permissible voltage losses AUy <5 %,
an aluminum bus is laid parallel to the trolley in the
working area of the crane operation. The current
distribution along the conductors in the feed system is
determined by the ratio of the impedances at the
fundamental harmonic [11].

Ratio of currents in conductors using the
superposition method for components with harmonic n

2
1+1g7pg,

2
L+1g gy,

; 2

where Z(,), = Rsz(t)n +X Sz(t)n is the impedance of the

corresponding conductor (s — bus, ¢ — trolley) for n
harmonic; X, =X, + X;, + X5 X, =X, + X5, 18
the inductive resistance: X' — internal; X" — external;
X" is the resistance to mutual inductance of the trolley
and the feed bus.

The parameters of the conductors of the most
common induction feed systems are given in Table 1 for
distance between trolleys of 250 mm, made with a corner
of 50 x 50 x 5 mm.

The inductive resistance of the conductors is
indicated taking into account the mutual inductance of the
trolley and the feed bus [11].

Table 1
Parameters of conductors of feed systems
Dimensions, mm Parameters
Ry, Xn, Zys Xn+X7, Xis
Steel corner Q/km Q/km Q/km Q/km Q/km tepn 71> p-U-
50x50%x5 mm
1,65 1,263 2,08 0,339 0,924 0,765
. Rsla )(513 Zsb _ .
Aluminum bus O/km O/km O/km tg1
20x3 0,513 0,277 0,583 — — 0,54 0,28
30x3 0,342 0,253 0,425 — — 0,74 0,204
40x3 0,256 0,237 0,348 — — 0,926 0,161
50x3 0,205 0,225 0,32 — — 0,11 0,147
60x4 0,128 0,213 0,248 — — 1,664 0,119
80x5 0,077 0,195 0,21 — — 2,53 0,101

The most common sources of higher harmonics are
uncontrolled (for variable frequency drives) and
controlled (for DC drives) rectifiers. The relative values
of the n-order harmonics of the input current of the bridge
rectifier are determined from the relationship:

* 1 1 1
In:Kn'_nan'_an‘_*: 3)

]1 n fn

where K, is the coefficient that takes into account the ratio
of the ripple amplitude in a real rectifier to an ideal one
[6] (with inductance L, in the rectifier link L, = o K, = 1);
I, I, are the current values of the n-order harmonic and
fundamental harmonic in current conductors, respectively;
fr=f, / 50 is the relative frequency of the n-order

harmonic.
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In [6] it was shown that the resistance of aluminum
buses is related by the following ratios for the » harmonic

component relative to the main one:
%
Ry, =R Xg=Xafys (
X 4)
8Py =7

sn

*
= tg¢slfn .

The resistance of the steel corners is related by the
ratios for the » harmonic component relative to the main
one:

-k ! ” " *
Ry =Rav fo s th:(Xt1+Xrl+Xt1)fn5
. [ on) [~ O
X (th+0756Rtl Jn +thj S
_ Tt _
tgQy, = R .

tn Rtl
The maximum current taking into account higher
harmonics is determined by the relationship [2, 6]

. n=6k=xl 5. n=06k=l 5 1
Tnax = an[n = Z K, TR (6)
k=0 k=0 n
where £ is the series of integers 1, 2, 3, etc. In this case,
we assume that the fundamental harmonic is equal to the
fundamental harmonic of the sinusoidal current of the
trolley without feed.
Research results.
1. Distribution of currents in the feed conductors.
Transforming expression (2), taking into account the
considered relations (3), we have:

_ Rsl ’ 1+ (tg(pslf:)z 7
7}1 - * 2 ( )
Falu | (ot vosorayy i | 4
1+ 3
Rj

Analysis of the relationship (7), taking into account
the values of the parameters for calculating the
conductors, summarized in Table 1 showed that for

fn* >7, relationship (7) with sufficient accuracy can be
reduced to the form:

R
0.56R,1 fy

Thus, the distribution of currents along the
conductors is practically directly proportional to the
inductive resistance of the feed buses at the fundamental
harmonic and inversely proportional to the square root of

the frequency f; , le. with increasing frequency,

¥, decreases monotonically, which indicates an increase in
high-frequency components in the feed bus (Fig. 1).

It is not difficult to show, using the second equation
in expression (1) and relation (2), that the relative value of
the bus current I_m* and trolley current I,,,* for the n
harmonic component has the form:

1 1
—
max  1+7n Ju
* ]tn _ n L
— =
Inax 147, Ju

)

_ 7w pou.
% 20%3
\ 50x3
. s
0.2 \ 80x5
':'i [ --"j\\.—.""-\—-_
im fa -_\_,\_\_\__
I —_— ]
I S R R
*
ol Jns P
1 10 20 25

Fig. 1. Dependences y, = f{ f:) for the steel corner
50x50x5 mm with feed bus 20%3, 50x3, 80x5 mm

Figure 2 shows the relative values of the currents in
the induction feed system: a corner 50 x 50 x 5 mm with
a feed bus 80 x 5 mm for the » harmonic component.

*

' I,,p-u
0.8 0.08
0,08
" 004 ) *
'}6 . . b ", [tn
Isy 0.0z fo— —
0.4 1 E 1¢
02 s
N
I"'H-._\___ ]In ______
o -
1 10 20 7 pu

Fig. 2. Dependences I,” =/ (f*,) for the steel corner
50x50x5 mm with feed bus 80x5 mm

Table 2 shows the relative values of the currents in
the trolley made of a corner 50 x 50 x 5 mm with a feed
bus.

Table 2
Relative values of currents

Bus Parameter

sizes, Isl > 132 > Ian > Itl > ItZ > ItnE >
mm p-u. pu. |#n>5,pu. | pu | pu |n=5pu
20x3 10,781 | 0,819 | 0,024 [0,219 0,221 | 0,026
503 10,872 | 0,908 0,252 10,128 | 0,13 0,021
80x5 10,908 | 0,943 0,255 10,09210,094 | 0,018

Analysis of Table 2 shows that with an increase in
the cross-section of the feed bus, the current of the

trolleys 7 :z significantly decreases including the decrease

in the high-frequency component / ;2 .

2. Voltage losses.

Since the trolleys are selected according to the
permissible voltage losses at a given current (1), then we
check the influence of higher harmonics for the trolleys.

In the presence of higher harmonics, the relative
increase in voltage losses in trolleys relative to the voltage
losses at the fundamental harmonic AU, is determined
taking into account expressions (1), (9):
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2 2 2 n=6k+1
* AU +AUgs +...+ AU 3 )
AU, :\/ U = AU, =
tl k=0

_ \/glthzllt (cos gy +tgpy singy)
U,

nom

}/1 . ' m.
Iy =1max(—l+y J tgpy = Xp +0,56R; + X/
1

where

AU, -100% ;

Unpom 18 the trolley rated voltage.

For the case of an ideal uncontrolled rectifier K, = 1,
cosp; = 1 which corresponds to a rectifier with an LC
filter (distortion factor v = 0.955 which corresponds to
THD;=31.05 %)), the voltage losses are:

n=6k+1 2 2
1+ Y L[y_nj (H_ﬂJ .

k=1 f: 1+7 n N
The dependence of the relative values of voltage
losses in the trolley with a feed bus as a function of
frequency f; are shown in Fig. 3.
The relative values of AU,S* and AUﬁ* are about
22 % and 16 % of the voltage losses at the fundamental

harmonic, and the relative values of AU,M* andAU,25* are
10 % and 5 %, respectively.

AU; =

AU, , p-u.
1
203
0.8 : .1'| 50x%3
0.6 \ 80x5
IR
04—
| 4 cosp = 1
02 g
i e T
0
1 10 20 77 pul

Fig. 3. Dependences AU, = f{ f;) in the trolley with feed bus
20x%3, 50%3, 80x5 mm; cosp; = 1

The dependence of the relative values of the voltage
losses in the trolley with feed bus on the frequency is
shown in Fig. 4 at cosgp; = 0.5.

. AU, , p-u.
1

e cosgr = 0,5
0.9 lﬁll‘-. o

I H" ----- 20x3
0.3 Y

] \ 50x3

. \ .
0.7 | H\. 80x5
0.6 -

1 10 20 f;,p.u.

Fig. 4. Dependences AU, = f{ f;) in the trolley with feed bus
20x%3, 50%3, 80x5 mm; cosgp; = 0.5

n=6k=+1

1+ z K:L( Vn
k=1

2 2 *
)(lﬂqj (cosgol +t20n.fy sm(ol)z (10)

I+, N (c0s¢1 +tgon sin(p1)2

sk

In

As follows from Fig. 4, the relative values of the
voltage losses AU, for n>5 harmonic components at
cosp; = 0.5 increase significantly which is explained by
the influence of the component (cosg;+tgp,- £, -sing;) in

expression (10). An increase in AU, is noted for n>5
with an increase in the cross-section of the feed bus which
is caused by the redistribution of the ratio of the relative
values of the currents of the fundamental harmonic of the
trolley 7,,” and high-frequency components I,,,z*. This
ratio increases as the cross-section of the feed bus
decreases.

Table 3 shows the relative values of the voltage
losses in the trolley at cosp; = var, made of the corner

50 x 50 x 5 mm for some combinations of feed at £, <25.

Table 3
Relative value of voltage losses
bus, mm| 53 50%3 80x5
COSQ;

1 1,051 1,033 1,025
0,9 1,36 1,63 2,081
0,8 1,54 1,91 2,31
0,7 1,69 2,16 2,53
0,6 1,853 2,39 2,83
0,5 2,022 2,65 3,14

Analysis of Table 3 shows that the relative value of the
voltage losses of the corner at cosp; = 1 with 20 x 3 mm
bus increases by 5.1 %, and with 80 x 5 mm bus — by
2.5 %. The relative value of the voltage losses reaches its
maximum value at cosp; = 0.5: with 20 x 3 mm bus it
increases by 2.022 times, and with 80 x 5 mm bus — by
3.1 times. Therefore, AU, in expression (1) should be
reduced by an appropriate value.

Dependences AU, = f{cosg;) in the trolley with feed
bus are shown in Fig. 5.

*
AU, , p.u.

20x3

203

Laa

80x5

[

b.i 0.6 0.7 0.3

Fig. 5. Dependences AU," = f{cosg,) in the trolley with feed bus
20%3, 50x3, 80x5 mm

0.9 cospn 1

An analysis of the dependence AU, "= f{cosg;) for the
trolley with feed bus shows that with a decrease in cosg;,
the values of the relative voltage losses in the trolley
increase with an increase in the cross-section of the
feed bus.
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Note that the relative value of the voltage losses in
the trolley with feed bus, depending on cosg, is lower in
the same trolley without feed bus in the presence of
higher harmonics [6].

3. Power losses.

Power losses in the induction feed system have two
components: losses in the trolley AP, and in the feed bus
AP, which are equal, respectively:

n=6k=xl n=6k=xl

AP, =3 > R,l; and AP =3- > Ryl

k=0 k=0

In relative units, power losses are determined taking
into account expressions (1), (5), (9):

AR +AP, _
AR
— * 2 - 2
e R
;:2 1+7n Rtl 1+7n :2
where AR =3R, ] :

1711
feed.
The relative values of the power losses in the
induction feed system are shown in Fig. 6.

sk s sk
AP" = AP +AP; =
(12)

k=0
are the losses in trolleys without

0.04 AP:, p.u
’ 0.04
0.03{— e I
. “APsn
L 0.02 '
) . d
0.02— X 0.01f— t
i M any [
0.01p 4 2 4 67
|\ ‘_
ol Ay No.. )
1 10 20 /> p-u.
Fig. 6. Dependences AP, = f{ ‘ f: ) in the trolley with feed bus
80x5 mm

The relative values of power losses in the trolley
with feed bus for an ideal uncontrolled rectifier K, = 1 are
summarized in Table 4.

Table 4

Relative values of power losses

Bus . Parameter, p.u. _
sizes, AP; APrnZ’ AP; AP; APan’ AP: AP

mm n>5 n>5
20x3 0,048 | 0,0018 | 0,0498 0,189 0,012 | 0,2 ]0,248
50x3 0,016 | 0,0007 |0,01670,118| 0,0061 |0,118]0,135
80x5 10,0084| 0,00044 |0,00884(0,038| 0,0018 |0,039]0,047

Analysis of Table 4 shows that relative to the first
harmonic of the system current, the power losses in the
induction feed systems AP" decrease depending on the
cross-section of the feed buses by 4; 7.4 and 21.3 times,
respectively. In this case, the relative additional power

losses (AP;;Z + AP;;Z) are 5.5-4.6 % of the total losses.

Analysis of losses from high-frequency components
shows that the main share of additional losses is losses

from harmonics n<7. Accounting of the coefficient K 3,

according to [6], leads to an increase in additional losses
by about 1.5 times. Therefore, the calculation of the losses
should be made taking into account the real values of the
higher harmonics obtained experimentally [8] or by
modeling [6].

Note that in order to reduce voltage and power
losses in systems with crane installations that operate in
heavy duty with a large number of starts, relatively
expensive non-inductive feed systems are used, in which
the feed bus is made of aluminum wires laid in pipes [11].
Analysis of these feed systems shows that with cross-
section of wires of 50~150 mm” and with number of cores
equal to 3, the inductive resistances decrease by 2-3
times. This leads, according to expression (12), to a
decrease in additional voltage and power losses in the
trolleys. This circumstance partially or completely
compensates the primary capital costs for building a non-
inductive feed system, which are determined by a
technical and economic calculation.

The proposed technique for calculating voltage and
power losses can be used to calculate voltage and power
losses in steel-copper and steel-aluminum wires used in
railway transport and distribution networks.

A feature of AC power supply systems in railway
transport is the significant value of the currents of the 3rd
and the 5th harmonics, which reach 60 and 30 % of the
fundamental one, respectively [13] which significantly
affects the distribution of currents and the value of
additional power losses and voltage losses.

Conclusions.

Research results show that in induction feed
systems, due to the redistribution of higher harmonic
currents between the feed bus and the trolley, there is a
decrease in voltage losses, main and additional power
losses.

When determining the permissible voltage losses,
the reduction factor of the value of the permissible
voltage losses 1.051-1.025, and 2.022-3.14 should be
used, depending on the change in the power factor in the
range of cosp; = 1.0-0.5 and depending on the cross-
section of the feed buses, respectively.

The use of an induction feed system allows to reduce
the total power losses by 4-21.3 times depending on the
cross-section while the relative additional power losses
are no more than 5.5 % of the total power losses.

The proposed technique for calculating current
distribution, voltage losses and power losses can be used
to calculate the modes of steel-aluminum and steel-copper
conductors.
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A ROBUST CONTROL DESIGN APPROACH FOR ALTITUDE CONTROL
AND TRAJECTORY TRACKING OF A QUADROTOR

Introduction. Unmanned aerial vehicles as quadcopters, twin rotors, fixed-wing crafts, and helicopters are being used in many
applications these days. Control approaches applied on the quadrotor after decoupling the model or separate altitude control and
trajectory tracking have been reported in the literature. A robust linear H,, controller has been designed for both altitude control and
circular trajectory tracking at the desired altitude. Problem. The ability of the quadrotor system to hover at a certain height and
track any desired trajectory makes their use in many industrial applications in both military and civil applications. Once a controller
has been designed, it may not be able to maintain the desired performance in practical scenarios, i.e. in presence of wind gusts.
Originality. This work presents the control strategy to ensure both altitude control and trajectory tracking using a single controller.
Purpose. However, there is a need for a single controller that ensures both altitude control and trajectory tracking. Novelty. This
paper presents a robust H,, control for altitude control and trajectory tracking for a six degree of freedom of unmanned aerial
vehicles quadrotor. Methodology. Multi input multi output robust H,, controller has been proposed for the quadrotor for altitude
control and tracking the desired reference. For the controller validation, a simulation environment is developed in which a 3D
trajectory is tracked by the proposed control methodology. Results. Simulation results depict that the controller is efficient enough to
achieve the desired objective at minimal control efforts. Practical value. To verify that the proposed approach is able to ensure
stability, altitude control, and trajectory tracking under practical situations, the performance of the proposed control is tested in
presence of wind gusts. The ability of the controller to cater to the disturbances within fractions of seconds and maintaining both
transient and steady-state performance proves the effectiveness of the controller. References 16, table 1, figures 9.

Key words: H, controller, six degree of freedom quadrotor, unmanned aerial vehicle, attitude regulation, nonlinear system,
robust control.

Bcmyn. Besninomui nimanvui anapamu, maxi K K6aopoKonmepu, 080pOMOPHI anapamu, anapamy 3 HepyXOMUMU Kpuiamu ma
2enikonmepu cb0200HI BUKOPUCHOBYIOMbCA Y Oazamvox cgepax 3acmocyéana. Y aimepamypi nogiooMisemovcs npo nioxoou 0o
KepyeanHsa, 3acCmoCo8ani HA KeaOpokonmepi nicia 6i0 cOHanHa Mmooleni ado OKpemo2o KOHMPOA0 GUCOMU MA 6I0CMENHCeHHs
mpaexmopii. Haoiinuil ainitinutl peeynsmop H., 6yé po3pobnenuil sax 0 KOHMPONIO 8UCOmMU, Max i O 6i0CMENCEHHs KPY2080oi
mpaeckmopii na nompiouii eucomi. IIpodnema. 30ammicmv K6aOpoxonmepHOi cucmemu 3aeucamu HA NesHill eucomi ma
siocmedicysamu OyOb-Ky 0adcany mpackmopiio pobums ix 3acmocy8ants MONCIUBUM y 6a2amvox chepax 5K y ilCbKOGUX, MAK i 6
yuginbhux yinax. Pospobnenuil xoumponep moogice ne niompumysamu 6adicani Xapaxmepucmuku y peanrbHux ymoeax, moobmo 3a
nasgnocmi nopugie eimpy. Opuzinanshicms. Y yiii pobomi npedcmagiena cmpameeis Kepy8amHsa, AKa 3a6e3neuye sk KOHMpOb
eucomu, max i 8i0cmediceHHs Mpackmopii 3a 00nomoz0i0 00Ho20 konmponepa. Mema. Oouax icnye nompeba 8 €OUHOMY
KoHmponepi, sAKuil 3a6e3neuye K KOHMpoab gucomu, max i giocmedcenns mpaekmopii. Hoeuzna. 'V yiii cmammi npeocmaeneno
Haoitinuil pezynamop H, 01 KoHmMpono eucomu ma 6i0CMediceHHs MpAaekmopii 0 wecmu CMyneHie c600600u 6e3niiomHux
nimanshux anapamis. Memooonozia. /[ keadpokonmepa 3anponoHo8ano 6azamoexionuil 6a2amosuxionutl HaoluHULl KOHMpPoep
H,, ons xommponio eucomu ma eiocmedcennsi 6asxcanozo xypcy. [na nepegipku Kowmponepa po3poOasicmvcs cepedoguuye
MOOeNo8anHs, 8 AKOMY MPUBUMIPHA MPAEKMOPIs GIOCMENCYEMbCS 30 3ANPONOHOBANOIO MemOO0N02ici0 Kepysanns. Pesynomamu.
Pesynemamu mooenosanns nokazyioms, wo KOHMponep € 00CUmMs eQeKmueHUM 05 O0CASHEHHs OaNCAHOT Memu npu MiHIMATLHUX
sycunnax xoumponio. Ilpakmuuna yinnicms. [lJo6 nepexonamucsa, wo 3anponoHo8anuti nioxio 30amuuil 3abe3neyumu
cmabinbHicmy, KOHMPONb BUCOMU MA BIOCMEJICEHH MPAECKMOPIi 8 peanbHux CUMyayisx, napamempu 3anponoHo8aH020 KOHMpPOIo
nepesipsAiomspcsl 34 HAAGHOCMI NOpueie eimpy. 30ammuicmes KOMmMpoaepa yCyeamu HOPYUIEHHS NPOMAOM KITbKOX CEeKVHO i
niompumysamu K nepexiowni, max i cmadiibHi NOKA3HUKU 00800Ums egpekmusHicms konmpoaepa. biomn. 16, Tabmn. 1, puc. 9.
Knrouoei cnosa: H, KOHTpOJIep, KBAJAPOKONTep 3 WICTBMAa CTyHeHAMH CcBOOOIM, Oe3MiIOTHHH JiTadbHUH amapar,
peryJiloBaHHs MO3UIii, HeJliHiliHA cucTeMa, HajliliHe KepyBaHHS.

1. Introduction. Unmanned Arial Vehicles (UAV)
like fixed wing crafts, quadcopters, and helicopters have
found applications in several domains [1]. Amongst these,
quadcopters and helicopters are commonly used as UAVs
due to their hovering ability. These systems possess
nonlinear and coupled dynamics, which leads to the
challenges in their autonomous control. The dynamics of
helicopter can be approximated by a laboratory setup
namely Twin Rotor Aerodynamic System (TRAS) [2].
Like helicopter, TRAS has two rotors main and tail rotors.
Though in helicopter, main rotor is able to tilt in order to
execute forward motion [3].

Control design for UAVs is a difficult task because
of the coupling and nonlinearities involved in their
mathematical models. In autonomous applications,
trajectory tracking is one of the most basic and important
tasks. Other equally important scenarios involve e.g.,

hover control. In [4], four independent proportional—
integral—-derivative (PID) controllers with independent
inputs for control have been designed to achieve the
objective of trajectory tracking. Here, real value type
genetic algorithm has been used to tune the controller
parameters in order to reduce total error and control
efficiency. System performance index is used as a fitness
function here. In [5], hover control problem is addressed
by a control structure that involves feedback and feed
forward control. Four impulse input shaper is used for
feed forward and PID controller with acceleration
feedback input is used for the tracking controller. In [6],
robust PID based dead beat control scheme is proposed.
As PID controller does not contain the model information,
so for small dynamic systems, it performs reasonably well
but for higher order system it may lead to oscillations. To
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counter these problems, different model-based controllers
have been reported in the literature. In [7] an linear—
quadratic regulator (LQR) controller is designed. In [8],
an integral sliding mode controller using necessary and
sufficient conditions has been proposed for the
uncertainty handling and trajectory tracking of the
quadrotor. A nonlinear PID control strategy is discussed
in [9] for the trajectory tracking of the quadrotor. The
method proposed here is a novel contribution of
nonlinearity in the conventional PID controller based on
frequency domain design. A model free control approach
is used in [10] for the quadrotor trajectory tracking.
Control structure adopted here is based on the internal-
external-control-loop structure. Controller uses the
conventional sliding mode approach for control effort
generation. A super twisting slide mode approach has
been used in [11] for trajectory tracking with the
nonlinear sliding surface. Experimental validation of the
proposed control architecture has also been included. A
neural network based self-tuning control structure using
double derivative action with proportional control is
proposed in [12] for trajectory tracking of the quadrotor
UAV. Fractional slide mode control is also proposed for
the quadrotor in [13].

The single-input single-output (SISO) linear time
invariant (LTI) controllers like proportional-derivative
(PD), proportional-integral (PI) and PID require the
decoupling of the multi-input multi-output (MIMO)
model of the quadrotor which takes the extra
computational effort, i.e. one needs to design a de-coupler
to obtain multiple SISO models from a single MIMO
model of the quadrotor and then design the SISO
controller for each model. This may also cause slowing
the closed-loop response of the system when connected
with hardware and thus can be resulted in an increased
control effort and poor tracking. However, the MIMO LTI
controllers like LQR, Linear Quadratic Gaussian (LQG),
and H, controllers tend to have a larger control effort
while trajectory tracking for a quadrotor.

Nonlinear controllers on the other hand require that
the desired trajectory be twice differentiable, i.e. 1* and
2™ derivatives of the reference trajectory are required to
design the nonlinear controller like slide mode, flatness
based, backstepping, twisted slide mode and twisted
backstepping controllers. Thus, in case of a fast-changing
input trajectory, i.e. reference trajectory with the sharp
edges, the value of its 1% and 2™ derivatives become
sufficiently high leading to the instability of the closed-
loop system. So, the controller designed using these
approaches ensures the trajectory tracking only for the
smooth reference trajectories and hence the tracking of a
circular trajectory, even in 3D is possible with these
nonlinear approaches is possible. But the trajectories with
sharp edges, i.e. square and triangular trajectories can’t be
tracked. Also, the nonlinear controller based the system
dynamics has the equal computational complexity to that
of its nonlinear model and thus for the high nonlinear and
more complex system like quadrotor, the computational
complexity is increased which may cause slowing the
closed-loop response when connected to the hardware for
experiments. While the nonlinear controller designed
through heuristic and intuitional approaches like neural

network and fuzzy logic, one needs to have the complete
information and knowledge about the system behavior
and design the set of rules to design a controller ensuring
the desired performance. One drawback of using these
approaches is once the designer misinterprets the system
behavior, intentionally or unintentionally, the resulting
controller will lead the instability of the closed system.
So, one need to have complete information about the
system and consider all the ambiguities, disturbances in
each operating zone, and understand the system
performance under every possible condition. This requires
a lot of experience and experimentation.

Aim and objectives of the paper. Motivated by the
issue mentioned above a single multi-input multi-output
linear time invariant controller has been designed that can
ensure both altitude control and trajectory tracking in
presence of wind gusts and measurement noise. The main
contribution of this work is design of a single robust
controller for flight control of the quadrotor, i.e. make it
fly to achieve a certain altitude and then track the desired
trajectory.

Following objectives are met to reach the stated aim
of the research:

e a MIMO H, controller design for the quadrotor
model;

e application of designed controller in feedback with
the quadrotor model for altitude control and trajectory
tracking;

¢ introduction of wind gusts and measurement noise to
verify the controller performance.

Rest of the paper is organized as follows: Section 2
describes the control oriented mathematical modeling of
quadrotor. Section 3 briefly discusses the control design
approach proposed in the paper. Discussion on the
simulation results are presented in Section 4 and, finally,
conclusions are drawn in Section 5.

2. Mathematical modeling of the quadrotor.
Quadrotor consists of four arms bearing equal weights
and length with a DC motor embedded in each of them to
achieve the desired motion in a three-dimensional space.
The inertial reference frame of a quadrotor system can be
seen in Fig. 1.

Ze

Fig. 1. Inertial reference frame of a quadrotor

18 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 5



Rotor angular positions of the motors can be denoted
by £2 where i represents the motor on the i™ arm of the
quadrotor and i = 1, 2, 3, 4. The angular velocities are
denoted by @, Rear and front rotors of the quadrotor
revolve in counter-clock-wise-direction by angular speeds
o, and @, thus generate the thruster torques 7, and 7y
respectively. While motors 2 and 3 rotate in clock-wise-
direction generating torques 73 and 7.

For hovering the quadrotor at a specific height,
clock— and counter clock-wise-torques are desired to be
the same and thus rotating the respective motors at a same
speed, i.e. balancing the body weight of the quadrotor, is
the main concern. Since the motor operate as to generate
the thruster torques in opposite direction, there is no
imbalance of the quadrotor reaction torque, i.e. there is
zero imbalance in reaction torque. Roll, pitch and yaw
angles, while considering the angular positions of the
quadrotor body, are denoted by ¢, € and w respectively.
Roll angle is created by increasing (decreasing) the speed
of motor associated with right propeller and decreasing
(increasing) that of the left one to make the body roll or
turn along its own axis.

Throttle is achieved by rotating all the motors
(propellers) in same direction at a same speed. Pitch angle
is associated with the angular speed or front and rear
motors and yaw movement can be generated by moving
the front-rear and left-right propellers. If the speed of one
pear, described earlier, is increasing that of the other
should be reducing to generate the yaw movement. Three
orthogonal movements in space and same number of
orthogonal movements of the quadrotor offer six degree-
of-freedom (DOF). The state-space of the quadrotor is
given in (1). For the detailed study of the mathematical
model, reader is referred to [14].

g1 1 00 0 0 0]]¢
611010 0 0 0fl|g
|l {001 0 0 0|y
11000 4 0 of|i|
jl 1000 0 4, 0]y
H __0_0_0 0 0 A ||z] 0
0] [o

01 |0

0] |0 F

o To|m

01 |0

—&] [1]

Equation (1) represents the state-space model of the
6-DOF quadrotor. However, the detailed state-space
model can be represented by the state-space equations
given in (2)-(13) [14]

XIZX2; (2)
. 1-klw? - w?
xZZJ;‘—); 3)

XX

X3 =X4; (4)

N 1
gy = )

»y
X5 =Xg 3 (6)
2 2. 92 2

o= oo roiad), ™

[ZZ
X7 =Xg; ®)
).C8=Axxl; (9)
)'c9=x10; (10)
).Clo IAyX3; (11)
X1 = X33 (12)

X1p = 4,5 —ngi(wl2 + 03 + o3 +w§); (13)
m
where @; represent the angular velocities of the motor on
i™ arm of the quadrotor; g is the gravitational acceleration;
I, b, k, m denote the arm length, coefficient of left and
right drag, and mass of the quadrotor respectively;
I, 1, and .. denote the moments of inertia in x, y and z
axis respectively.
The set of state equations written in (2) — (13) are
converted into state-space. The state-space matrices of the
system are written as follows:

01 0 0 0 000O0O0O0O O]
00 0 00 00O0OOTO OO 0O
00 0 00O 0OO0OOOO OO 0O
00 01 0 00O0O0DGO0TO0O
0 0 0 001 00O0O0TO0O
00 0 00 00O0OOTO OO 0O
A= ; (14)
00 00 0O0O0O1O0GO0TGO0O
4. 0 0 0 0 00000 0O
00 0 00O0O0OOOT1TO0O
0 04 0 0 0000000
0 0 0 00 00OGOTO OO0
|00 0 04 000000 O]
0 0 0 0 |
0 ~1-k[I,, 0 1-k[I,,
0 0 0 0
—1-k/1,, 0 1-k[1,, 0
0 0 0 0
g| M= Ml ML bl o
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
|k k k ko]
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10000000000 O
001000000000
000010000000

C= . (16)
000000100000
000000001000
00000000001 0

The inputs, states, and outputs of the systems are
given in (17)—(19), respectively

u=lot 3 o} o] (7
x=lp g0 6 vy x iy oz
v=lp 0 v xy . (19)

The angular positions of the motors at quadrotor
arms can be given as

K. .y .p-
Qi:w%’

where V; is the input voltage for the i motor and

(20)

w; = Q;, rest of the parameters and their corresponding
values are given in Table 1.

Table 1
Parameters of the quadrotor

Parameter Value Parameter Value
Ax 1)0(7 kgm2
A, 0,45 I, kgm’ 0,357-10°
Az Izzs kgm2
k 2,98-10°° m, kg 1,316

2, m/s” 9,8 I, m 0,5

This model of the quadrotor is used to design the
robust H, controller for the flight control. A brief
discussion about the controller design is given in the
following section.

3. Robust control design. Controller is placed with
the system for controlling the plant according to desired
parameters and responses. Main objective general
configuration of plant P (to be controlled) with the
controller K is shown in Fig. 2.

(weighted)
exogenous inputs -

(weighted)
exogenous outputs
z

P

u v
sensed outputs

control signals

K e

Fig. 2. General plant with controller configuration

Objective is to minimize the norm of transfer
function from w to z and the design problem is to find
controller gain K based on v which gives u as control
signal to the plant which minimize the closed loop norm
from w to z. The generalized configuration will then be
represented as [15]:

{P“(s) mmi b
Py(s) Pols)]|u |
uzK(s)~v. (22)
The linear fractional transformation is
z=F/(P,K)w, (23)
where
Fi(P.K)=Ry+RoK(1-PoK) ' Py (24)

3.1. H,, controller.
The H, optimal control problem is to find all
stabilizing controllers K that minimize [15]
[Fi(P.K),, =max& (£ (P.K)- (). @5)
The H,, norm has several interpretations in terms of
performance. One is that it minimizes the peak of the
maximum singular value of F/(P(jw), K(jw)). In practice,
it is usually not necessary to obtain an optimal controller
for the H,, problem, and it is often computationally (and
theoretically) simpler to design a suboptimal one (i.e. one
close to the optimal ones in the sense of the H,, norm). Let
Ymin De the minimum value of overall stabilizing controllers
K. Then the H,, sub-optimal control problem is: given a
7> %min, find all stabilizing controllers K such that
|F(P.K), =<7 (26)

If we desire a controller that achieves ¥y, to within
a specified tolerance, then we can perform a bisection on
y until its value is sufficiently accurate. The above result
provides a test for each value of yto determine whether it
is less than y,;, or greater than %y;,.

Two methods are there for H,, controller design: the
transfer function shaping approach and the signal-based
approach. In the former, H,, optimization is used to shape
the singular values of specified transfer functions over
frequency. The maximum singular values are relatively
easy to shape by forcing them to lie below user defined
bounds, thereby ensuring desirable and widths and roll-off
rates. In the signal-based approach, we seek to minimize
the energy in certain error signals given a set of
exogenous input signals [16]. The latter might include the
outputs of perturbations representing uncertainty, as well
as the usual disturbances, noise, and command signals.
Both two approaches will be considered again in the
remainder of this section. In each case we will examine a
problem and formulate it in the general control
configuration.

A difficulty that sometimes arises with H,, control is
the selection of weights such that the H, optimal
controller provides a good trade-off between conflicting
objectives in various frequency ranges. Thus, for practical
designs it is sometimes recommended to perform only a
few iterations of the H,, algorithm. The justification for
this is that the initial design, after one iteration, is like a
H, design which does trade-off over various frequency
ranges. Therefore, stopping the iterations before the
optimal value is achieved gives the design H, flavor
which may be desirable.
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4. Results and discussions. For the controller
validation, a simulation environment is developed in
which a 3D trajectory is tracked by the proposed control
methodology.

Figures 3, 4 show the tracking of x and y
coordinates. It can be observed from plots that controller
reaches and stay on desired x and y coordinates with
minimum estimation error.

15 Tracking in X-axis

Reference
Output

)
DN —

0 5 10 15 20 25 30 35 40 45 50
Fig. 3. Tracking of x coordinates

15 Tracking in Y-axis

1
2

Reference
Output

0 5 10 15 20 25 30 35 40 45 50
Fig. 4. Tracking of y coordinates

Initially it is assumed that, quadrotor is hovering at
zero altitude. Then it is desired that it gains 10 m
of height with slowly increasing altitude value as shown
in Fig. 5.

After gaining the desired height it is aimed that
quadrotor moves in a circular trajectory having radius of
10 m as shown in the Fig. 5. From Fig. 5, 6, it can be
observed that initially tracking error is high but few
seconds later controller achieves the desired height.
Quadrotor reaches desired altitude within 5 s, which is
reasonable performance. After gaining desired altitude
quadrotor tracks the specified trajectory with minimum
estimation error. From Fig. 5, the tracking of circular
trajectory can be seen. Despite the tracking of desired
trajectory, the most important is that quadrotor maintains
its stable attitudes. Stability of attitudes mean that
quadrotor do not observe the excessive roll and pitch

Circular Trajectory Tracking

15 [
1 Reference
Output
10 .
5F \ ]
ok 4
5+ B
-10 B
15 I I I | I
-15 -10 -5 0 5 10 15

Fig. 5. Tracking of planar trajectory

motion. If quadrotor tracks the desired trajectory under
excessive roll and pitch motion, then stability of motion
cannot be guaranteed. Actually, it is the best possible case
that quadrotor tracks the desired trajectory with minimum
roll and pitch angle.

The tracking of desired attitude is displayed in
Fig. 6, the plot shows that initially at starting point
quadrotor start motion with greater pitch and roll angle
but after 1 s of flight it achieves attitudes close to zero.
These observation increases the confidence on controller
performance and real time implication of designed control
scheme. At last the most important observation is the
control efforts calculated by controller. In existing case
the control efforts are the angular velocities of four
motors.

Altitude Control

Reference
Output

0 | I | I | I | I |
0 5 10 15 20 25 30 35 40 45 50

Fig. 6. Tracking of desired altitude

Figures 7-9 show the control effort plots. From
the plots it can be seen that controller calculates
smooth control inputs for motors with no chattering.
Initially large fluctuations in motor speed can be seen
but after 2 s they gains the steady value that are
consistent with the trajectory tracking and attitude
tracking of the quadrotor.
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3-D Trajectory Tracking
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2
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Fig. 7. Tracking of 3D trajectory

Angular positions of the quad rotor
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Fig. 8. Attitudes of quadrotor

Motor angular velocities
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Fig. 9. Quadrotor motor speeds

5. Conclusions.

A robust H,, single Multi input multi output linear
time invariant controller for six degree of freedom
quadrotor has been designed that can ensure both altitude
control and trajectory tracking in presence of wind gusts
and measurement noise. Quadrotor is first lifted to the
height of 10 m and after achieving the desired altitude, it

starts moving in circular path which keeping roll and
pitch angles at 0°. Roll, pitch and angles are shown in
results and discussion section. From the plots it can
be seen that controller calculates smooth control inputs
for motors with no chattering. Initially large fluctuations
in motor speed can be seen but after 2 s they gains the
steady value that are consistent with the trajectory
tracking and attitude tracking of the quadrotor. In future,
same work can be applied to the quadrotor by considering
the wind gusts.
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B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui, V.V. Kolomiets, B.B. Kobylianskiy

REDUCTION OF MAGNETIC FIELD LEVEL IN RESIDENTIAL OLD BUILDINGS
FROM OVERHEAD POWER LINES BY MEANS OF ACTIVE SCREENING

Aim. Reduction of the magnetic field induction to the level of modern sanitary standards by means of active screening in residential
old buildings which are located near existing typical overhead power lines are considered. Active shielding of the magnetic field
inside a single-storey and multi-storey building is considered. During the design the number, configurations, spatial arrangement of
the shielding windings, as well as the currents in the shielding windings were determined. Methodology. The design problem for the
system of active shielding reduced to solving the minimax vector optimization problem. The vector of objective function in this
minimax problem is calculated based on Biot-Savart's law. The solution of this problem is based on multi-agent optimization
algorithms. Results. The results of theoretical and experimental studies of the systems of active shielding of the magnetic field
generated by various overhead power lines inside a single and multi-storey building are presented. Originality. The possibility of
reducing the induction of the initial magnetic field inside the shielded space to the level of sanitary standards is shown. Practical
value. From the point of view of the practical implementation for a reasonable choice of the number and spatial arrangement of
shielding windings of systems for active shielding of the magnetic field generated by various overhead power lines inside residential
buildings of different storey s are given. References 47, figures 7.

Key words: overhead power line, magnetic field, system of active screening, computer simulation, experimental research.

Mema. Posenanymo 3HudCeHHs IHOYKYii MASHIMHO20 NOsL 00 PiBHA CYUACHUX CAHIMAPHUX HOPM 34 PAXYHOK AKMUBHO20 eKPAHYBAHHS 8
2HCUMIOBUX OYOUHKAX cmapoi 3a0y006U, PO3MAUIO8AHUX NOOIU3Y ICHYIOYUX MUNOBUX NOBIMPAHUX NI erekmponepedayi. Poszenanymo
aKmueHe eKpaHy8antsi MASHIMHO20 NOJIS 6CepPeOUHi 0OHON0BEPX08020 | bazamonosepxoozo Oyourky. Ilpu npoexmysanHi eusHauaAIUCS
KinbKicmy, KoHizypayis, npocmopose pPO3MAULYBAHHS EKPAHYIOUUX O0OMOMOK, a4 MAKONC CHMPYMU 6 eKPAHVIOUUX OOMOMKAX.
Memooonozia. 3a60anis NPOEKMYSAHHsL CUCTNEMU AKMUBHO20 EKPAHYBAHHS 3600UMbCsL 00 SUPIUEHHS 3A0ayl MIHIMAKCHOL 6eKMOPHOL
onmumizayii. Bekmop yinbooi yHkyii 6 yiti MiHiMakcHiil 3a0aui obuucmoemvcsi Ha ocHogl 3akony bio-Casapa. Bupiwenns yici
npobaemu epyHmMyemvca Ha aneopummax 6azamoazenmuoi onmumizayii. Pesynemamu. Ilpeocmaeneni pesynomamu meopemuyHux i
EKCNEPUMEHMANbHUX O00CTIONCEHb CUCeEM AKMUBHO20 eKPAHYBAHHA MAZHIMHO20 NONA, WO CMEOPIOEMbCA DI3HUMU NOGIMPAHUMU
JUHIAMU enekmponepeoayi 6cepeduni 0OHO- i bazamonosepxo6o2o OyouHky. Opuzinanvuicme. [loxazana MOXMCIUGICIb SHUICEHHS
IHOYKYIT NOYAMKOB020 MACHIMHO20 NOJIA 8CEPEOUHi NPOCMOPY, WO eKPAHYEMbCA, 00 pieHA canimaphux nopm. Ilpakmuuna yinnicme. 3
MOUKU 30py NpakmuyHoi peanizayii npeocmaeineni pexomenoayi 01 002PYHMOBAHO2O0 GUOOPY KITbKOCMI [ NpPOCmOpo8o2o
PO3MAULYBAHHSA EKPAHYIOYUX 0OMOMOK CUCHEM AKMUBHO2O eKPAHYBAHHS MASHIMHO20 NOJsL, WO CMEOPHOEMbCS PIZHUMU NOBIMPIHUMU
JUHIAMU eNeKmponepeday 6CepeOuHi Hcumuosux OyouHKis piznoi nogepxosocmi. biomn. 47, puc. 7.

Knouosi cnosa: noBitpsiHa JiHisi enekTponepeaavi, MarHiTHe moJie, CHCTeMa AKTHBHOIO €KPaHYBaHHSI, KOMII’'HOTepHe
MO/Ie/TI0BAHHS, eKCIIePUMEHTAJIbHI J0C/Ti>KeHH.

Introduction. Existing high-voltage overhead power
lines, located in residential areas of most developed
countries, are the main sources of magnetic field of
industrial frequency, which has a massive effect on the
population and is more dangerous to health than the
electric field [1-4]. Experts of the World Health
Organization in the late 20th century discovered the
carcinogenic properties of the magnetic field of overhead
power lines with its weak but long-lasting effects on
humans. Therefore, in the last 20 years the world has been
actively implementing and constantly strengthening
sanitary norms from the maximum allowable level of
induction of magnetic field 50-60 Hz for the population,
intensive development of methods for normalization of
magnetic field [5-11].

Recently, strict sanitary standards for the induction of
a magnetic field of 50 Hz (0,5 uT for the population) were
introduced for the first time in the regulations of Ukraine.
However, in Ukraine these norms are for most of the
existing 10-330 kV overhead power lines, which were built
during the last 50 years without taking into account the
current requirements for magnetic field, are not fulfilled.

Thus, as shown by the calculations and results of
numerous experiments [1, 2], the maximum allowable
level of induction of magnetic field at the boundary of the
sanitary protection zones of existing substations,
previously determined only by electric field, may be
exceeded by more than an order of magnitude. This poses

a threat to the health of hundreds of thousands of people

living closer than 100 m from overhead power lines.
Moreover, often residential old buildings are

generally located near power lines, as it is shown in Fig. 1.

LAl 1 o N
Fig. 1. Location of residential old buildings near power lines

This situation requires urgent measures to reduce to
a safe level induction of high-voltage overhead power
lines in nearby residential houses. Such normalization of
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magnetic field can be carried out either by reconstruction
of the overhead power lines, or by shielding residential
buildings from the magnetic field of overhead power
lines.

Reconstruction is the most effective method to
reduce to a safe level induction of magnetic field.

Higher shielding efficiency of magnetic field
submarines (up to 10) with less metal capacity is possible
to provide methods of active shielding of magnetic field
[12-18]. Their essence is automatic formation in a closed
structure by means of special windings of the
compensating magnetic field with such spatial time
structure, the superposition of which with magnetic field
submarine in the protection zone is minimized to a safe
level. Active shielding technology does not allow
relatively inexpensive means to solve socially important
problems.

The technology of active shielding of magnetic field
of operating substations has been used by the majority for
more than 10 years developed countries, such as the
United States, Italy, Spain and Israel [5-11]. In works
[12-18], methods for designing of such systems of active
screening based on genetic optimization algorithms were
developed. However, these works do not consider the
issues of the synthesis of robust systems of active
screening, the characteristics of which are not sensitive to
changes in the parameters and, possibly, the structure of
the control object and the parameters of the original
magnetic field [19-22].

In Ukraine in residential buildings of core city
buildings single-storey and multi-storey buildings most
often are located near existing 10-330 kV overhead power
lines including single-circuit overhead power lines with a
triangular suspension of wires, double-circuit overhead
power lines with a suspension of «barrel»-type wires.

The purpose of the work is to reduce the magnetic
field induction in residential buildings of old buildings
which are located near existing various types overhead
power lines to the level of modern sanitary standards by
means of active screening.

Statement of the research problem. The
mathematical model of the vector induction B,(P;, I(?), f)
of the initial magnetic field [22-28] in the form of the sum
of the vector inductions B,(P;, I(t)) generated by all L
currents /,(¢) in the conductors / of the power transmission
line at a point P; at a time ¢ is based on the Biot-Savart
law in the following form

I RO N

here a vector of power transmission line currents fy(?) is
introduced, the components of which are the currents /,(¢)
in / current conductors of the power transmission line
Iy(t) = {I(D);.

The shielding magnetic field induction B(P;, 1,(%), f)
generated by M control windings can be calculated
similarly as the sum of the inductions B,,(P;, 1,.(1), )
generated by the m currents /() of the shielding windings
at a point P; at a time 7 in the following form

B (1’ y ) szm(ls ym ) (2)

here the vector I,(¢) of currents of the shielding windings
is introduced, the components of which are I,(f) the
currents in m shielding windings I(¢) = {/,,,(£)}.

With the help of the M windings of the system of
active screening, it is necessary to generate a magnetic
field with the induction B,(P;, I,(), ) at the point P; of the
considered space, with the help of which the induction
B,(P;, I)(?), t) of initial magnetic field in the point P; of
considered space is compensated, so that the induction
B(P;, I(9), I(1), t) of the total magnetic field generated by
currents Io(f) of wires of power lines and currents 1,(¢) of
control windings at all points P;, of the considered space

B(Pulo()l ()»’): 3)
B (B0t B, 1, (0)1)

does not exceed the level of sanitary standards for all
points P; of the considered screening space.

The task of designing of the system of active
shielding is to determine the number and spatial location
of the compensating windings, as well as the currents in
these windings.

Solution method. In the process of designing of the
system of active shielding, it is necessary to determine the
amount M of compensating windings and the coordinates
X and Y of the spatial arrangement of the compensating
windings, as well as the currents /,(¢) in these windings
[20]-[23]. Let us introduce a vector of the sought-for
design parameters of the system of active shielding, the
components of which are the amount M of compensating
windings and the coordinates of the X and ¥ of the spatial
arrangement of the compensating windings, as well as the
currents of the 1,() in these windings. Then, for a given
value of the M quantity and the coordinates of the X and ¥
of the spatial arrangement of the compensating windings,
as well as the I(#) currents in these windings, the
mathematical model of the induction B,(P;, I,(?), t) of the
magnetic field generated at the point P; of the space under
consideration by all compensating windings is also based
on the Biot-Savart law.

When the system of active shielding operates at the
points of the shielding space located closer to the power
transmission line, undercompensation of the initial
magnetic field is possible, since the induction of the
magnetic field generated by the compensation windings
decreases faster than the induction of the initial magnetic
field generated by the power transmission line. On the
other hand, at the points of the shielding space located
further  from the power transmission line,
overcompensation of the initial magnetic field is possible,
since the induction of the magnetic field generated by the
compensation windings near these windings has a
significantly greater value of the induction of the initial
magnetic field generated by the power transmission line
in these same points [24-28]. Therefore, to reduce the
number of points taken into account, you can take a
limited number of points in the shielding space near the
transmission line and the most distant from the
transmission line.

A feature of the design problem is that the
parameters of the initial magnetic field, its induction and
the spatio-temporal characteristic, due, in particular, to the
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currents in the wires of the power transmission line, are
not known exactly in advance and changes in time-during
the day, the time of the year and others. In addition, the
parameters of the active screening system, in particular,
the geometric dimensions of the compensating windings
and regulators, firstly, are implemented with some error
and, secondly, change during the operation of the system
of active shielding.

Therefore, the design of system of active shielding
must be carried out taking into account the uncertainty of
both the parameters of the initial magnetic field and the
system of active shielding parameters [29-35]. Let us
introduce a vector of uncertainties, the components of
which are the deviations of the parameters of the initial
magnetic field and the parameters of the system of active
shielding from their nominal values adopted in the design
of the system of active shielding.

Let's reduce the design of the system of active
shielding to solving the optimization problem. In the
presence of uncertainties in the system, the design of a
robust system is usually reduced to the «worst» case,
when the uncertainty vector behaves the most maliciously
and maximally degrades the compensation of the initial
magnetic field with the help of compensating windings
[36-38]. Then the design problem for the system of active
shielding can be reduced to solving the following
maximin vector optimization problem [39-41]. The vector
objective function in this minimax problem is calculated
based on Biot-Savart's law.

The solution to this problem is based on multi-agent
optimization algorithms [42-47].

Results of modeling and experimental research.
In residential buildings of core city buildings which are
located near existing typical power lines the most
widespread are single-circuit 110 kV transmission lines
with a triangular suspension of wires. Moreover, in the
area of laying these power lines, single-story residential
buildings are most often in the immediate vicinity. The
layout of power transmission line, single-story residential
building, in which it is necessary to reduce the induction
of the initial magnetic field to the level of modern sanitary
standards, and compensating windings are shown in
Fig. 2. As a result of the design of the system of active
shielding two compensating windings was calculated.

X, m

Fig. 2. The layout of single-circuit 110 kV transmission lines,
compensating windings and one-story residential building

In Fig. 3 is shown two compensating windings of
experimental plant of system of active shielding.

Fig. 3. Location of three compensating windings
of experimental plant of system of active shielding

In Fig. 4 are shown modeling and experimental
dependences of the induction of the initial and resulting
magnetic field as a function of the distance from the
power transmission line in the house, where it is
necessary to reduce the level of induction of the initial
magnetic field generated by the power transmission line.
As can be seen from this figure, the level of induction of
the initial magnetic field varies from 0,65 uT to 1,5 puT.
The induction of the total magnetic field in the shielding
zone practically does not exceed the level of sanitary
standards.

[B],u
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Fig. 4. Comparison of magnetic flux density between
measurements and simulations with and without system
of active shielding

Single-circuit 110 kV power transmission lines with
a triangular suspension of wires often run near multi-
storey buildings of core city buildings. The layout of such
a power transmission line, compensating windings and a
multi-storey residential building, in which it is necessary
to reduce the induction of the initial magnetic field to the
level of modern sanitary standards, are shown in Fig. 5.
As a result of design of the system of active shielding, the
coordinates of three compensating windings were
calculated.

In Fig. 6 are shown three compensating windings of
experimental plant of system of active shielding.
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Arrangement of active elements

Fig. 5. The layout of single-circuit 110 kV transmission lines
with a triangular suspension of wires and multi-storey
residential building

Fig. 6. Location of three compensating windings of
experimental plant of system of active shielding

Results of modeling and experimental dependences
of the initial and resulting magnetic field induction as a
function of the distance from the power transmission line
are shown in Fig. 7 The level of the initial magnetic field
induction varies from 2,25 uT to 0,8 uT.

The level of the total magnetic field induction in the
house, where it is necessary to reduce the level of the
initial magnetic field induction does not exceed the
sanitary standards level.

Double-circuit overhead power lines with a
suspension of «barrel»-type wires also often run near
single-storey and multi-storey buildings of city core
buildings.

Such overhead power lines generate a weakly
polarized magnetic field, the space-time characteristic of
which is a highly elongated ellipse. To effectively
compensate for such a magnetic field, one screening
winding is sufficient. Such a winding generates
magnetic field, the space-time characteristic of which is
a straight line. Therefore, with the help of such a
shielding winding, it is possible to compensate for the
major axis of the space-time characteristic ellipse of the
initial magnetic field and to realize a sufficiently high
shielding efficiency.

Field before and after optimization

\. Field before i

e e R R S S

_Field ;aﬂ_tj:_r

37 a7
X, m
Fig. 7. Comparison of magnetic flux density between
measurements (solid lines) and simulations (+) with and without
system of active shielding

As a result of design of the system of active
shielding for such overhead power lines the coordinate’s
only single compensating winding were calculated.
During modeling and experimental research of such
system of active shielding with only single compensating
winding was shown the possibility to reduce the induction
of the initial magnetic field to the level of modern sanitary
standards in residential buildings of city core buildings
including single-storey and multi-storey buildings which
are located near existing double-circuit overhead power
lines with a suspension of «barrel»-type wires.

Conclusions.

1. The method for the design problem for the system of
active screening has been developed. During the design
the number, configuration, spatial arrangement of the
shielding windings and the currents in the shielding
windings were determined. The design problem is
reduced to solving the maximin vector optimization
problem. The vector objective function in this minimax
problem is calculated based on Biot-Savart's law. The
solution of this problem is based on multi-agent
optimization algorithms.

2. On the basis of the developed method the design of
the different type of systems of active screening to reduce
the magnetic field induction to the level of modern
sanitary standards for residential buildings of core city
buildings have been carried out. These systems contain
different number screening coils and include single-storey
and multi-storey buildings which are located near existing
typical power lines including single-circuit overhead
power lines with a triangular suspension of wires, double-
circuit overhead power lines with a suspension of
«barrel»-type wires.

3. As a result of computer simulation and experimental
studies of the synthesized systems of active screening, it
is shown that with the help of the synthesized systems, the
level of induction of the magnetic field in single-storey
and multi-storey buildings generated by different types of
high-voltage power lines are reduced to the sanitary
standards of Ukraine.
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ENERGY EFFICIENCY OF A 3-LEVEL SHUNT ACTIVE POWER FILTER POWERED
BY A FUEL-CELL / BATTERY DC BUS WITH REGULATED DUTY CYCLES

Introduction. Nowadays, electrical energy is indispensable in industrial, tertiary and domestic appliances. However, its efficiency is
becoming affected by the presence of the disturbances that appear in the electrical networks such as harmonics, unbalance,
sags/swells, flickers ...etc. Indeed, the disturbances cause a decrease in the power factor and an increase in the power losses. In this
paper, the harmonic disturbance is considered and a 3-level shunt active power filter powered by a hybrid fuel-cell/battery DC is
applied to mitigate current harmonic components from the electrical feeder. Aim. Studying the energy efficiency of a system based on
a 3-level shunt active filter powered by a hybrid fuel-cell / battery DC bus. Methodology. It is a matter of finding the suitable
Sformulas that express the efficiency and the relative power losses according to the load factor (which is the ratio between the short-
circuit active power and the load active power) and the load power factor. The DC bus energy is controlled using an energy
management algorithm that contributes in generating the required reference input currents and output voltages of the fuel-cell and
the battery. The DC/DC converters control circuits are performed in a closed loop by means of regulated duty cycles. Results. The
simulation results carried-out under MATLAB/Simulink environment show better filtering quality if compared with the case of open
loop control of the DC/DC converters and lesser differences between the fuel-cell power, the battery power and their respective
reference powers. Which concerns the energy efficiency, the results demonstrate that higher efficiency and lower relative power
losses can be achieved only when higher load factor and load power factor are attained. Therefore, the compensating system of the
power factor is very important to improve the energy efficiency. References 13, tables 1, figures 14.

Key words: 3-level shunt active power filter, hybrid fuel-cell / battery DC bus, energy efficiency, power quality, efficiency,
relative power losses.

Bcemyn. 'V naw uac enekmpuuna emepeisi € He3aMIiHHOIO Ol NPOMUCIOBUX, NpomidicHux i nobymosux npunadie. Oonax Ha it
ehexmusnicmy  BNAUBAE HAAGHICMb NOPYUIeHb, WO GUHUKAIOMb 6 eNeKMPUYHUX Mepedcax, Mmakux sK 2apMOHIiKu, oucbanamc,
NPOBUCAHHA/PO3OYXAHHS, MePeXMIHHA mowo. [JiticHo, NopyweH s 6UKTUKAIOMb 3MEeHUeH s Koeiyichma nomyscnocmi ma 36i1buieHHs
empam nomyosichocmi. YV yiti pob6omi po3ensinymo 2apMOHIUHI NOPYUWEHHS. Ma 3ACMOCOBAHO 3-PiGHesull WYHMYIOUUll Qitbmp axmueHoi
NOMYMHCHOCHI 3 JHCUBNEHHAM 60 2IOPUOHO20 NANUSHO20 eNeMeHma/aKyMyaAmopa NOCMItIHO20 CIMPYMY Os NOMSIKUEHHS CIPYMOBUX
2APMOHIYHUX KOMNOHEHMIB 3 eIeKMPONOCmAaiaHHAM 6i0 enekmpuunozo gioepa. Mema. [Jocniosxcenna enepeoedexmueHocmi cucmemu
HA OCHOBI 3-pi6He6020 WYHMYI0U020 AKMUBHO20 (QINbMpa 3 JHCUBIEHHAM 6I0 2iOPUOHOI WUHU NOCMITHO20 CMPYMY 3 NATUSBHUM
enemenmom/akymynsmopom. Memoouka. Ilompiono 3naiimu  6i0no8ioHi hopmyau, aKi eupasicaromv eghekmusHicms ma 6i0HOCHI
empamu  NOMYAHCHOCMI Y 8ION0GIOHOCI 00 KoepiyicHma HABAHMAaNCeHHs (Ye GIOHOWEHHST AKMUBHOI NOMYIHCHOCHI KOPOMKO20
3aMUKAHHA MA AKMUBHOT ROMYICHOCII HABaHmadicents) ma Koegiyicuma nomysicnocmi Haganmagicenns. Enepeisi wiunu nocmiiinozo
CmMpyMy KOHMPONIOEMbCA 3d O0ONOMO0I0 ANOPUMMY YNPAGTIHHS eHep2i€lo, AKUL CHpUsAE hopmMyBanHio HeOOXIOHUX ONOPHUX BXIOHUX
cmpymie ma GUXIOHUX Hanpye naiugno2o enemenma u axymyasmopa. Cxemu ynpasninnsa DC/DC nepemeopiosauamu GUKOHYIOMbCA Yy
3AMKHEHOMY KOHMYPI 30 OONOMO20I0 pe2ynbosanux pobouux yuxiie. Pesynomamu. Pesynomamu M0OOenio8ants, NnpoeedeHozo y
cepedosuwyi MATLAB/Simulink, noxazyioms kpawy sikicme Qinempayii' y nopieHsAHHI 3 GUNAOKOM YNPAGIIHHS 3 GIOKPUMUM KOHNYPOM
DC/DC nepemeopiosauie  ma meHwii GIOMIHHOCII MiJC NOMYICHICMIO NAIUGHUX €eMEHMI8, NOMYICHICIIO aKymyismopa ma ix
6i0n06i0H0I0 nopisnanbHol nomyscuicmio. [Llo cmocyembcs enepeoeghexmugnocmi, pesyavmamu noxkazyioms, wo oinewuti KK/ ma
MeHwi 6IOHOCHI 8MPAMuU NOMYACHOCIE MONHCHA OocsAemu auue mooi, KOIu 00cA2aromsves OLbluull KoeQiyichm HagaHmagiceHHs ma
Koeghiyicnm nomyosrcnocmi Hasanmagicenns. Tomy KoMnencyoua cucmema KoeQiyicHma nOmy*cHoCmi 0yice 8axciuéa O Nio8UUeHHs
enepeoegpexmusrocmi. bioin. 13, Tabm. 1, puc. 14.

Knrouoei cnosa: 3-piBHeBHil HIyHTyI0uMii GinbTp aKTHBHOI NOTYKHOCTI, ri0pUAHA HMIMHA NOCTI{HOr0 CTPyMy 3 HaJUBHUM
€J1eMeHTOM/aKyMyJIITOPOM, eHeproedeKTUBHICTh, AKicTh ejaexTpoeneprii, KK/, BitnocHi BTpaTi HOTYKHOCTI.

1. Introduction. The study of the electrical systems
energy efficiency is very important since electricity is the
most flexible type of energy and one of the most
significant energies used in industry and in domestic
appliances. Particularly, for systems containing power
quality compensators based on power electronics
interfaces, it is interesting to study the influence on the
global system efficiency. Indeed, when the power quality
is poor, power losses increase which decreases the
efficiency [1-3]. Active power filters (APFs) are classified
among the most effective power quality compensators
that can reduce the power losses according to the adopted
compensation approach and consequently improve the
energy efficiency [4, 5]. Particularly, the shunt active
power filter (SAPF) generates a current which reactive
component goes into the non-linear load whereas the
active component flows into the source while guarantying
less power losses and near-unity power factor (in spite of

the energy losses in the APF electronic devices) [6, 7].
The study of the energy efficiency of a compensated
power system can be performed depending on the power
system topology, the existent disturbances that increase
the power losses and the compensation approach. In the
literature most studies concern the energy efficiency of
four-wire power systems taking into account the neutral
current in presence of harmonic disturbance and
considering the instantaneous power theory in the
compensation approach [4, 6-8]. Especially, the study
presented by Artemenko and Batrak in [6] establishes new
formulas that call the load factor (ratio between the short-
circuit power and the load active power) and the load
power factor when expressing the system global
efficiency and relative power losses. The study
demonstrates that more the load factor and the power
factor are higher, the efficiency is higher and the relative
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power losses are lower which means better energy
efficiency.

In the present work, the formulas of Artemenko
and Batrak are adopted on a three-phase three-wire
system considering a 3-level neutral point clamped
(NPC) SAPF powered by a hybrid fuel-cell (FC) /
battery DC bus which power is supervised by a
management energy algorithm associated to DC/DC
boost and buck converters where the duty cycles are
closed-loop controlled.

The purpose of the work is studying the energy
efficiency of a system based on a 3-level shunt active
filter powered by a hybrid fuel-cell / battery DC bus.

The present work is organized as follows. Section 2
describes the global system. Section 3 is dedicated to the
SAPF and the DC bus topologies and control strategies.
Section 4 establishes the theoretical study of the energy
efficiency according to Artemenko and Batrak approach.

Section 5 presents and discusses the simulation results
carried-out using MATLAB/Simulink.

2. Active filtering system description. The
considered system is depicted in Fig. 1. The system
contains the electric feeder (with its electromotive force
(EMF) e, its series Ry, L, impedance, and its current i)
to be cleaned from harmonic currents (produced by the
load), the non-linear load (a diode rectifier and a DC R,
L, load) and the proposed 3-level NPC IGBT’s active
power filter configuration (with its output filter R, Ly, Cy
and its upstream filter R,, L,) which DC bus (including
the filtering capacity C, with its shunt resistor R,.) is
fed with a DC voltage V. through a hybrid system of a
FC and a battery, power electronically interfaced by
DC/DC boost and buck converters. The detailed
description of this hybrid power DC bus and the energy
management system are presented in [9]. Duty cycles
controllers of DC/DC converters and energy efficiency
of the AC side are shown in the following sections.

Supply Non-Linear Load
Tlabc
. ’5;’ A +
es +Rs Ru Lu 1 2 Rl
[ = B
' W Ls y
C -
y/7)
III
3Level Habe VSI — voltage
I IPCWC Converters VSINPC source inve%ter
V*iBatt Hybrid —rb g J_g 1 = Ec» P R "
~€—] FC/Battery Vi EE 7| mL
L X BYFEN C‘| L [wy
S0C D 3 " = > =
ﬂncmc* J— < 49 l ] N .‘-I ¢ o
SOC - state-of-charge =9« | B > I
| - = = = Gating
S0C s Pre | Signals
| Management| p¥*, . esabe Phase-Shifted
Piem System | n Carrier-based PWM - pulse-width modulation
Vsabe . PWM
| Vobuck § Videm o a=pp] Efficiency jompp
V*dt * y I Isabe +
| V¥iBat Duty it I > Habe I*fabe
T¥*max C C‘Vdfl f t SRF Algorithm SRF - synchronous reference frame
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DC/DC Converters Control Circuit

Ilabe AV*dc  Vsabe

Fig. 1. Description of system

3. SAPF and DC/DC converters topologies and
control strategies. As said previously, the SAPF is based
on a NPC 3-level voltage inverter and the DC bus feeding
the SAPF with DC voltage. The DC bus is based on an
association of a FC, a battery and DC/DC boost and buck
converters. Topologies and control strategies of the SAPF
and the DC/DC converters are presented in this section.

3.1. SAPF. Figure 2 illustrates the power circuit of
the SAPF constituted of a DC voltage bus, a NPC 3-level
voltage inverter and an output RLC filter. The control
strategy of the SAPF is shows in Fig. 3. It uses the
synchronous reference frame (SRF) to detect the
reference harmonic current Iﬁ}, PI correctors to regulate
the input DC voltage V. and the output AC current /; and
a phase-shifted carrier-based modulator for gating signals
generation. The PI correctors coefficients of the voltage

regulator (K,yc, Kivac) and the current regulator (K, Kiy)
are designed using Bode method. Their expressions are
extracted by the help of (1) to (8) [10] starting from the
open loop transfer functions (OLTF) of the DC voltage
OLTF,(p) and the AC current OLTF(p).

3.2. V. regulator
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where . is the cutting frequency in the DC state
generally chosen inferior to the fundamental frequency;
#1(w.) is the angle belonging to the phase margin, and w,,
w are the particular frequencies of the Bode diagram.
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Fig. 2. SAPF topology

abe %
— I*fabe Current Modulator | Phase-Shifted Gating
Visabe SRF Carrier-based | . &
—] regulator : Signals,

PWM

AV*de

Voltage
regulator

Vie2

Carrier 1 Carrier 2
triangular positive triangular negative

V*d
Vet ¢

Fig. 3. SAPF control strategy

3.3. Iy regulator

K,
OLTF, (p)=|14-71rg| [ b 2. (6)
/ Kir, Ky,
where
204, L,
b=t (M)

*
Va’c
where A4, is the amplitude of the triangular carrier.

In the case of the PI regulation of the AC output
current /, and in order to reduce the dragging error

between /rand its reference /;, the passing-band of the PI
regulator should be inferior to the cutting frequency f..
Practically, . is taken 0.5z-f. [11].

34. DC/DC converters. Figure 4 exhibits the
topology of DC/DC converters. The FC DC/DC converter
is unidirectional and operates in boost mode, whereas that
of the battery is bidirectional and operates in boost and
buck modes [9]. The power circuits in both operating
modes are based on the average model allowing
controlling the input voltage V; and the output current /7,

using regulated duty cycles a*,,m,, a*bm,k and the

efficiencies #p0051 Mpuck Obtained from a 2-D look-up table
which data is provided by the manufacturer BRUSA [12]

* *
Vi =(1=poost) Vo (3
* *
I, =Npoost 1- aboost) Ay )
where V;, I; are the voltage and current at the low voltage

side; V,, 1, are the voltage and current at the high voltage
side.

L. Switch Model

+

—>

S
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a
L
+
| To
C_l_ Vo
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b

Fig. 4. DC/DC power circuit:
a — Boost mode; b — Buck mode

I*o=00* Buck*Ii/T|Buck

Figure 5 summarizes the principle of the control
circuit with voltage and current regulators of FC and
battery in boost mode (Fig. 5,a,b) and battery in buck

mode (Fig. 5,c). One can deduce that a*bm,,‘., is regulated
starting from V*dc while a*bm,k can be regulated from

V* ibatt-

Vo
* e
v d“,é_; Voltage
regulator]
Ve Vo
e’y —m\--»é-o Voltage
regulator]
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1BattBoost
>

Current

Véiatt vi limiter
n - Current Efficiency|
.0 V(’)ltage regulator b Map mmBnck
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Fig. 5. DC/DC control circuit:
a — fuel-cell; b — Battery in Boost mode;
¢ — Battery in Buck mode

Dimensioning of voltage and current regulators.
The inductor L voltage and capacitor C current can be
expressed as:

dl. *
L_lei — (1= Upoost) Vs

7 (10)

an

CTtoznboost(l_aboost)'Ii _[0'
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This gives the inductor current and capacitor voltage
in Laplace domain as:

Vi _(l_aboost)'Vo .

1:(s)= ; 12
() e (12)
l—apyp) 1 —1
VO(S) — nboost( aboost) i o : (13)
C-s
V*
ﬂboost[VlO]']i _10
=V (s)= . 14
5(5) = (14)

Then, the open loop transfer functions are given by:

Kpps+K
OLTFI(s):$'LL.S; (15)

Kpys+K
OLTE, (s) = Xersthw 1
S

s (16)
where the proportional gains Kp;, Kpy and integral gains
Kj;, Ky are determined knowing the regulator response
times as [13]:

Kpy =26wy LK = o3y L; (17)
KPV = Zé/CONVC, K[V = a)]z\[VC, (18)
where
—ln(0.0S 1—42)
ngI = 5 (19)
Trr
—ln(0.0S 1—§2j
Try

where wy;, wyy are the current and voltage controller
bandwidth respectively; { is the damping coefficient;
Tri, Try are the current and voltage controller response
times respectively. Tx; is chosen to be one tenth of Txy-

Similar to the model of the DC/DC boost converter,
the DC/DC buck converter is shown in Fig. 4,b

* #*
Vo = puck Vi s (21)
« 1
10 _ i Zbuck ) (22)
Abuck

From the average model, the inductor L current and
capacitor C voltage can be expressed in Laplace domain
as:

* *
— abuckVi _VO .

1,(s) - . (23)
V.
]o _nbuck[V;J'Ii
Vo(s)= Cos - (24)

Similar to the DC/DC boost converter control. The
PI controllers gains of the buck converter control circuit
are also determined using (15)—(20).

4. Study of the energy efficiency. In this section,
the study aims to extract the relative power losses X and
the efficiency # depending on the load factor K; and the
load power factor Pr [6, 7]. Since the power losses are
mainly caused by the dispersed power in the wires

resistances in the source, then in the following equations
development only the source resistance R, will be
considered.

The load factor is defined as the ratio between the
short-circuit power P, and the load power P;:

K =R/P; (25)
where P, is the maximum power that can be provided to
the disturbing load without reaction of the protecting
equipment (fuses and circuit-breakers). Its expression is
given by:

T
p =L j el (OR e, (t)d; 26)
0 s s Cs >

T 0
where e, is the vector of the instantaneous values of the
source voltage:

€., (1)
es(t) = esb(t) 5
5 (0)
where R, is the matrix of resistance losses in the cables of
the power system:

@7

R, 0 0
Ro=| 0 R, 0| (28)
0 0 R

where P, is the load power formulated by:

T
Lo
R L QUIGTE (29)
0
where V,, I, are the respective vectors of instantaneous
values of common coupling point voltage and load
current:

Vsa(t) Ila(t)
Vi@ =V ()|, 1) =|11p(0) |; (30)
Ve (8) 1;.(2)

where P is conventionally defined as the ratio between P,
and the apparent power S given by [6]:

T T
N L O oD T )
=17 £ vIORTV, (1t { ITOR I (Hdt;  (31)

where I; is the vector of instantancous values of the
source current:

IS[l (t)
I (t)=| I (1) |
ISC (t)
The power losses AP are the difference between the

source power P; given by:
T

(32)

1
P =— [ e, (0dr; (33)
T
0
and P;:
AP =P~ F; (34)
on the other hand AP can be expressed by:
15 52
AP=— j 1T ORI, (Hdt = . (35)
1 _
0 7 [V ORI @)di

0
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T
The term %IVST R, le (t)dt corresponds to the
0

useful power at the common coupling point P,
(T
T p-l
Ri=w { VL OR;V, (0)dt =

T

=F = %J‘[es(t)_Rs[s(t)]Rs_l[es (t)_Rs[s(t)]dt =

0

T T
1 . 1 .
- £ el ()R e, (t)dt - (j) ITORR e, (Hdt -

T T
—% j el (OR;'R,I, (t)dt+%j1§ (O)R,R'R I (1)dt = (36)
0 0

1 T 1 1 T
=7 £ ef (R ey ()t —— i 1L (e, (t)dt -

1 £ -
= { ef OOt +— { ] (ORI (1)t =

=Fy~P,~P,+AP=Fy~PF,~ P, +P, - F;
=P, =F-P,-P.

The efficiency # is the ratio between the load power

and the source power:

g BB 1
P, B+AP | AP’
B
From Pr=P/S, one can conclude that:
_s?__ B
P, PE+P,
p— 1 .
77_ })l s

1+ 3
Pr(By—F - F)

2 2 2
= nPp By —nPr Py —nPr Py + 1k —
—PEPy+ P3P, + PAP =0,

2 By 2 b 2
= nPE Y PR ZS _pp? 4 -
77FPI 77FPI nrg +n

2R 2B 2
—-Pr—+P;—+P;=0;
FPI FPI F

N 772(1 +(PA(K; —1)))— PAK n+PE=0.

The determinant of (42) is given by:
A:(K% —4K; +4)PF —4P? > 0;

2
K
A>0:>—L—KL+1—%>O
4 Pr;
=K >2+i;
Pr

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

PrKj ++/(K; -2)* P2 -4
_PrKy (K -2)"Pp . 5)

2(131+PF(KL —1))

=17

F

On the other hand and using the relative power
losses X (X=4P/P)) in the efficiency formula:
1
=>X=—-1 (406)
1+X n
5. Simulation results discussion. In this section
simulation works about the previous study are presented.
They were carried out using MATLAB/Simulink software
and considering the parameters reported in Table 1.

]7:

Table 1
Simulation parameters
Parameter Value
Pﬁ?nnms Pbatmax 24 kW, 21 kW

1.6452 kW, 13.348 kW
3162 W, 80.1%
Vitimax =400 V, f=50 Hz
Tamax = 60.01 A
R,=0.5414Q, L,=17mH
R/=84Q, L;=50mH

P fclows P fchigh
Pfcidlw initial SOC

AC supply voltage,

Maximum source current

Supply impedance

Rectifier load
Output filter impedance | R,=2.063 Q, L;= 1 mH, C;= 30 pF

R,=042Q, L,=41.563 mH
Viemae = 1694 V, C,.=617.18 iF,

Upstream impedance

DC-bus Re=60Q, L, =0.5mH
PI voltage fevae=20Hz, ¢.py.=89.9°
PI current ](d/: 10 kHZ, ¢(,1f= 89.9°

Figure 6 present the imposed values of the state-of-
charge SOC (Fig. 6,a) and the regulated duty cycles o FCBoosis

% k .
O. BattBoost and a BattBuck (F 1g. 6)b)

100

-
T

e
o

Duty cycle

o

o
)
IS
)
=
)
®
-
°
-
N
-
S

Fig. 6. a —the imposed state-of-charge (SOC);
b — regulated duty cycles of DC/DC FC and battery converters

The imposed SOCs were chosen to meet the energy
management algorithm cases [9]; their values vary between
35 % to 85 %. Accordingly, the regulated duty cycles of
the boost mode of the DC/DC converters vary between
0.41 and 0.9 for the FC converter and between 0.58 and
0.88 for the battery converter. In the case of the battery
buck mode, the duty cycle varies between 0 and 0.4.
Since the battery begins alone to feed the DC bus until the
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FC enters in operation, a guupoos; 1S SUPETIOT tO O FcBoost-
Then, the two duty cycles become superimposed in their
evolution once the FC is operational. For the case of

ot BanBucks ONE can observe that it is null all the time except
when the battery is in the charging mode (case of
P jcidle<P dem<P felow and SOC<80 %) and P, dem>P felow and

SOC<80 % [9]). The value of a*Bm,Buck is low because of
the low percentage of the battery discharge.

Now, which concerns the different considered
powers (Pyems Pres Prar), the results are displayed in Fig. 7.
The results are presented into two shutters. The first one
deals with the obtained powers before regulating the duty
cycles (Fig. 7,a) while the second one shows the powers
after activating the duty cycle regulation loops (Fig. 7,b).
It is obvious that there are some differences, especially for
P, and P, from their respective reference values
obtained from the energy management algorithm [9],
before regulating the DC/DC converters duty cycles
(Fig. 7,a). However, the differences disappear when the
duty cycles are regulated (Fig. 7,b).

Pdem Pdom

P :
x10° %10% dom

N
h
3

1 |¢
]

PW)
~
P(W)

~
]
i
S+ ST
-
r
!

PW]
o a

PW)
o RV,

0 2 4 6458 10 12 14 O C 4 S gm® W 2
a b
Fig. 7. Reference and measured powers of the demand,
the FC and the battery.

a — before duty cycles regulation; b — after duty cycles regulation

Figure 8 depicts the input/output currents and
voltages, with their respective references, of the DC/DC
converters. Figure 8,a shows the FC input reference

current / ., the FC input measured /; and the measured
output current /.. Notably, /. is perfectly following its

reference / ;.. Which concerns I, it is all time inferior to
Iy, because of the boost mode of the FC DC/DC
converter. The same observation can be pointed-out for
Fig. 8,b concerning the battery currents in the boost mode
of its converter. Figure 8,c shows the battery currents
when its converter is in the buck mode where low values
are noted compared to the boost mode values. Figure 8,d
presents the demand current measured 1, in the DC bus
which is the sum of /,. and I, Similar remarks can be
given for the different input/output voltages (Fig. 8,¢ to
Fig. 8,g), only this time, output voltages are superior to
input voltages in the boost mode (Fig. 8,e and Fig. 8.,f)
and vice-versa in the buck mode (Fig. 8,g). Finally,
Fig. 8,h portrays the demand voltage superimposed to its
reference. Different reference voltage levels were

imposed in order to meet the energy management
algorithm cases [9].
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Fig. 8. Input and output measured and reference currents and
voltages of DC/DC converters:
a —DC/DC FC boost converter currents;
b —DC/DC battery boost converter currents;
¢ — DC/DC battery buck converter currents;
d — the demand current;
e — DC/DC FC boost converter voltages;
f—DC/DC battery boost converter voltages;
g — DC/DC battery buck converter voltages;
h — the demand voltage

Figure 9 concerns the filtering instantaneous results
in the AC feeder of Fig. 1 after inserting the SAPF.
The displayed curves are related to the 3-phase current
absorbed by nonlinear load (Fig. 9,a), the AC source
3-phase current (Fig. 9,b) and the 3-phase point of
common coupling (PCC) voltage (Fig. 9,c). It is noted
that the load current is hardly distorted while the source
current and voltage are near-sinusoidal waves.

9.01 9.02 9.03 9.04 05 9.06 9.07 9.08 9.09 9.

A

100

1(A)
o

-1 00

t(s)

9 9.01 9.02 9.03 9.04 9.05 9.06 9.07 9.08 9.09 9.1

VPCC, mee VPCC oo VPCC

901 902 90

s )9 05 9. 06 9. 07 9. 08 9. 09 9.1

c

Fig. 9. Results after inserting the SAPF:
— load current; b — source current; ¢ — PCC voltage

The harmonic spectrums shown in Fig. 10 provide
frequency analysis before and after inserting the

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 5 35



regulation loops of the DC/DC converters duty cycles.
The total harmonic distortion (THD) of the load current is
around 25 % (Fig. 10,a), the THD of the source current
before regulating the duty cycles is 2.38 % (Fig. 10,b) and
the source voltage THD is 3.03 % (Fig. 10,c). After
inserting the duty cycles regulation loops the source
current and voltage THDs % decrease respectively to
2.08 % (Fig. 10,d) and 2.92 % (Fig. 10,e) which means an
improvement in the filtering quality when activating the
regulation of the DC/DC converters duty cycles.

I"a =56.57A, THD"az 25.35%
20F T T T =

ol \| I . | L. 1

0 5 10 15 20 25

|51 a= 57.31A, THDIsa= 2.38% lg1,=58.6A, THD,_ =2.08%

o

Mag(% to fundamental)
&
&

5 10 (b) 15 20 2!

0 5 10(d) 15 20 25

VPCC,, =290.3V, THD, ;0. = 3.03% VPCC,_ = 289.6V, THD =2.92%

VPCCa

1 05

° LiL 0 “LJ..uI.

20 25 0

10 15 5 10 15 20 25
Harmonic order Harmonic order
© ©
Fig. 10. Harmonic spectrum of: @ — load current.
Before duty cycles regulation:
b — source current; ¢ — PCC voltage.
After duty cycles regulation:

d — source current; e — PCC voltage

In Fig. 11 the results concerning the SAPF are
presented.

1(A)
2808
%

-2
40 I I I I I I 1 L L 1
9 9.002  9.004  9.006  9.008 9.01 9012 9014 9016  9.018 9.02
t(s)
a
10 s S
_ ittt '% il i ko
2 oA
o A (it it il
10 . I I . . . I . .
9 9.002  9.004  9.006  9.008 2.01 9012 9014 9016 9018 9.02
t(s)
—_—
860 vdc1 - - vu:z
SesoF === ~em
B ' e A T €S o ,.\:_:-__—"'""‘-"‘
SRR SR
340 I | | L | | . | n
9 9.002  9.004  9.006  9.008 9.01 9012 9014 9016  9.018 9.0:
t(s)
C
2000 T T T i Vi Vi Vel T T T
= ! | ;
s
z "
|
2000 I | 1 | I I | | |
9 9.002  9.004  9.006  9.008 2.01 9012 9014 9016 9018 9.0
t(s)

Fig. 11. A zoom in for V*dﬁ. =1694 V:
a — the APF current I, with its reference;
b — modulator with carriers;
¢ — DC-bus voltage levels;

d — output filter voltage

Figure 11,a shows the current of the SAPF with
perfect agreement with its reference. Figure 11,b

illustrates the modulating signal (I*f — Iy varying inside
its carrier signal which means a satisfying operation of the
considered pulse-width modulation (PWM) strategy.
In Fig. 11,c the regulated two voltages of the DC bus V,
and V., are presented. One can observe that they evolve

in an opposite manner around V*dc/2 (the case of

V*dc =1694 V is considered). Finally, the output voltages
of the SAPF are shown in Fig. 11,d where 3-levels can be

read: =2V /3 (1126 V), =V ,/2 (845 V), and =V /3
(565 V) which demonstrates a good behavior of the
3-level SAPF.

Figure 12 concerns the power quality
characterization using the instantaneous THDs of the
source current and voltage (Fig. 12,a), the source current
unbalance rate (CUR) (Fig. 12,b) and both power factors
of the source and load (Fig. 12,c). During a transient
state of 4 s, the THDs are exceeding the standardization
limits (5 %). After that, they remain below the limit. The
CUR is all time low, and the source power factor is
near-unity.

0.1 T

PR RCRRCIR
" M,

RN

Fig. 12. Curves: a — total harmonic distortion THD;
b — current unbalance rate (CUR);
¢ — power factor

Figure 13 presents the obtained result from the
energy efficiency study of the system of Fig. 1.

Figure 13,a depicts the short-circuit power P, that
increases linearly from 0 and stabilizes at 293 kW after
0.02 s. Figure 13,b shows the load power P, which
stabilizes at 23.31 kW. Figure 13,c illustrates the ratio
between P, and P, describing a decreasing curve that
stabilizes at 12.36 while the power factor Py of Fig. 13,d
is an increasing curve that trends towards 0.96 (near-unity
value). In Fig. 13,e one can observe that (44)
(K >2+(2/Pp)) is satisfied all-time.
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Fig. 13. The instantaneous: a — short-circuit power;
b —load power; ¢ — load factor; d — load power factor;
e — K; and 2+(2/Py)

Figure 14 concerns the results about the relative
power losses X and the efficiency 7. As shown in
Fig. 14,a presenting X vs. P for different values of K,
the relative power losses X decrease when both Py and K,
increase. The same observation can be pointed-out for X
vs. K; for different values of P (Fig. 14,b). Now, for the
efficiency #, one can observe that it increases when Pr
and K increase as portrayed in Fig. 14,c (5 vs. Pr for
different values of K;) and Fig. 14,d (n vs. K, for different
values of Py).

1

Conclusions.

In this paper, the focus was on studying the energy
efficiency of a system based on a 3-level shunt active
filter powered by a hybrid FC/battery DC bus. The first
part of the presented and discussed works concerned the
duty cycles regulation of the DC/DC converters
controlling the powers of the FC, the battery and the
demand together with an energy management algorithm.
When comparing the obtained powers before and after
regulation of the duty cycles, it was obvious that better
following of these powers to their references (obtained
from the energy management algorithm) is reached for a
regulated duty cycle. The second part of the works
concerned the energy efficiency study tacking into-
account the short circuit power, the load power; the ratio
between them noted the load factor and the load power
factor. The studies were established on the relative power
losses and the efficiency. The theoretical equations and
simulation results demonstrate that more the load factor
and the load power factor are increasing, more the power
losses decrease and the efficiency increases. Future works
are based on developing an optimization algorithm that
improves the whole system behavior.
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A.A. Mohamad Yusoff, K.A. Ahmad, S.N. Sulaiman, Z. Hussain, N. Abdullah

AIR CAVITY-BASED VIBRATIONAL PIEZOELECTRIC ENERGY HARVESTERS

Introduction. Known vibrational energy harvesting methods use a source of vibration to harvest electric energy. Piezoelectric
material works as a sensing element converted mechanical energy (vibration) to electrical energy (electric field). The existing
piezoelectric energy harvesting (PEHs) devices have low sensitivity, low energy conversion, and low bandwidth. The novelty of the
proposed work consists of the design of PEH’s structure. Air cavity was implemented in the design where it is located under the
sensing membrane to improve sensitivity. Another novelty is also consisting in the design structure where the flexural membrane was
located at the top of electrodes. The third novelty is a new design structure of printed circuit board (PCB). The purpose of
improvised design is to increase the stress in between the edges of PEH and increase energy conversion. With the new structure of
PCB, it will work as a substrate that absorbs surrounding vibration energy and transfers it to sensing element. Methods. Three
techniques were successfully designed in PEH and fabricated namely PEH A, PEH B, and PEH C were characterized by two
experiments: load and vibration. The load experiment measured load pressure towards the PEH, whereas the vibration experiment
measured stress towards the PEH. Results. PEH C has the highest induced voltage for a weight of 5.2 kg at the frequency of 50 Hz
and the highest stored voltage for a period of 4 min. The three techniques applied in PEHs were showed improvement in transducer
sensitivity and energy conversion. Practical value. A piezoelectric acoustic generator was used in the experiment to compare the
performance of the designed PEH with available piezoelectric transducers in the market. The new flexible membrane worked as a
sensing element was worked as a cantilever beam. PVDF was used as a sensing element due to the flexibility of the polymer material,
which is expected to improve sensitivity and operating bandwidth. References 21, tables 6, figures 19.

Key words: piezoelectric energy harvester, air cavity, flexural membrane.

Bcmyn. Bioomi memoou 360py eibpayiiinoi enepeii guxopucmogyloms Odcepeno 6ibpayii ona 360py enrekmpuunoi enepeii.
IT’e30enekmpuynuil mamepian npayloe AK 4YMiuUll enemenm, nepemeopioloyu Mexaniuny ewepeilo (8ibpayiio) 6 erekmpuumny
enepeito (enekmpuune noae). Icnyioui npucmpoi 360py n’eszoenexmpuunoi enepeii (3I1E) marome HU3bKY uymaugicme, HU3bke
nepemeopenns enepeii i many cmyey nponyckaunsa. Hoeusna sanpononosanoi pobomu nonszae 6 npoexmyeanni koncmpyxyii 3[1E. ¥V
KOHCMPYKYIi peanizoeana nogimpana nopodlcHuna, AKa po3mauio8ana nio 4ymaueoi memobpanoio ona nioguwenns wymausocmi. Lje
00UH eneMenm HOBU3HU NONA2AE 8 KOHCMPYKYIi, 8 AKIll gueuHuCma Memopana po3mauiosana y 6epxuit yacmuni eiekmpoois. Tpems
HOBU3HA - Ye HOBA KOHCMPYKYia Opykoeanoi niamu. Mema 3anponoHosanoi KOHCMpyKyii - 30iibuumu Mexaniuny Hanpyay Mixc
kpasmu 3IIE i nidsuwumu nepemsopenns emepeii. 3asosaku Hogiti KoHcmpykyii Opykoeanoi niamu 6ona Oyde npaylosamu 5K
nioKnaoKa, sika NO2IUHAE HABKOIUWIHIO eHepzito ibpayii i nepedac ii na uymausui enemenm. Memoou. Tpu memoou Oynu ycniuno
suxopucmani ons npoexmysannsi 3IIE, i 6ionogiono nazeawni eucomoeneni 3IIE A, 3[IE b i 3I[IE B 6ymu onucani 0éoma
eKCnepUMEeHMANbHUMY XaPAKMePUCMUKAMU. HA6aumaicents i 6ibpayis. B excnepumenmi 3 HABAHMANCEHHAM SUMIPIOBABC MUCK
nasanmaxcenns na 311E, 6 moui uac Ak 6 excnepumenmi 3 gibpayicio sumiproganaca mexaniuna nanpyea na 3I1E. Pesynomamu. 311E
B mac naiisuwyy inoyxosany nanpyey ons eazu 5,2 ke npu wacmomi 50 Iy i naiisuwy 36epeosiceny nanpyzy npomsazom 4 xeunun. Tpu
Memoou, wo 3acmocogyromscsa 0as 3I1E, noxasanu noainwenns wymaueocmi nepemeopiosaya i nepemgopenns enepeii. Ilpakmuuna
yinnicmey. B excnepumenmi 6uxopucmogysagcs h’€30eieKmpudHuil aKyCcmudHull 2eHepamop 01 NOPIGHAHHA XApaKmepucmux
pospobnenoco 3IIE 3 docmynuumu Ha punKy n’€3oerekmpuunumu nepemeopiogavamu. Hoea emyuxa membpana npayrosana sk
YYMAUBULl enemMerm, wo npedcmagisng cobolo KOHCoabHy baika. B saxocmi yymaueozo enemenma 6uKopucmos8y8ascs nonisininioen
@dmopuo 3a60aKu SHYUKOCMI NONIMEPHO20 MAMeEPIany, AKUl, AK O4IKYEMbCA, NOMNUUMb YYMAUGICIb | pOOOUY cMyey NPONYCKAHHSL.
Bi6mn. 21, Tabmn. 6, puc. 19.

Kniouosi cnosa: 30Mpad 1’€30eJIeKTPUYHOI eHeprii, MOBITPsiIHA MIOPOKHUHA, BATHHHCTA MeMOpaHa.

Introduction. Energy harvesting is a process to
collect and store energy from energy sources, such as
wind [1], solar [2], thermal [3], vibration [4], and
biomechanical [5] sources. The facilities for harvesting
wind, solar, and thermal energy are designed in huge sizes
and generate high energy, whereas the components for
harvesting vibration and biomechanical energy are
designed in small sizes and sometimes generate energy in
microvolts only. Vibration is an energy source that can be
harvest at any place. Among the examples are vibration
energy created by bridges [6], machines [7, 8],
compressors [9], airport walkways [10] and railway tracks
[11]. These vibrational energy sources are wasted if not
harvested. Two methods that can harvest vibration energy
are electromagnetic energy harvesters (EEHs) [9, 10] and
piezoelectric energy harvesters (PEHs) [10, 11]. The basic
components of an EEH consist of a spring, a coil, and a
permanent magnet.

A vibrational force is applied to the spring to make it
swing and the permanent magnet moves through the coil.
An induced voltage is generated by the coil during the

movement of the permanent magnet through the coil [12].
Some design has used a ring to replace the spring to make
the permanent magnet move freely [13]. However, these
designs suffer from the limitation of ageing, such as a
spring loses its stiffness with time and a permanent
magnet also loses its magnetization with time. Hence,
PEHs are used to solve these problems [14]. A PEH
consists of a piezoelectric material, a cantilever beam, and
a proof mass. The piezoelectric material is a sensing
element to convert mechanical energy to electrical energy.
It was attached together with cantilever beam which is
worked as a swinging component. Proof mass was placed
at the end of the cantilever worked as a load that makes
the cantilever beam swing after a vibration force is acted
to the cantilever. When the cantilever beam swings, it
causes stress inside the sensing material; subsequently, an
induced voltage is generated.

PEH consists of the cantilever beam and the proof
mass was free at the end and mounted beneath its base,
which is known as base-mounted piezoelectric (BMP)
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harvesters. A BMP harvester with a 0.267 mm thick layer of
PZT5H was attached to a polymer beam (1.6 mm X 4.9 mm
x 20.0 mm) and a steel tip mass. The peak voltages
increased to 6.20, 15.1, 29.2, and 54.3 V with resonant
frequencies of 45 Hz at 0.25 g to 44 Hz at 1 g. Shorter
beams were preferred in the design to improve
electromechanical coupling and generate more induced
voltage [15]. A cantilever beam consisted of a sensing
element called piezoelectric bimorph and an electrode
called copper with the dimension of 79 mm x 1.55 mm
(length x thickness) and attached to the proof mass with
the dimension of 20 mm X 4 mm (length x thickness).
This device generated an induced voltage of 37 V and
output power at 145 Hz. It was installed under a smart
road system [16]. For a low mechanical damping ratio, a
vacuum package energy harvester (VPH) was designed to
cater the problem of 50 % power drop, corresponding to
2 % deviation of frequency. The VPH was similar to the
design previously which was consisted of a piezoelectric
bimorph with the dimension of 28.6 x 12.7 x 0.508 mm’
and stiffness of K = 760 N/m. The VPH generated output
power of 90.3 uW at the frequency of 50 Hz [17].

A multi-degree of freedom vibration system has
been added in the design of PEHs to improve the
wideband performance. This design offers high power
density and increases the generated induced voltage.
Three proof masses were located at the centre, top left,
and bottom right. Then, the cantilevers were attached to
the mass centre, top left mass, and bottom right mass. The
bandwidths were increased to 5.3, 9.8, 14, and 16 Hz
for the acceleration of 0.2, 0.5, 0.7, and 1 m/s%
respectively. The average power harvested by the PEHs
were 0.34-2.80 uW [18]. Two parallel beam structures
were designed to improve the operating bandwidth of
PEH. Each beam consisted of a top electrode and a
bottom electrode, then a zinc oxide (ZnO) was a sensing
element with a thickness of 2.73 um sandwiched between
the electrodes. This PEH generated an induced voltage of
18 V at the frequency of 142 Hz with a bandwidth of
15 Hz [19]. A cantilever beam was sandwiched with two
sensing element and one end of the cantilever beam was
installed with a tip mass, whereas the other end was
nailed to the wall. The PEHs generated an average power
of 25 uW at the frequency range of 33-35 Hz [20]. This
type of design can be applied for slow swinging
movement.

The goal of the paper is to design a new flexible
membrane worked as sensing element called piezoelectric
polymers, polyvinylidene fluoride (PVDF) were attached
together with a printed circuit board (PCB) and it was
worked as a cantilever beam. PVDF was used as a sensing
element due to the flexibility of the polymer material,
which is expected to improve sensitivity and operating
bandwidth. A PEH with good sensitivity can generate a
high induced voltage. A new technique of substrate, PCB
was used to absorb impact of surrounding vibration and
transfer it to flexible sensing element which to improve
sensitivity and bandwidth.

Subject of investigations. The PEH design focused
on the design of the electrode circuit. Figure 1 shows the
interdigitated electrode (IDE) circuit designed on a PCB.
The IDE circuit consists of the IDE finger, the IDE path,

and a terminal pad. The IDE finger used generated an
induced voltage together with the sensing element, PVDF.
Then, the IDE path lays the current to the terminal pad.

Finger IDE
W circuit

Finger }

widith.

e

\

Copper, Cu

I Fr4
Finger

gap,
14

T

a

Fig. 1. IDE design circuit on a PCB: (a) schematic diagram
and (b) digital microscope image of the IDE circuit on a PCB

Three different electrode finger widths were
fabricated and the width of electrode fingers were 0.5, 1,
and 2 mm. The gap between the electrode fingers for all
designs was fixed to 0.5 mm and the number of electrode
finger pairs was 4. Three fabricated designs were namely
PEH A, PEH B, and PEH C. They are shown in Table 1.

Table 1
Parameters of the IDE circuit for PEH A, PEH B, and PEH C

PEH design Finger width, | Finger gap, Area of PVDF, mm?
W,, mm W,, mm
A 0.5 142.5
B 1 0.5 218.5
C 2 370.5

The IDE design constructed using Proteus software
is shown in Fig. 2.

Fig. 2. IDE circuit design constructed using Proteus

D;3; mode piezoelectric energy harvester. The new
design structure of PEH using the method of ds; mode
piezoelectric material was implemented in the design. The
first number of d3; mode indicates the voltage generated
at z-axis and the second number indicates the force
applied to the piezoelectric material that causes stress
inside the piezoelectric material. A new design structure
applied in PEH was the flexible sensing element placed at
the top IDE electrode. The substrate of PEH was PCB
used to absorb surrounding vibration energy and transfer
to flexible sensing element, thus the sensing element got
stress and converted to electric field. Ds;; component
inside sensing element was converted two times energy
compared to d3; mode.

Two new techniques approach, (1) flexible sensing
element on top of electrode, and (2) substrate made of
PCB were improved energy conversion and sensitivity.
The operation of d;; mode piezoelectric material on the
PEH is shown in Fig. 3.
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Fig. 3. D33 mode piezoelectric energy harvester:
(a) schematic diagram and (b) cross-sectional digital microscope
image of the PEH

The operation of d3; mode polarization is that when
stress occurs between the electrodes in three directions,
polarization is also created between the electrodes in three
directions. The electron ¢ moves from low potential
(negative terminal) to high potential (positive terminal)
and the movement of electrons induces voltage, as shown
in Fig. 3,a. Figure 3,b illustrates the cross-section of the
PEH, where the top of the PEH is a single tape, followed
by PVDF, a row of copper and air space, and lastly the
FR4. The new design structure of backing layer called air
cavity was placed under sensing element and in between
of finger electrodes. When the cantilever beam moves up
and down, more stress occurs at the sensing element at
cavity side and generated more induced voltage, as
illustrated in Fig. 4.

Stress occurred inside
PVDF when cantilever
beam move up and down

Stress occurred inside
PVDF when cantilever
beam move up and down

Cavity
Fig. 4. Schematic diagram of stress occurring inside PVDF
during the movement of the cantilever beam

Development of readout circuitry. The induced
AC voltage accumulates at the terminal of PEH, and then
the readout circuitry is rectified, filtered, and stored the
DC voltage in a capacitor. Figure 5 shows the schematic
diagram of the parallel synchronized switching harvesting
inductor circuit (SSHI) readout circuit introduced by [21],
which consisted of the PEH, a switch (S), an inductor (L)
of 22 uH, bridge diodes (D1 — D4) of Schottky type, a
capacitor (C) of 12 nF, and resistor of 600 kQ.
The maximum working voltage for the capacitor is 35 V.
A multimeter was used to measure the output DC voltage
at V(¢). Diodes D1 to D4 worked as full-wave rectifiers to
rectify all AC to DC.

O

v

Ve(t)

PEH

Fig. 5. Schematic diagram of a parallel SSHI readout circuit
for energy harvesting

Fabrication. The overview of the fabrication
process is shown in Fig. 6.

Fabricate
IDE circuit
on PCB

i

Attached
sensing element,
PVDF
on |IDEcircuit

i |

Used tape to bind
sensing element
and PCB

Fig. 6. Flowchart of the fabrication process

The steps presented in Fig. 6 were the flow of PEH
fabrication. First, the IDE circuit was fabricated on a
PCB, as shown in Fig. 7. Next, a PCB was cleaned using
a brushing machine. The final step of the fabrication
process was attaching PVDF on top of the fabricated IDE
circuit using 3M single tape. The terminal pad was
soldered with two wires and the completed fabricated
PEH is shown in Fig 8.

Fig. 7. Fabricated IDE circuits

Fig. 8. Fabricated piezoelectric energy harvesters

Experimental setup. The PEH was characterized
using load and vibration experiments. The load
experiment measured load pressure towards the PEH,
whereas the vibration experiment measured stress towards
the PEH. A piezoelectric acoustic generator was used in
the experiment to compare the performance of the
designed PEH with available piezoelectric transducers in
the market. The parameters of the piezoelectric acoustic
generator are listed in Table 2.

Table 2
Diameter and area of the piezoelectric acoustic generator
Parameter Value
Diameter of piezo ceramic, mm 20
Area of piezo ceramic, mm? 314.16
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Figure 9 presents the piezoelectric acoustic generator.
The diameter of the piezoelectric ceramic was 20 mm,
which was sandwiched between two copper layers.

Fig. 9. Illustration of a piezoelectric acoustic generator:
(a) schematic diagram and (b) camera image

Load experiment. The experiment was carried out
by obtaining the output from different mass ranges of
200 g to 5.2 kg with a step of 1 kg placed on top of the
PEH. The study investigated the induced voltage for
different weights and designs of PEHs. The equation for
pressure P in load experiment is:

P=flA, @)
where f is the gravitational force; and A4 is the area of
PVDF surface.

The equation of gravitational force is:

f=mg, 2

where m is the mass; g is the gravity acceleration (9.81 m/s?).

Six different weights were used: 200 g, 1.2 kg, 2.2 kg,
3.2 kg, 4.2 kg, and 5.2 kg. The load experiment is shown
in Fig. 10. Figure 10,a shows the schematic diagram of
the load experiment setup; Fig. 10,b shows the use of 200 g
and 1 kg loads. Meanwhile, Fig. 10,c shows the DC
voltage measurement setup using a digital multimeter and
an energy harvester circuit.

Mass
Tve gnd Multimeter
Energy
Are:orce harvester \
R B cireut o'——
/ +ve gnd +ve gnd O gnd +ve

4

Fig. 10. Load experiment setup: (¢) schematic diagram; (b) 200 g
and 1 kg loads; (c) DC voltage measurement setup at the output
of the energy harvester circuit using a digital multimeter

For load experiment, the loads were placed on the
PEH and the output of the PEH was rectified and stored in
a capacitor using an energy harvester circuit. The output
of the energy harvester circuit was measured using a
digital multimeter. For every measurement of load, three
readings were recorded and the average reading for each
load was recorded in a table.

Vibration experiment. The experiment was carried
out by placing the PEH on a vibration machine. This
experiment investigated the induced voltage generated by
the PEH during vibration. A sieve shaker was used as a
vibrator machine at 50 Hz and the AC voltage of the PEH
output was measured using an oscilloscope. The vibration
experiment setup is presented in Fig. 11.

PEH
+ve gnd
O O 8 —1— Oscilloscope
/ +ve gnd
Sieve
shaker

Fig. 11. Vibration experiment setup: (a) schematic diagram and
(b) digital image of vibration experiment setup

Three different designs of PEHs were investigated in
this experiment. A sieve shaker was set at 4 min of
vibration and the generated AC output voltage of the PEH
was recorded every minute. Two parts of measurement
were conducted in this experiment, namely the
measurement of the generated voltage versus input
frequency and the measurement of the generated voltage
for a period of time. The input frequency was set to 50 Hz
because almost all vibration equipment in Malaysia used
50 Hz as an input of the machine.

Results and discussion. This section is divided into
two parts, which are induced DC output voltage from load
experiment and induced AC output voltage from vibration
experiment. Both parts are discussed in terms of the
performance of output voltage produced by the PEH.

DC output voltage from load experiment. The DC
output voltage for all PEH designs (PEH A, PEH B, and
PEH C) with different mass ranges of 0.2 g to 5.2 kg was
measured and the mean values of the recorded voltage are
shown in Table 3, 4, 5, respectively. Each table presents the
weight, mean output voltage, and standard error for the
particular design. The mean output voltage was calculated
from three readings of the same weight measurement and
divided by the number of readings. For this experiment,
three readings were taken for calculating the mean output
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value and the standard error was a standard deviation of the
mean value. The pressure was calculated from the input
weight and area of PVDF.

Table 3
Results for PEH A
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % f14, N/m?
0.2 0.202 5 1401.43
1.2 0.402 6 8408.57
2.2 0.607 3 15415.71
32 0.810 4 22422.86
4.2 1.097 5 29430
5.2 1.123 3 36437.14

The standard error for all readings is acceptable
because the error is less than 10 %. The highest standard
error of 6 % was recorded for the load weight of 1.2 kg.
The mean induced voltage increased proportionally with
the input pressure given by load weight. Figure 12 shows
that at the pressure of 29430 to 36437.14 N/m?, the mean
output voltage was saturated at 1.123 mV. The mean
output from 0.202 to 1.097 mV was proportional with the
increase of pressure from 1400 to 29430 N/m’,
respectively.

12
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15415.71429 22422.85714 29430
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Fig. 12. Plot of mean output value versus pressure for PEH A

1401.428571

8408.571429

36437.14286

The results for PEH B are tabulated in Table 4. The
readings are also acceptable because the standard error is
less than 10 %. The input pressure started at a lower value
of 897.94 N/m* compared to PEH A of 1401.429 N/m’
and until the final load of PEH B, the input pressure was
less than the final load of PEH A.

Table 4
Results for PEH B
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % fi4, N/m*
0.2 0.306 2 897.94
1.2 0.904 3 5387.64
2.2 1.103 3 9877.35
3.2 1.303 5 14367.05
4.2 2.004 4 18856.75
5.2 2.301 5 23346.45

Figure 13 shows a significant output voltage because the
mean output voltage from the range of 0.306 to 2.301 mV
increased proportionally with the input pressure from
897.94 to 23346.45 N/m”. The mean output voltage of
PEH B was higher than PEH A for the low pressure input.
It is shown that PEH B is more sensitive and generated
more induced voltage than PEH A.

Table 5 shows the tabulated results for PEH C. The
mean output voltage was generated in the range of 0.7 to
2.5 mV for the pressure range of 529 to 13768 N/m”. The
standard error shows that the readings are in the
acceptable range for PEH C.

no/p voltage (mV)

Significant output
voltage

Mea

$97.9405034

5387.643021

9877345538 14367.04805
Pressure (N/m?)

1885675057 23346.45309

Fig. 13. Plot of mean output voltage versus pressure for PEH B
Table 5
Results for PEH C
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % 1A, N/m?
0.2 0.702 3 529.55
1.2 0.903 4 3177.33
2.2 1.199 3 5825.10
32 1.504 3 8427.87
4.2 1.901 5 11120.65
5.2 2.502 5 13768.42

Figure 14 shows that PEH C is more sensitive
compared to PEH B and PEH A. The low pressure input
generated high induced voltage. PEH C has the widest IDE
electrode finger width, followed by PEH B and PEH A.
Furthermore, the highest generated induced voltage was
obtained by PEH C, followed by PEH B and PEH A.
Therefore, the width of finger electrodes improved the
generated induced voltage and sensitivity of PEH.

’ | |
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Low pressure with high
induced voltage
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Meano/p voltage (mV)

e
n

1t >
! |
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529.5546559 3177327935 5825.101215 8472.874494
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Fig. 14. Plot of mean output voltage versus pressure for PEH C

11120.64777 13768.42105

Table 6 tabulates the results for the commercial
piezoelectric acoustic generator. The mean output voltage
generated by the piezoelectric acoustic generator was in
the range of 0.124 to 0.365 mV for the range of input
pressure input of 6248 N/m” to 162458.6 N/m™.

Table 6
Results for piezoelectric acoustic generator
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % 14, N/m?
0.2 0.124 3 6248.41
1.2 0.185 2 37490.45
2.2 0.191 2 68732.48
3.2 0.212 2 99974.52
4.2 0.255 3 131216.60
5.2 0.365 3 162458.60

Figure 15 shows the mean output voltage for the
piezoelectric acoustic generator. The generator has low
sensitivity due to the low generated induced voltage as
high pressure input was introduced to the acoustic
generator. All PEH designs have high sensitivity
compared to the piezoelectric acoustic generator. The IDE
design shows good performance compared to a simple
sandwiched piezoelectric acoustic generator. Although the
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area of the electrode of the piezoelectric acoustic
generator is larger than the area for PEH A, this design
has more induced voltage compared to the piezoelectric
acoustic generator.
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Fig. 15. Plot of mean output voltage versus pressure
for piezoelectric acoustic generator
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Output voltage from vibration experiment. For
vibration experiment, two parts of the results were
obtained. Part B.1 shows the results of the generated
output voltage versus input frequency of 50 Hz and part
B.2 shows the results of the generated voltage for the
given period.

Output voltage versus input frequency. Figure 16
shows the generated output voltage versus the input
frequency of 50 Hz for PEH A. The generated output
voltage generated fluctuated from 0.23 to 0.28 mV.

035 Generated voltage from
0.23 mV to 0.28 mV

Frequency (Hz)
Fig 16. Generated output voltage versus input frequency
for PEH A

Figure 17 shows the generated output voltage versus
the input frequency of 50 Hz for PEH B. The generated
output voltage fluctuated from 0.25 to 0.52 mV for the
input frequency of 50 Hz. The generated voltage of
PEH B consists of two parts: 0.25 to 0.30 mV and 0.45 to
0.50 mV.
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Fig 17. Generated output voltage versus input frequency
for PEH B

Figure 18 shows the generated output voltage for
PEH C for the given input frequency of 50 Hz. The
pattern of PEH C output is almost similar to the pattern of
PEH B output, where the generated output of PEH C
oscillated from 0.28 to 0.55 mV. The generated voltage of
PEH C also consists of two parts: 0.28 to 0.30 mV and
0.50 to 0.55 mV.

Generated voltage fluctuated
from 0.28 mV to 0.55 mV

Output Voltage (mV)
=
b

Frequency (Hz)
Fig. 18. Generated output voltage versus input frequency
for PEH C

All three plotted graphs show that the generated
output of load weight is higher compared to vibration. In
this experiment, PEH C has higher generated voltage than
PEH B and PEH A, where PEH C recorded the generated
voltage of 0.55 mV.

Output voltage versus period of time. The results
of generated voltage for the period of time are shown in
Fig. 19. The generated voltage for all design of PEHs
increased significantly at 3 to 4 min. The highest energy
stored in the capacitor was generated by PEH C with
34560 mV.
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Fig. 19. Generated voltage stored versus period of time

Conclusions.

1.A new design structure of PEH using flexible
sensing element, PVDF and PCB substrate with IDE
circuits were successfully design, fabricated and
characterized in this project. Three PEHs with different
IDE circuit width were fabricated together with a PVDF
sheet and single transparent tape.

2. All designs namely PEH A, PEH B, and PEH C
were successfully characterized by two experiments
namely load and vibration experiments. PEH C generated
the highest voltage in load experiment of 2.502 mV for
the weight of 5.2 kg. In vibration experiment, PEH C
generated the highest voltage of 0.55 mV for the input
frequency of 50 Hz. PEH C also stored the highest
voltage of 34560 mV for the time period of 4 min.

3. PEH C is the best design of an energy harvester if
applied for a vibration machine of 50 Hz or from
footsteps in the walking area of an airport. For future
recommendations, this device can be installed in the
walking area of an airport and used as a free energy
source for charging a small electronic device. The device
can be placed under the walking area, and then the energy
is harvested and stored in a battery bank.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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ANALYSIS OF DISTRIBUTION LAWS OF TRANSFORMER OIL INDICATORS
IN 110-330 kV TRANSFORMERS

Introduction. Ensuring the operational reliability of power transformers is an urgent task for the power industry in Ukraine and
for most foreign countries. One of the ways to solve this problem is the correction of maximum permissible values of insulation
parameters. However, such a correction is fundamentally impossible without an analysis of the laws of distribution of diagnostic
indicators in the equipment with different states. The purpose of the research is to analyse the laws of distribution of the quality
indicators of transformer oil with different states in 110 and 330 kV transformers. Novelty. It was found that both 330 kV
autotransformers and 110 kV transformers have the displacements between the mathematical expectations of the distribution
density of usable oil indicators. It caused by different service life of the analysed transformers and different values of load
factors. This indicates the need to consider the influence of these factors when correcting the maximum permissible values of o0il
indicators. Also, the presence of displacement between the distribution densities of some indicators of usable oil in 110 kV
transformers and 330 kV autotransformers has been revealed. It indicates a different intensity of oxidation reactions in
transformers with different voltage class. In order to reduce the heterogeneity of initial data the procedure of statistical
processing of in-service test results has been proposed as a method. This procedure combines the use of a priori information
about the service life of equipment and values of load factors with the elements of statistical hypothesis testing. The results of the
analysis of the distribution laws of transformer oil indicators with different states have shown that for both usable and unusable
oil the values of oil indicators obey the Weibull distribution. Values of the shape and scale parameters for each of the obtained
indices arrays have been obtained, as well as calculated and critical values of the goodness-of-fit criteria. Practical value.
Obtained values of the distribution law parameters of the transformer oil indicators with different states, considering the service
life and operating conditions allow to perform the correction of the maximum permissible values of the indicators using the
statistical decision-making methods. References 38, tables 7, figures 5.

Key words: transformer oil, oil indicators, operating time, statistical analysis, distribution laws, goodness-of-fit criteria,
Weibull distribution, density functions.

Y cmammi naseoeno pesynomamu ananizy 3aKomie po3nooiny NOKA3HUKi6 mpanc@opmamopHuux macen y mpancgopmamopax 110 i
330 xkB. Bcmanogaero, wjo po3noodin NOKA3HUKIE 018 MACAA K NPUOAmHO20, MAK i HenpuoamHoz2o 00 eKCniyamayii, He3a1eHcHo i0
Knacy Hanpyau mpasc@opmamopie nionopsAaoKogylomvcs 3akony po3nodiny Beibyna. Bukowanuti amaniz noxazas, wjo i 6
asmompancghopmamopax nanpyzoto 330 kB, i 6 mpancpopmamopax nanpyzoro 110 kB mae micye 3mivyeHHs Midc mamemamudHuMu
OUIKYBAHHAMU WINLHOCMI PO3NOOINY NOKA3HUKIG Macen npudamuozo 0o excniayamayii. Hasenicmv danoeo 3miwjeHHs 003807s€
BUKOPUCMOBY8AMU  OMPUMAHHI 3 YDAXYSAHHAM YMO8 eKCHIYyamayii 3HA4YeHHs Napamempié 3aKOHi6 PpO3NOOIy OAs OYIHKU
8I0Npaybo8ano20 pecypcy macei, a maxodxic Oid NPOSHO3YEAHHA MA NIAAHYEAHHA MepPMiHi@ 00CIY208Y8aHHA MA PEMOHMY
obnaouannus. bioim. 38, Tabmn. 7, puc. 5.

Kniouogi cnosa: TpancdopmMaTopHe Macjio, MOKAa3HMKHM Maces, TPHBAJICTh eKCILIyaTaulii, CTATHCTHYHUN aHami3, 3aKOHH
po3noainy, kpurepii 3roam, po3noain BeiidyJa, pyHkuil minsHocTi po3noainy.

B cmamve npusedenvi pesyrbmamul  ananuza  3aKoHO8  pacnpedeneHus nokazamenei MpanchopmamopHvlx Macen 8
mpancgopmamopax 110 u 330 kB. Yemanosneno, umo pacnpedenenue noxkazameneii Kak 0us Macia 200H020, MAK U HE200HO020 K
IKCHAYAMAYUY, 8HE 3ABUCUMOCIIU OM KIACCA HANPANCEHUS MPAHCHOPMAMOPO8 NOOYUHAIOMCS 3aKOHY pacnpeodenenus Beiibyina.
Buinonnennwiii ananus nokasan, umo u @ asmompancgpopmamopax nanpsicenuem 330 kB, u 6 mpancgpopmamopax nanpsicenuem
110 kB umeem mecmo cmewjerue Medncoy MAmeMamuideckumy O0XCUOAHUAMU NIOMHOCMel pacnpeoeneHus nokazamenei macen
200H020 K aKkcnayamayuu. Hanuuue oannozo cmewenus no3gonaenm uUcnoib308ams NojayieHHsle C YHemom YCa08ull IKCIyamayuu,
3HAUeHUs Nnapamempos 3aKoHO8 pacnpedenenus 015 OYeHKU ompabomanno2o pecypca macei, a makoce OJid NPoSHO3UPOBAHU U
NIAHUPOBAHUSL CPOKOS 0OCTYHCUBAHUSL U peMOHma 0bopydosanus. bubin. 38, Tadin. 7, puc. 5.

Kniouesvie cnosa: TpancopMaTopHOe Maci0, MOKa3aTeJad Macesd, JIHTeNbLHOCTh 3KCIIYyaTAlldH, CTATUCTHYECKUH aHaIu3,
3aKOHBI paclnpe/iejieHlsl, KPUTEPHH corJiacus, pacnpeseieHue Beiidyna, pyHKIUHN IUIOTHOCTH pacnpe/esieHUs].

Introduction. Accidental damage of high-voltage
power transformers is accompanied by significant
economic damage and in some cases can have serious
consequences [1]. Given the significant ageing of high-
voltage power transformers in Ukraine and in most
foreign countries, as well as the extremely low rate of
equipment replacement that has reached the end of its life,
ensuring the operational reliability of transformers is an
important scientific and practical task. One of the
elements of insulation of high-voltage power transformers
is petroleum insulating oils. As shown in [2, 3], the
condition of transformer oils has a significant role in
ensuring the operational reliability of transformers. Oil

oxidation products have a negative effect not only on the
electrical strength of the liquid insulation, but also
contribute to a reduction in the mechanical strength of the
cellulose insulation, which leads to a reduction in the
transformer service life. In this regard, the improvement
of methods for assessing the condition of transformer oils
is an urgent task. The solution of this problem will
increase the operational reliability of high-voltage power
transformers and extend their service life.

Publication analysis and research problem
statement. At present, a great deal of research is devoted
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to the improvement of methods for diagnosing the
condition of transformer oils. Improvement is carried out
in two main directions — the use of new methods of
measurement (for example, [4-8]) and improvement of
decision-making methods. For example, in [9-12] neural
networks of different configurations are proposed to
diagnose the condition and predict the values of
transformer oil indicators. In [13, 14], oil condition
assessment was performed using Markov networks. In
[15, 16] fuzzy logic was applied, and in [17-19]
regression models were used. Considering that under real
operating conditions the condition of oils is evaluated by
comparing the measured values of indicators with
maximum permissible values (MPV), which are regulated
by international or national standards [20, 21], in [22-24]
a correction of MPV indicators of transformer oils was
performed. However, in these studies, integral distribution
functions were used to correct MPV, and the laws
themselves were not analysed. At the same time, as
shown in [25, 26], the use of statistical decision methods,
taking into account the distribution laws of diagnostic
indicators to correct MPV allows to significantly reduce
the risks compared to the method of integral functions. In
addition, the parameters of distribution laws are widely
used in the development of models for predicting the
residual life of equipment, e.g. [27]. Meanwhile, the
analysis showed that the analysis of distribution laws of
transformer oil indicators has not found sufficient
coverage in the literature. An exception is the research
carried out in [28] according to which oil indicators such
as organic acid content (OAC), breakdown voltage
(BDV), interfacial tension, oil resistivity and water
content can be described by a Weibull distribution.
However, the differences in the values of the oil
distribution parameters obtained before filling and aged
oils are insignificant, which requires further verification.
Therefore, this paper presents the results of the analysis of
distribution laws for the whole set of transformer oil
parameters in the tanks of 110 kV transformers and
330 kV autotransformers.

Statistical processing of periodic test results. The
results of periodic transformer oil BDV monitoring for the
231 transformers of 110 kV and 49 autotransformers of
330 kV were used as input data. The total volume of the
analysed sample amounted to 21062 values, of which
17408 were obtained for 110 kV transformers, while 3654
were obtained for 330 kV autotransformers. The list of
transformer oil indicators and the volume of sample
values for each indicator are shown in Table 1.

The sample presented in Table 1 is heterogeneous
both in terms of the number of transformers and of the
total number of indicator values. This heterogeneity is due
to several factors. For example, for such indicator as the
transformer oil colour, the current Ukrainian standard [21]
regulates the maximum permissible values only for new
oil, and for in-service control such values are not
regulated, but must be taken into account when assessing
the condition of oils. This circumstance is one of the
reasons that the oil colour is monitored not in all power
companies in Ukraine. Insignificant amounts of sampling

values for such indicators as water-soluble acids,
mechanical impurities and water content are because the
current standards allowed the use of several methods to
determine the values of these indicators: indicative
(absent or present) and quantitative (determined
quantitative content of these indicators in mg KOH/g or
g/t). Since the diagnosis «absent» using indicator methods
is not equivalent to zero, only the results of quantitative
methods were used for further analysis.

Table 1

List of indicators for transformer oils and volume
of sample values for each indicator

Volume of sample values
No. Oil quality indicator Number of | Number of
transformers values
110 kV transformers
1 |Flash point 230 3746
2 |Acid number 231 3741
3 |BDV 231 3723
4 |tgdat 20 °C 31 268
5 |tgdat 70 °C 50 426
6 |tgdat 90 °C 60 570
7 |Oil colour 121 2108
8 |Water-soluble acid content 46 1191
9 |Water content 73 1635
330 kV autotransformers
1 |Flash point 49 887
2 |Acid number 48 850
3 |BDV 49 852
4 |tgdat 90 °C 45 543
5 |Water content 30 400
6 |Contamination content 20 122

Since the test results were obtained in different
laboratories and the transformers analysed have different
service lives, are operated with different loads and are
filled with different oil types, it is obvious that the oil
ageing intensity in the analysed transformers varies
considerably. In other words, the raw data is statistically
heterogeneous. As an example, Fig. l,a shows the
dielectric dissipation factor of transformer oils measured
at 90 °C for 330 kV autotransformers. The heterogeneity
of the raw data in the figure is due to both differences in
the quality of the oil filled (relatively high values of tgd
measured at 90 °C at the start of operation) and
differences in operating conditions (low values of this
indicator were obtained with a fairly long service life). In
addition, there are errors in the test results. The
heterogeneity of the raw data leads to the empirical
distribution histogram distortion (Fig. 1,b), which does
not allow an evaluation of the distribution laws for
transformer oils.

In this regard, there is a task of forming
homogeneous arrays of transformer oil indicators. At the
first stage, from the initial data set were selected values of
indicators that go beyond the area of MPV, regulated by
the current normative document in Ukraine [21]. Using
basic terms from the theory of technical diagnostics [29],
denote the data set, consisting of the results of tests for an
oil usable by the values of indicators as D;. Data set
consisting of test results for unusable oil as D,.
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Two approaches are used to generate homogeneous
indicator arrays. The first approach is based on the use of
mathematical models of variance analysis and, as shown
in [30, 31], allows obtaining sufficiently correct integral
distribution functions of diagnostic attributes. A
significant limitation of this approach is the limited
information about the operating modes of transformers,
the specifics of their design, the materials used. This may
cause erroneous conclusions. The second approach is
based on the use of statistical hypothesis tests and, as
shown in [32], allows estimating the distribution laws of
diagnostic attributes. The disadvantage of this approach is
the difficulty in establishing the relationship between the
parameters of the distribution laws of diagnostic
indicators and the factors affecting the ageing intensity.
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Fig. 1. Dependence of the dielectric dissipation factor of
transformer oils measured at 90 °C in 330 kV autotransformers
on the operating time for the original data set (@) and the
corresponding empirical distribution histogram (b)

It is known [33] that the main factors influencing the
intensity of oil oxidation are temperature, air oxygen
content, duration of oxidation and the influence of some
structural materials (copper, varnished insulating fabric,
not oil resistant rubber, etc.). Considering that the date of
oil filling is known for each of the transformers under
consideration, the duration of oil ageing is not very
difficult to account for. However, during long-term
operation, the oil can be dried, regenerated, refilled or
replaced both oil and silica gel, which leads to a distortion
of the performance dependence on the operating time. In
order to eliminate this problem, the results of the periodic

tests for such transformers were divided into several
groups (for example, from the time of oil filling and to the
regeneration date and from the regeneration date to the
date of the last test) in a preliminary statistical processing
step. The insulation temperature of power transformers
[34, 35] depends on both the value of load currents and
the ambient temperature, as well as on the transformer
cooling system. The transformers under consideration are
operated in the same climatic zone with similar values of
average daily temperatures, and have an identical cooling
system (with oil natural and air forced for 110 kV
transformers, and with oil forced and air forced for
330 kV autotransformers). Therefore, it is logical to
assume that differences in oil oxidation intensity caused
by different operating temperature values, which are due
to differences in load currents [36]. Under conditions
where transformer load information is partially available,
a statistical hypothesis test approach was used to generate
homogeneous arrays of indicators.
Arrays with homogeneous periodic test results were

generated by using three statistical criteria [32]:

1. Wilcoxon rank-sum test (W) is used to test the
statistical hypothesis of similarity of distribution laws of
two independent samples:

=2 s0r) (M
i=1
where r; are the ranks of the diagnostic indicators in the
overall variation series; s(r;) is one of the possible N!
permutations of rank r;.

2. Z-criterion (Z) is used to test the statistical
hypothesis of equality of mathematical expectations of
two independent samples:

X —Xx
Zgps =———2— )

obs )
2 2
0 0
[0f 03
n m

where x; and x, are the selective mean of the diagnostic
indicator calculated from the first and second transformer

test results respectively; 512 and 522 are the selective

variance of the diagnostic indicator calculated from the
first and second transformer test results respectively;
n and m are the number of observations of the diagnostic
indicator for the first and second transformer respectively.

3. Fisher-Snedecor F distribution (F) is used to test the
statistical hypothesis of dispersions equality of two
independent samples:

Fops = e 3)

where é}%lax and é}%in are the values of the maximum

and minimum sampling variance.

Two independent samples were considered
homogeneous if the following statistical hypotheses were
not rejected by the test results at the given significance
level a=0.05:

1.about similarity of distribution laws of two
independent samples (Wi>W,1, 12, 0,025, Wa<Wa1, 2, 0975);
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2. about equality of mathematical expectations of two
independent samples (Zops<Zeit, 0.95);
3. about dispersions equality of two independent

Table 2

Statistical characteristics of homogeneous arrays of 110 kV
transformer usable oil

samples (Fops<F(u1-1), (n2-1), 0,95)- Amay [ N | M, | .D‘* [ s [ i
The above algorithm for statistical processing of test Flash point
results was implemented as the author's software g‘o 327826 1338223;3 ;38(6)2?(3)451 06830496 ;‘égé
«Odnorodn» [37], which significantly reduces the time Dll 36 112293319 T 2030997 :0.385 251
required for statistical processing of raw data. Using this DZ 185 144'535135 3‘6001 7 70'144 2.361
software in relation to the.an?llysed da.ta sample allowed Dy, | 188 | 146.030851 | 15.968623 | —0.088 | 3.404
forming several arrays of 1pdlcat0rs w1.th .closeiva}ues. of Dys | 280 | 149.089286 | 9.988457 | —0.172 | 3.308
sample means, sample variance and similar distribution Organic acid content
laws. The volume of sqmple values (N), values of samp}e Dy, | 3339 | 0.034848 | 0000592 | 0.817 | 2.685
medank(]‘r/fr)a Saglile Va;f{ar}cet(D«fv) aihwe” as Skfvz’intess (1;) Dy | 218 | 0015311 | 0.000087 | 0.587 | 2.472
and kurtosis (j;) coefficients for the original data sets
(D) and those obtained from statisti%al processing Dy, | 198 | 0027884 0.00007 1 0.711 | 3.303
e g D3 250 0.045944 0.000395 0.175 2.262
(D11-Dy,) of usable oil indicators for 110 kV transformers ) 129 | 0.046432 0000192 | 0.175 | 2.907
are given in Table 2 and for 330 kV autotransformers in D14 56 0.051679 0'000446 0 '224 2'462
Table 3. 15 - : - -
Comparison of statistical characteristics of initial Dig | 361 | 0045917 | 0.000500 | 0.807 | 3.988
arrays of oil indicators with similar characteristics of Dy | 333 | 0064655 | 0.001557 | 0.690 | 2.978
indicators from the arrays obtained after statistical BDV
processing showed that using statistical processing Dyo | 3435 | 58262667 | 116.058219 | 0.109 | 2.627
procedure allowed significantly reducing the D,, as well Dy | 135 | 49.038519 | 44.673183 | 0.0748 | 2.423
as the j; and j; for almost all indicators. Analysis of Dip | 609 | 60.654351 | 115.838869 | -0.249 | 2.468
statistical characteristics of the arrays of indicators Di; | 360 | 68.110833 | 123.619522 | —0.350 | 2.620
obtained through statistical processing shows that the Dy | 286 | 69.421678 | 109.698341 | —0.524 | 2.902
values of mathematical expectation of the usable oil Dys | 204 | 71.066176 | 124.016356 | —0.657 | 3.038
indicators differ significantly. This indicates both tgdat 20 °C
different quality of transformer oil and different oil ageing Dyp | 268 | 0.182246 | 0.067281 | 7.962 | 83.730
intensity, that is, differences in transformer operation Dy, 109 | 0.141835 0.008986 | 0.793 | 3.075
modes. As can be seen from Tables, negative skewness Dy, | 141 | 0.188596 0.014915 | 0.959 | 3.713
coefficients (the «long party of the distribution curve is to tgsat 70 °C
the left of the mathematical expectation) are obtained Dy, | 426 | 0.917268 | 2.170500 | 7.513 | 82.291
mainly for the indicators which decrease in value during Dy, 112 | 0.290446 0.038860 | 0951 | 3.284
ageing (flash point and BDV). For the oil indicators Dy, | 161 | 0.593634 | 0.162197 | 1.051 | 3.892
which increase with oil ageing (organic and water-soluble Dys | 140 | 0.850321 | 0306149 | 0.991 | 4.229
acid content, tgd, oil colour, water content, contamination tg5at 90 °C
content), the majority of the obtained arrays show positive Dyo 570 1.297158 12.095330 | 13.686 | 219.667
skewness values («long part» of the distribution curve is Dy, | 148 | 0485811 0126923 | 1.189 | 4.664
to the right of the mathematical expectation). D, | 159 | 0548679 | 0133394 | 1.071 | 4.527
The presence of a negative skewness for some of the Dy, | 152 | 1.504605 1133087 | 0793 | 3.119
indicator data sets indicates a deterioration in the D 99 1363737 [ sasa64 | 0.893 | 3297
condition of the transformer oil; there are more «high - : oil 1' - :
}/aluesz of l;llle in}(liicators than lowkones. As c? be sefen Do 2108 | 2.574953 . 001071290 50 T o822 | 2870
rom the tables, there is a positive kurtosis coefficient for . . - .
all indicator arrays, indicating that the distribution curve Dy | 650 | 1.896923 0.597837 | 0391 | 2.606
has a higher and «sharper» peak than the curve of the Dip | 484 | 3026860 | 3.096386 | 0587 | 2.354
normal law. The obtained empirical values of skewness Dis | 657 | 3.060122 1'9.17618 0.128 | 2.131
and kurtosis coefficients indirectly indicate that the Water—soluble acid content
distribution of usable oil indicators may differ from the g“’ 1110981 8882;22 8888(2)(8); 111;‘85325 22 76529
normal law. 11 : : : :
The analysis showed that the homogeneous arrays Di, | 231 | 0005529 | 0.000006 | 0.025 | 2.611
were formed by testing transformers with close operating Di3 92 0.006315 | 0.000009 | 0.194 | 2.655
times and similar values of load factors. This made it Dyy | 116 | 0.006892 | 0.000008 | 0.182 | 2.301
possible to establish an unambiguous relationship Dis | 91 | 0.007679 | 0.000007 | —0.120 | 2.684
between the operating conditions of the transformers and Water content
the values of the distribution law parameters. Dy | 1635 | 14.381787 | 116.663877 | 2.723 | 10.436
The processing of the results of periodic tests on D, | 284 7.963 13.993306 | 0.511 | 2.773
oils which have exceeded the MPV (unusable oil) was Dy | 546 9.2768 20.054587 | 0.469 | 2.375
carried out in the following sequence. First, data sets were Dy | 520 10.748 16.643352 | 0.028 | 2.363
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generated for each of the indicators for which a
deterioration of the MPV values was detected. To ensure
«equality» between the different transformers, a strictly
fixed number of observations was selected for each of the

indicators for each transformer.

Table 3

Statistical characteristics of homogeneous arrays of 330 kV
autotransformer usable oil

Armay [ N | M, . [ i | &
Flash point
Dy, [856| 141.848131 | 10.217590 | 0.471 3.210
Dy | 174 | 148.063218 4.358072 | —0.481 | 3.198
Dy, | 131 146.122137 | 2.534701 | -0.495| 2.794
Dis | 241 144.792531 1.873969 | —0.282 | 4.092
Dy | 100 | 139.360000 | 2.590400 | —0.408 | 2.882
Organic acid content
Diy |850| 0.015665 0.000662 | 15.882 [356.965
D;; [180| 0.007010 0.000007 0.253 3.007
Dy | 99 0.007542 0.000009 0.090 2.585
Dy | 110 0.008343 0.000010 0.104 2.497
Dy | 114| 0.008546 0.000010 | —0.015 | 2.636
Dis |206| 0.019877 0.000140 0.794 3.373
BDV
Dy |852| 68.995188 84.716867 | —1.481 | 10.952
Dy |210| 74.162857 60.864239 | -0.193 | 3.252
Dy, [240| 68.347500 | 53.851160 | —0.267 | 3.169
Dz | 149 | 66.809396 68.887612 | —0.286 | 2.630
Dy | 130| 65.853077 93.476029 | 0.0193 | 2.441
tgdat 90 °C
Dy |543| 0.836640 2.408043 6.572 | 62.575
Dy | 162 0.212093 0.018112 0.986 3.825
Dy, | 67 0.701701 0.124185 1.465 5.622
Dy | 133 0.833985 0.432406 1.486 4.726
Dyy | 138 1.691609 0.984824 | 0.473 2.499
Contamination content

Dy |122| 7.893852 32.249573 | 2.624 | 11.631
Dy | 65 7.239231 9.591576 0.835 4.23

Dy, | 53 10.146226 59.996212 | 1.549 5.378

Water content

Djo |400| 10.123280 30.923324 | 1.702 | 11.803
Dy | 95 4725653 9.111732 1.987 8.985
Dy, [155| 9.543226 17.576746 | 0.227 2.332

Similar to [32], an approach based on the extraction

of gross

omissions

from a number

of

similar

measurements was used to further process of the unusable
oil indicators values. For this purpose, the Irwin criterion
was used, which can be applied when the distribution law
of a random variable is unknown or differs from the
normal distribution. The values of the oil indicators were
sorted in descending order for this purpose, after which
the «suspicious» values of the BDV at the boundaries of
the variation series were evaluated. The value of the Irwin
criterion was defined as:
(xk — Xk prev )
Neale ==

5 (4)

where x; is the suspicious value; xj ey is the previous
value in the variation series.

The calculated value of the Irwin criterion was
compared with the table value #upie. If 7caic > #eable, then
the considered value was rejected and the next value was
checked. The test was continued until 7,1 < Hgaple.

By analogy with Tables 2 and 3, Table 4 shows the
same attributes for the data sets obtained during statistical
processing of unusable oil values for 110 kV
transformers. In the table, array D,; is based on the results
of transformers with less than 20 years of service life, and
array D,, is based on the results of transformers with
more than 20 years of service life.

Table 4
Statistical characteristics of homogeneous arrays of indicators
of unusable oil

Amay | N [ M, D, Js i
110 kV transformers
Organic acid content
D, | 303 | 0.177673 | 0.001155 | —0.176 [ 2.421
D, | 141 | 0283191 | 0.000225 | -0.092 [ 2.402
BDV
D, | 275 | 27647 | 19814 | —0.653 [3.083
Water—soluble acid content
D, | 192 | 0.035904 | 0.000154 | 0.550 [ 3.040
Water content
D, | 164 [36.333659 | 100.10887 | 0.505 | 3.097
330 kV autotransformer
Organic acid content
D, | 136 | 0.137456 | 0.000273 | —0.0113 | 3.200
BDV
D, | 123 [41.550894 | 4.880138 | —0.666 [ 2.875
Water content
D, | 132 [29.287879 | 22.728261 | —0.0120 | 2.237

By comparing the statistical characteristics for the
respective indicators for usable and unusable oil, it can be
seen that the main difference between them is the values
of the sample means.

Analysis of the distribution laws for transformer
oils. To test the hypothesis that the theoretical distribution
law corresponds to empirical data, the software «ZR»
developed at the Electric Power Transmission Department
of National Technical University «Kharkiv Polytechnic
Institute» was used [37]. This software allows splitting
the range of variation of a random variable into intervals,
for which the Sturges’ rule is used by default:

L=1+3322-1gN,

where N is the volume of sample values.

If necessary, the user can set the required number of
intervals himself. A histogram of the empirical
distribution is then drawn. The parameters for the normal,
beta, exponential, extremal, gamma, Laplace, logistic,
logarithmic normal, Rayleigh, Weibull and Pareto
distribution laws are then estimated from the sample
values. For each of the 11 distribution laws, the
theoretical distribution law is checked for consistency
with the empirical data, using two statistical criteria [38]:

)
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1) Pearson's chi-squared test ( ;(2):
k 2
12 _ Z (nl ’nl ) (6)
i=1 i
where 7n; are values of empirical frequencies; n'; are values
of theoretical frequencies; k is the number of intervals.

To test the main hypothesis, the sample value of
criterion #” is calculated and the critical point of criterion
1 distribution, the given significance level « and the
number of degrees of freedom f are determined by the
critical point Zui(e; f). The number of degrees of
freedom f'is defined as f'= k— 1 — r, where £ is the number
of sample groups (partial intervals); » is the number of
estimated distribution parameters that are estimated from
the sample data.

If the calculated value of 7 criterion is less than the
critical value, the main hypothesis — the general
population is distributed according to the given law — is
not rejected and vice versa.

2) Kolmogorov-Smirnov test:

D, =sup|F,(x)— F(x)|, (7)

where F,(x) is the empirical distribution function; F(x) is
the theoretical distribution function.

The main hypothesis is rejected if Jn -D,, exceeds

the distribution quantile Ko of the given significance
level a, and is not rejected otherwise [38].

Analysis by the software showed that both usable
and unusable oil values could be described by a Weibull
distribution, with a distribution density as follows:

¥ Vi
p(x;(x,'ﬂ) _ %.xﬂ—l 'e_(;j , (8)
a

where « and f are distribution law parameters, interpreted
as scale and shape parameter, respectively.
The value of the a and  parameters was defined as:

_ M(x)
1-0427-(B—1)- ﬂ‘19

N
v Zl - M(x))?
0.465- +
B = N-T M(x)
N M(x) ’

+1.282- -0.7

LS (xy~ M)
N i=1 l

where N is the volume of sample values; M, is the sample
mean,; x; is the indicator value.

However, during the analysis, for some of the arrays
the main hypothesis was not rejected for several
distribution laws. Thus, for distributions with positive
skewness, in addition to the Weibull distribution, the
empirical data were fit to the log-normal, gamma and
Rayleigh distribution laws.

As an example, Fig. 2 shows histograms of the
empirical distribution and the theoretical density functions

<g5<LogHormal>(x;1.384;0.579)

<95><Rayleigh>{x;3.965)

S o e

<Q5=<Gamma>{x;1.610;2.935)

m

Fig. 2. Histograms of the empirical distribution and the
theoretical density functions of some distributions for the water
content of oil from the D, array of 330kV autotransformers:
— log-normal distribution law; b — Rayleigh distribution;

¢ — gamma distribution; d — Weibull distribution
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of these distributions for the water content of oil from the
Dy, array of 330 kV autotransformers.

For relatively symmetric distributions, in addition to
the Weibull distribution, for some of the arrays the
empirical data were found to fit the normal and logistic
laws. However, for many arrays with negative skewness,
the only distribution law corresponding to the empirical
data was a Weibull distribution law.

The values of the Weibull distribution law
parameters as well as the calculated and critical values of
the Pearson and Kolmogorov-Smirnov tests for the
indicators of usable oil in 110 kV transformers are given
in Table 5 and for 330 kV autotransformers are given in
Table 6.

The same, but for the unusable oil indicators are
given in Table 7. For the tables below, the A value of
the Kolmogorov-Smirnov test is 1.36.

As can be seen from Tables 6, 7, the calculated
values of the goodness of fit criteria for all transformer oil
indicators without exception do not exceed the critical
values at significance level a = 0.05 and the
corresponding value of degrees of freedom. This does not
allow rejecting the hypothesis about the acceptability of
the distribution of empirical values of transformer oils to
the Weibull distribution.

Results analysis. By analogy with [32], the analysis
of the mutual arrangement of theoretical densities of
distribution of the indicators of usable and unusable
transformer oils in of 110 and 330 kV transformers was
carried out. As an example Figures 3-5 shows the
densities of theoretical distributions for such indicators as
the organic acid content (Fig. 3), water content (Fig. 4)
and the BDV (Fig. 5) of the oil.

Analysing the mutual arrangement of the theoretical
distribution densities of transformer oil indicators, several
important conclusions can be drawn:

1. For the usable transformer oil for both 110 kV
transformers and 330 kV autotransformers, there is a shift
in the mathematical expectations of the distributions
density for different arrays of the same indicator. This
indicates a different oil ageing degree, which is caused by
different oil service life, different operating temperatures
of transformers as well as by the influence of structural
materials.

2. Analysis of the distribution densities of usable oil
for 110 kV transformers and 330 kV autotransformers
shows that these distributions are also shifted in relation
to each other. It is especially noticeable in the distribution
densities of organic acids (Fig. 3) and water content of
oils (Fig. 4). Thus, as can be seen from the figure the
oxidation intensity of transformer oils in 330 kV
autotransformers is lower than in 110 kV transformers,
despite the fact that the analysed transformers were
non-sealed.

3. The analysis shows that there is a significant shift
between the mathematical expectations of the
distributions of usable and unusable oil (Figures 3-5).
This means that the residual life of the oils in the
transformers analysed varies considerably.

Table 5
Values of the Weibull distribution law parameters as well as the
calculated and critical values of the Pearson and Kolmogorov-
Smirnov tests for the indicators of usable oil in 110 kV

transformers
Distribution law | Value of Pearson's Value of
> . Kolmogorov-
E parameters chi-squared test Smirmnov test
a ‘ g | f | P eale ‘ Pt Acale
Flash point
Dy, | 14096 | 1049 |3 | 7.47 | 7.82 0.711
Dy, | 143.71 | 1275 |4 | 8.59 | 9.49 1.194
D3 | 14554 | 96.44 |3 | 747 | 7.82 0.338
Dy | 14891 | 462 | 4| 826 | 9.49 0.694
Dys | 150.69 | 59.57 |3 | 6.27 | 7.82 1.044
Organic acid content
Dy, | 00172 | 1.682 | 6| 1047 | 12.6 0.711
Dy, | 0.0308 | 3.706 | 5| 21.26 | 11.1 1.001
Dy; | 0.0518 | 2454 | 6| 854 12.6 0.654
Dyy | 0.0514 | 3702 |4 | 7.92 | 9.49 0.674
D;s | 0.0581 | 2.611 |5 10.68 | 11.1 0.800
Dis | 0.0519 | 2.154 | 4| 6.074 | 9.49 0.545
Di; | 0.0725 | 1.679 | 6| 10.96 | 12.6 0.760
BDV
Dy, | 51.833 | 8.704 | 4| 8942 | 9.49 0.711
Dy, | 64963 | 6596 | 7| 12.03 | 14.1 0.607
D3 | 72.625 | 7.209 | 6 | 12.21 | 12.6 0.643
Dy | 73.726 | 7.84 |5 6419 | 11.1 0.606
Dys | 75.623 | 7.517 | 5| 6.59 11.1 0.601
tgdat 20 °C
Dy, | 0.1576 | 1.515 | 4| 9.439 | 9.49 1.017
Dy, | 0.2103 | 1.569 | 4| 9.095 | 9.49 0.639
tgoat 70 °C
Dy, | 03221 | 1.491 [ 4| 5.079 | 9.49 0.697
Dy, | 0.6585 | 1.496 | 4| 6.465 | 9.49 0.673
D3 | 09478 | 1.562 |4 | 1.865 | 9.49 0.311
tgoat 90 °C
Dy, | 0.5327 | 1.379 | 3| 2.296 | 7.82 0.329
Dy, | 0.6101 | 1.526 |3 | 1.173 | 7.82 0.275
D3 | 1.6593 | 1.432 |3 | 4737 | 7.82 0.734
Dy | 2.0442 | 1.383 |3 | 2.764 | 7.82 0.383
Oil colour
Dy, | 2.1334 | 2631 | 3| 6.794 | 7.82 0.690
Dy, | 34054 | 1.772 |4 | 8.456 | 9.49 0.739
Dy3 | 3.453 | 2.339 | 3| 6.523 | 7.82 0.656
Water-soluble acid content
Dy | 0.0049 | 1.986 |2 | 2.765 | 5.99 0.449
Dy, | 0.0062 | 2.365 | 6 | 6383 | 12.6 0.446
Dz | 0.0071 | 2.207 | 4| 1.468 | 9.49 0.288
Dyy | 0.0078 | 2.554 | 4| 3.736 | 9.49 0.378
Dys | 0.0086 | 3.112 |3 | 2.277 | 7.82 0.344
Water content
Dy, | 89923 | 2239 |5 2.137 | 11.1 0.279
Dy, | 10478 | 2.176 | 7 | 10.06 | 14.1 0.552
D3 | 12.05 | 2.849 | 7| 8.763 | 14.1 0.385
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Table 6

Values of the Weibull distribution law parameters as well as the
calculated and critical values of the Pearson and Kolmogorov-
Smirnov tests for the indicators of usable oil in 330 kV

autotransformers
. | Distribution law | Value of Pearson's Value of
£ parameters chi-squared test Kolmogorov-
< Smirnov test
a | ﬂ f | ZZ calc | Zz crit jvcalc
Flash point
Dy, | 149.16 | 89.71 |4 | 8.848 | 9.49 0.672
Dy, | 14699 | 116.1 |4 | 9.330 | 9.49 0.556
D3 | 14554 | 1343 |3 | 7.510 | 7.82 0.971
Dyy | 14023 | 109.2 |4 | 8.678 | 9.49 0.671
Organic acid content
Dy, | 0.0079 | 2.899 |2 | 0.609 | 5.99 0.228
Dy, | 0.0085 | 2.766 |4 | 5.851 | 9.49 0.586
Dy; | 0.0094 | 2.812 | 5| 9.364 | 11.1 0.693
Dy | 0.0096 | 2986 |3 | 1.939 | 7.82 0.401
Dys | 0.0223 | 1.725 |2 | 4943 | 5.99 0.699
BDV
Dy, | 77.523 | 1148 |3 | 5235 | 7.82 0.890
Dy, | 71499 | 11.24 |4 | 8207 | 9.49 0.893
Dy; | 70.319 | 9.612 |4 | 2.768 | 9.49 0.260
Dy, | 69.855 | 8.038 |4 | 9.229 | 9.49 0.754
tgoat 90 °C
Dy, | 0237 | 1.605 |3 | 1.485 | 7.82 0.459
Dy, | 0.7926 | 2.055 |2 | 2.710 | 5.99 0.509
Dy; | 09018 | 1.283 |3 | 7.286 | 7.82 0.760
Dyy | 1.9017 | 1.745 |4 | 0.685 | 9.49 0.181
Contamination content
Dy, | 8.1592 | 2457 |2 | 3.024 | 5.99 0.709
Dy, | 11.018 | 1.309 |1 | 1.052 | 3.84 0.335
Water content
Dy, | 52755 | 1.587 | 1| 1.068 | 3.84 0.178
Dy, | 10.762 | 2.407 |5 | 3.305 | 11.1 0.301
Table 7

Values of the Weibull distribution law parameters as well as the
calculated and critical values of the Pearson and Kolmogorov-
Smirnov tests for the indicators of unusable oil in 110 kV

transformers and 330 kV autotransformers

> | Distribution law | Value of Pearson's Value of
= . Kolmogorov-
;,:: parameters chi-squared test Smirnov test
a | /8 f| l’zcalc | chrit j'ca]c
110 kV transformer
Organic acid content
Dy | 0.1911 | 6.07 | 6] 2990 | 12.6 0.376
Dy, [ 02901 | 2336 (4| 1.843 | 949 0.265
BDV
D, [29459] 7311 [4] 3162 [ 949 ]  0.228
Water-soluble acid content
D, [0.0401 [ 3.155 [5]3.009 [ 11.1 | 0420
Water content
D, | 3998 | 4059 [3] 1.850 [ 7.82 ]  0.338
330 kV autotransformer
Organic acid content
D, [0.1445] 9.955 [ 4] 7427 [ 949 ]  0.704
BDV
D, [ 42576 | 2325 [4] 2763 [ 949 | 0323
Water content
D, [31.232] 7.196 [4] 269 [ 949 |  0.407
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Conclusions.

The analysis of the distribution laws of
transformer oils showed that for both usable and
unusable oil the distribution of oil indicators could be
described by the Weibull distribution, which agrees
well with the results of previously published studies. In
the process of analysis, it was found that for the usable
transformer oil, both for 110 kV transformers and
330 kV autotransformers there is a shift of
mathematical expectations of the distribution density
for different arrays of the same indicator. This
indicates a different oil ageing degree which is caused
by different oil service life, different operating
temperatures of transformers as well as by the
influence of structural materials. During the analysis, it
was found that in 330 kV autotransformers the
oxidation reactions proceed with less intensity
compared to 110 kV transformers. This is evidenced by
the presence of a shift between the distribution
densities of some indicators of usable oil in 110 kV
transformers and 330 kV autotransformers. It has been
found that there is a significant shift between the
mathematical expectations of the distributions of
usable and unsuitable oil. This means that the residual
life of oils in transformers analysed varies
significantly. The obtained values of the parameters of
the distribution laws of transformer oil indicators can
be used in the development of models to estimate the
service life of oils, as well as to predict and plan the

timing of maintenance and repair of equipment, which
will allow to carry out the transition to maintenance
according to the real situation rather than the calendar
plan. In addition, the presence of distribution law
parameter values for indicators of oil with different
states allow to estimate the state of transformer oils
using likelihood ratios, which can significantly reduce
the risks of making wrong decisions.
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ADAPTIVE MAXIMUM POWER POINT TRACKING USING NEURAL NETWORKS
FOR A PHOTOVOLTAIC SYSTEMS ACCORDING GRID

Introduction. This article deals with the optimization of the energy conversion of a grid-connected photovoltaic system. The novelty
is to develop an intelligent maximum power point tracking technique using artificial neural network algorithms. Purpose. Intelligent
maximum power point tracking technique is developed in order to improve the photovoltaic system performances under the
variations of the temperature and irradiation. Methods. This work is to calculate and follow the maximum power point for a
photovoltaic system operating according to the artificial intelligence mechanism is and the latter is used an adaptive modified
perturbation and observation maximum power point tracking algorithm based on function sign to generate an specify duty cycle
applied to DC-DC converter, where we use the feed forward artificial neural network type trained by Levenberg-Marquardt
backpropagation. Results. The photovoltaic system that we chose to simulate and apply this intelligent technique on it is a stand-
alone photovoltaic system. According to the results obtained from simulation of the photovoltaic system using adaptive modified
perturbation and observation — artificial neural network the efficiency and the quality of the production of energy from photovoltaic
is increased. Practical value. The proposed algorithm is validated by a dSPACE DS1104 for different operating conditions. All
practice results confirm the effectiveness of our proposed algorithm. References 37, table 1, figures 27.

Key words: artificial neural network, grid-connected, adaptive modified perturbation and observation, artificial neural
network-maximum power point tracking.

Bcemyn. 'Y cmammi tioemvca npo onmumizayilo nepemeopenus emepeii gpomoenrekmpuunoi cucmemu, niOKIOUEHoi 00 Mepesxci.
Hoesusna nonazae y po3pobyi memoouxu inmenekmyansHo20 8i0Cmedicetts MmoYoK MakCUMAaibHOi NOMY’CHOCHI 3 6UKOPUCTNAHHAM
aneopummie wmyuroi Helponroi mepedici. Mema. Memoouka inmenexmyaibHo20 I0CMeNCeHHs MOYOK MAKCUMATbHOI NOMYHCHOCTE
po3pobnena 3 Memoro NOANUEHHS XapaKmepucmux GomoeiekmpuiHoi cucmemu 8 yMo8ax 3minu memnepamypu ma onpoMiHeHHs.
Memoou. Poboma nonsecae 6 obuucienni ma giocmediceHni MoOYKU MAKCUMANbHOL NOMYylcHOCmi 0151 homoenekmpuyHoi cucmemu,
Wo mnpayioe 8iON0GIOHO 00 MeXAHi3MYy WMYYHO2O IHMENeKmy, I 6 OCMAHHIN BUKOPUCMOBYEMbCA AOANMUGHUL MOOUPIKOBAHUT
aneopumm 36ypenHss ma GIOCMEICEHHS. MOYOK MAKCUMANIbHOT NOMYNCHOCME HA OCHOGI 3HAKY QVHKYIL 0151 CMEOPeHHs. 3a0aH020
poboyozo yuxny cmocoeno DC-DC nepemsopiosaua, de Mu BUKOPUCIMOBYEMO WMYYHY HEUPOHHY MePedxtcy Muny «npamoi nooauiy,
Haguemy 360pomnomy po3noecioodicennio Jlegenbepea-Mapkeapoma. Pesynemamu. @omoenekmpuuna cucmema, Ky mMu 06panu ons
MOOenioeants ma 3acmocy6ants yici inmenexmyanbHoi Memoouxy, € agmoHOMHOI0 omoerekmpuynolo cucmemoro. Bionogiono oo
pe3yibmamis, OMpUMAHux npu MoOem08aHHi homoeneKmpuuHol cucmemy 3 BUKOPUCMAHHAM A0ANMUBHUX MOOUDIKosaHux 36ypeHs
Ma CNOCMepedtCents — WMy4Hoi HellpoHHOI Mepedici, e(heKmueHicms ma AKiCms 8UPOOHUYMBEA eHepeii 3 homoereKmpuyHoi enepeii
nioguwyemocs. Ilpakmuuna yinnicms. 3anpononosanuii ancopumm nepegipeno dSPACE DS1104 oas pisnux ymos pobomu. Yci
NPAKmMuyHi pe3yrbmamu niomeepodicyloms eheKmusHicnms 3anpononoeanozo Hamu areopummy. bion. 37, Tabmn. 1, puc. 27.

Knrouosi cnosa: mrydna HelipoHHA Mepeska, MiAKJII0YeHAa 10 Mepexi, atanTuBHe MoAn(pikoBaHe 30ypeHHS Ta CIIOCTEPeKeHHs,
LITY4YHA HeHPOHHA MepeKa-BiicTeskeHH TOYKH MAKCHMAJILHOI IOTYKHOCTI.

Introduction. Nowadays, the electric power depending on the economic situation [5]. The future

generation mainly uses fossil and fissile (nuclear) fuels.
The widespread use of fossil fuels, such as gasoline, coal
or natural gas, allows for low production prices. On the
other hand, their use results in a large release of
greenhouse gases and polluting gases. Electricity
production from fossil fuels has a great responsibility for
global CO, emissions, hence pollution, according to the
last International Energy Agency report [1]. Nuclear
power, which does not directly release carbon dioxide, the
risks of accident linked to their exploitation are very low
but the consequences of an accident would be disastrous.
Although the risks of accident linked to their exploitation
are very low, but the consequences of an accident would
be disastrous and we must not forget the Fukushima
Daiichi nuclear disaster in Japan. Furthermore, the
treatment of waste from this mode of production is very
expensive; the radioactivity of the treated products
remains high for many years [2], that’s what prompted to
the propose a nuclear plant waste management policies
and strategies [2], and some researcher suggests to build a
regional and global nuclear security system [3]. Finally,
uranium reserves are like those of limited oil [4].
Although the world is in surplus in electricity
production today, the future is therefore not promising on
fossil fuel resources whose reserves are constantly
decreasing and whose prices fluctuate enormously

preparations in the fields of energy production to satisfy
the humanity needs should be foreseen today, in order to
be able to gradually face the inevitable energy changes.

Each innovation and each breakthrough in research
will only have repercussions in about ten years at best, the
time to carry out the necessary tests and to consider
putting into production without risk for the user as much
for his own health than for its electrical installations, to
avoid the problems of pollution in the production of
electricity, alternative solutions can be photovoltaic (PV),
wind, or even hydroelectric sources [4, 5].

The use of PV solar energy seems to be a necessity
for the future. Indeed, solar radiation constitutes the most
abundant energy resource on earth. The amount of energy
released by the Sun, for one hour could be enough to
cover global energy needs for a year, for that we should
better exploit this energy and optimize its collection by
PV collectors [6].

The basic element of a PV system is the solar panel
which is made up of photosensitive cells connected to
each other. Each cell converts the rays from the Sun into
continuous type electricity. PV panels have a specific
highly non-linear electrical characteristic which appears
clearly in the current-voltage and power-voltage curves
[7]. Tts electrical characteristics have a particular point
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called Maximum Power Point (MPP). This point is the
optimal operating point for which the panel operates at its
maximum power, MPP is highly dependent on climatic
conditions and load, which makes the position of the MPP
variable over time and therefore difficult to locate [8].

A Maximum Power Point Tracking (MPPT) control
is associated with an intermediate adaptation stage,
allowing the PV to operate at the MPP so as to
continuously produce the maximum power of PV,
whatever the weather conditions (temperature and
irradiation), and whatever the charge. The converter
control places the system at MPP this point defined by
current I, and voltage V. There are several MPPT
techniques that aim to extract maximum power from the
solar cells outputs [9-12] the interested reader is referred
o [11] for more details. Classic techniques such as the
Incremental Conductance technique and Perturbation and
Observation (P&O) technique, these two methods are the
most used and easy to implement methods but have
drawbacks [10-13].

New techniques based on artificial intelligence, such
as Fuzzy Logic Control [14, 15] Squirrel Search
Algorithm [16], Particle Swarm Optimization [17], Levy
Flight Optimization [12], Artificial Neural Networks
(ANN) [18, 19], and other propose a hybrid techniques
[20-23].

The methods based on ANN allow solving non-
linear problems and more complicated by a very fast way
since they are represented by non-linear mathematical
functions [24]. A different ANN-MPPT algorithm for
maximization of power PV production have been studied
in many research papers [18, 19, 25]. Messalti et al. in
[19] proposes with experimental validation two versions
of ANN-MPPT controllers either with fixed or variable
step. The aim of their works was to propose an optimal
MPPT controller based on neural network for used it in
the PV system. Different operating climatic conditions are
investigated in the ANN training step in order to improve,
tracking accuracy, response time and reduce a chattering.

Kumar et al. in [26] propose two Neural Networks
(NN) in the purpose of PV grid-connected with multi-
objective and distributed system; one is for assuring
MPPT and the other for the generation of reference
currents; the NN used for MPPT is based on hill climbing
learning algorithm, and use a NN version of a Power
Normalized Kernel Least Mean Fourth algorithm control
(PNKLMF-NN) to generate a reference currents.

Tavakoliel al. in [27] propose an intelligent method
for MPPT control in PV systems, this study establishes a
two-level adaptive control framework to increase its
efficiency by facilitating system control and efficiently
handling uncertainties and perturbations in PV systems
and the environment; where the ripple correlation control
is the first level of control and the second level is based
on an adaptive controller rule for the Model Reference
Adaptive Control system and is derived through the use of
a self-constructed Lyapunov neural network. However,
this approach did not been applied in the purpose of grid
connected PV system.

In [28] the authors have made a new technique — a
Adaptive Modified Perturbation and Observation
(AMPO), which reduces the MPP search steps this last

based on the function which widely used in sliding mode
control sign function, by this technique of reducing the
calculation time and the chattering; compared to classic
P&O technique.

Many authors study the issues of PV system grid
connection [26], [29-31]. Slama et al. in [29] offer a
clever algorithm for determining the best hours to switch
between battery and PVs, on the other hand, Belbachir et
al. in [30] seeks the optimal integration, both for
distributed PVs and for the batteries, other deal with the
management of electricity consumption [31].

In this paper, we propose an adaptive P&O
algorithm technique based on neural network with the PV
system to increase the power of PV and operate at MPP,
whatever the climatic variation such as the radiation and
the temperature, according a grid demand.

The main contribution of this work is to present an
Adaptive Modified Perturbation and Observation —
Artificial Neural Networks (AMPO-ANN) based on the
sign function which simplifies and reduces the step and
time of calculating MPPT point which allows minimizing
both the calculation time, the structure of the classic P&O
algorithm and the AMPO-ANN designing. Furthermore,
in the purpose of real-time application the major problem
in a neural network framework is the large size of the
created program who add a difficult to implant, especially
for the realization of a complex system with small time
constant.

We are mainly interested in the development of a
control system based on ANN which allows the
continuation of the MPP by simulation and experiments,
which allows increasing the performance of the neural
MPPT chart compared to the other maximization
methods. Figure 1 below presents a proposed system of
control.

LC Filter

Three —phase
Converter
DC-DC

J
0
o

Fig. 1. Schematic diagram of the PV system under study
with AMPO-ANN strategy

e 1]
v Inver \ ’

DC/AC Y Grid

AC Load

The goal of the paper is to develop a technique of
maximization power point tracking search based on the
function sign which simplifies and reduces the step size
and the computation time of the maximum power point
tracking point which minimize both calculation time.

Subject of investigations. This paper is valid power
maximization technique-based neurons networks by a test
bench with a dSPACE DS1104.

Description and modeling of proposed PV system.
Equation (1) describes the PV cell model, this model
(Fig. 2) can be definite by the application of standard data
given by the manufacturer. The equivalent circuit for PV
cell is presented as follow [32].

The typical equation for a single-diode of PV panel
is as follows:
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where 1, is the current generated by PV panel; I, is the
generated photo-current; /i is the current of saturation;
V, is the voltage of PV panel; R, is the array’s equivalent
series resistance; a is the constant of the ideal diode VD;
Vris the thermal voltage of PV (V7= KT/q, where K is the
Boltzmann’s constant; T is the temperature of PV; g is the
charge of an electron); Ry, is the array’s equivalent
parallel resistance.

I, R
PO :'_
I I
A
Lo :Z R, Vpy
VD

Fig. 2. The PV cell equivalent circuit

Figures 3 and 4 illustrate the PV panel’s
characteristics as they change; both temperatures between
25 to 75 °C and irradiation between 200 to 1000 W/m®
respectively.
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Fig. 3. Characteristics P = f{(V) of the PV panel under variation
of temperature
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Fig. 4. Characteristics P = f{V) of the PV panel under irradiation
variation

Buck converter modeling. The load is connected to
the DC bus via a DC-DC buck power converter [33]
(Fig. 5), which allows it to be controlled.

Q L iL IR
\
Iy

R Vou

Vin ZXVD C::

Fig. 5. Buck converter

To model the converter, state space average
equations are employed, as shown in the equation (2) [34]

{561 =kuVi, —kixy; )

Xy =kyxy —k3xz,
where u is duty cycle and ky = 1/L; k, =1/C; ks =1/RC.
The steady state is given by
[xl )Cz] = [lL Vuut]- (3)
e The DC/AC inverter model. Figure 6 presents the
structure of three-phase voltage source inverter (VSI).

K A K B KC
U‘
v + %

gﬁi

Fig. 6. Structure of a three-phase VSI

The switching function is C{i = 4, B, C} as
bellow[35]:
o if C;=1, then K; is OFF and K'; is ON;
o if C;=0, then K; is ON and K’; is OFF.
The outputs voltage of the inverter Uyp, Upc, Ucy
can be write as:

U =U 40 =Upo;
Upc =Upgo =Ucys “)
Uca =Uco =U 4o-
Since the phase voltages are star-connected to load
sum to zero, equation (4) can be written:

1
U an :E[UAB_UCA];

1

UBnZE[UBC_UAB]; Q)
1

Ucn =§[UCA ~Upc])

For the phase-to-neutral voltages of a star-connected
load obtain this model:

Usn +Upo =U 405

Upn+Upo =Upy; (6)
UCn + Uno = UC()'
and we conclude that:
1
Uy = E(UAO +Up, + UCO ) . (7
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For ideal switching can be obtained:
l]io = Ci'Uc - Uc /2; (8)
with
UAo = (CA - O:S)U(j;
Upo =(Cp =05 9
Uco =(Cc-0,5U¢-
Substitution of (6) into (7) obtain [30]:

2 1 1
U an :gUAo _EUBO _EUCm
2 1
UBn ___UAo +§UBO 3UCos (10)
1 1 2
Ucn :_EUAO _gUBo +=Uc-
Setting (9) with (10), obtain:
U4 ) 2 -1 -1|Cy
Ug, =§~Uc -1 2 -1|Cp| (11)
Ucy, -1 -1 2| C¢

The Conventional P&O Algorithm (CPOA). In
the P&O process the voltage is increased or decreased
with a defined step size in the direction of reaching the
MPP. The method is carried out again and again till the
MPP is attained. In steady condition the operational point
oscillates about the MPP, the oscillation is highly
dependent on step size, so that when using a small step
size, it can reduce volatility but can reduce system
dynamics as well. On the other hand, while using a large
step size it can improve system dynamics, but it can
increase volatility around MPP as well [36]. Figure 7
illustrates the flowchart of the CPOA algorithm.

AMPO-ANN algorithm. Many MPPT approaches
have recently been created and developed. In terms of
accuracy, for real time implementation the P&O MPPT
method is more practical than other MPPTs because it is
easier to implement [38]. The P&O MPPT technique is
primarily based on the perturbation of the PV output
voltage V(f) and related output power P(f), which is
compared to the prior perturbation P(¢ +1). Keep the next
voltage shift in the same direction as the previous one if
the power increases.

: Initialisation values Vpy (K) Iy (K), Ppy(K) |A Return
Conventional steps W) I (K). (k) |4
‘ | Measurement Vpy (K+1) Ipy (K+1) |

Measurement Pepy (K+1)

Yes

Prv(K+1) > Pry(K)

Vey(K)=Vey(K+1)
Tpy(K)=Ipy(K+1)

Fig.7. Flowchart of the CPOA algorithm

Artificial intelligence is used in many areas of
research, and ANN is a bright and promising part of these
technologies, where process control and monitoring,
recognition of patterns, power electronics, finance and
economics, and medical diagnosis are only a few of the
applications where ANNSs have proven their worth [37].

In this paper, we will use two neural networks at the
same time; the first network whose role is to estimate the
output current which corresponds to the maximum power,
and the second is used to estimate the voltage which
corresponds to the maximum power too[28§].

However, if the steps of the algorithm are tracking
speed has been increased, as has the accuracy. and
rapidity are increased (dP,/dV,>0), but with high
increasing in the oscillation, resulting in comparatively
low performance and vice versa, In this paper, an AMPO
algorithm method is dedicated to find a simple
implantation in comparison with classical CPOA
algorithm, and the AMPO can be written as follows:

u(y) = Uy—1) + ysign(AP),
where yis fixed step and U, is the voltage control;
AP=P(y)—P(y—1),

if AP > 0 then increase U,, else AP <0 decrease U..

A power of the panel (P,,) sensor is connected to the
P&O algorithm unit in order to detect the power in state y
and compare it with next value (y+1). At a certain point,
when the difference between P,.(y) and P, (y +1) is AP,
then the algorithm will recognize that there is a powerful
change and the algorithm should start from the beginning
(). The value of u(y) (u is voltage control of P&O) is set
to depend on the value of y of the AP,, criteria and it is
different from irradiation values of PV, the AP, /AV,,
change value around at point MPP, the duty cycle follows
this change, view the duty cycle varying between values
positive, zeros, negative.

In this article, we replace this variation of power
u(y +1) show in equation (12) by function sign(P,,) play
the role of conventional step of algorithm P&O, with
rapidly responses, equation (13) can be written in the
following form:

(12)

L if P, >0
sign(P,,)=10 i P, =0; (13)
-1 if P, <0

The adding the variation of power (AP,) and
voltage (AV),) can be whiten equation (13) as follow:

L if APy, [AV,,>0;
sign(AP,, /AV,,)=10 if AP, /AV,, =0at MPP; (14)
~1 if AP, JAV,, <0,

Equation (14) can be written as follow:
5: sign{(va(;/) 7va(}’+1))(va(7) - va(}ﬁl_l))} (15)
To simplify the writing of equation (15) can be
written in the following form:
0=sign(AP,,-AV,,). (16)
State of the voltage control 6 of AMPO can be
summarized in Table 1.
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Table 1
Variation of MPP in algorithm

sign(AP, () | sign(AP,(y+1)) | §|u duty cycle| State of MPOA
-1

-1 —2 +1 Left MPP
-1 +1 0 0 at MPP
+1 -1 0 0 at MPP
+1 +1 +2 +1 Right MPP

The Table 1 presented the variation of MPP point in
algorithm by 4 cases:

e Case 1. If state of changing algorithm is
sign(AP,,() = —1, then sign(AP,(y+1)) =—1, and 6=-2,
the MPP moving to left; there for u = +1, to increase
power of PV (P,,).

e Case 2. If state of changing algorithm is
sign(AP,,() = +1, then sign(AP,,(y+1)) = -1, and 5= 0,
at point MPP; there for # = 0, no changing in the power of
PV (P,).

e Case 3. If state of changing algorithm is
sign(AP,,() = —1, then sign(AP,,(y+1)) = +1, and 5= 0,
at point MPP; there for u = 0, no changing in the power of
PV (P,).

e Case 4. If state of changing algorithm is
sign(AP,(») = +1, then sign(AP,,(y+1)) = +1, and 5= +2,

the MPP moving to right; there for u = +1, to decrease
power of PV (P,,).

After this case the variation of & and u can be
thought in AMPO-ANN for desired voltage regulation
(for regulate the desire voltage), as shown in Fig. 8.

The value of ¢ presented the variation of power of
panel AP, we can add to value of duty cycle u for adjust
at point MPP can be written as follow:

u(y) =u(y) + Su(y+1). (16)

After equations (15) — (17) can be designing the

flow chart of the MPOA algorithm modified shown in

Fig. 8 and presented a new step has determined by
previous equation.

<

Initialisation values

Ve D), I, Prid)

Measurement

Vev (7*'1)9 IPV(}A'I% Ppy (74'1)

0=sign(AVpy (7+1)-APpy(y+1))

e
/ = , V\ =
\d‘:/)%a
X 4// :

u(p)=u(y) + ou(yt1)

v

Ver(n) = Velytl)
Ip () = Ip¥+1)

Return

Fig.8. Flowchart of the adaptive ANN-AMPO

Simulation of proposed system. The simulation of
the Intelligent Maximum Power Point Tracking (IMPPT)
based on AMPO-ANN makes it possible to verify that
neural networks approach, after learning is effectively
capable of predicting the desired output for the values of
the data at the input which are not used during learning.
We should always compare the true exit from the
trajectory of neural networks with the trajectory of the
model of PV cells.

The simulations results given in Fig. 9 and represent
the electrical characteristics of the stand-alone PV system
controlled by AMPO-ANN under standard climatic
conditions (1000 W/m? and 25 °C). The powers obtained
from the proposed technique stabilize in a steady state
around the optimal values delivered by PV (Ppp, = 111 W,

Vipp = 26 'V and I, = 4.4 A); AMPO controller allows
us for parts per million (PPM) to be attained in 0.06 s,
whilst the ANN algorithm allows for PPM to be obtained
in 0.02 s only. In addition Fig. 9 shows that in steady state
the maximum power supplied by the PV system
controlled by the AMPO-ANN is more stable and closer
to the PPM compared to AMPO control; the AMPO
control give a power oscillates around the MPP which
resulting in power losses.

From Fig. 9,a we observe that P,, takes 0.02 s in
transient state to stabilize at a steady — state value which
is MPP in the neighborhood of 111 W.

Figure 9,b summarizes a comparison between the
MPPT of PV output power controlled by AMPO and
AMPO-ANN. We see that the power generalized based
on AMPO algorithm has more pikes and is more oscillate
compared to the improved technique based on ANN.

P’”’;gg LA T T T SO
R
R e R R
0 | | | s
0 0.2 04 0.6 0.8 1
a
PpV,W : : \
111 il " H”r N PR 1\ i wp"v '“ \WW‘,M
T ”m T i
””” T””f —ampo | I
109.5 ””7”3”””73” 7AM‘F’O-ANN7773777
043 0.44 045 046 1,8
b

Fig. 9. a — power of PV (AMPO-ANN);
b — zoom power of PV (AMPO-ANN)

From Fig. 10 we observe the during the period from
0 s to 0.05 s the voltage decreases with significant
oscillations, then it stabilizes at the maximum value 26 V.

Figure 11 shows the load current curve based on
AMPO-ANN techniques, we note that its value in steady
state stabilizes around 4.4 A.
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Fig. 11. Current of PV (AMPO-ANN)

In order to verify the robustness and the reliability of
the proposed method, we will test the performance of
AMPO-ANN by performing separately under climate
condition variation, we make variations on solar
irradiation and we assume that the temperature is a
constant equal to 25 °C, where we suppose that the
irradiation drops from 500 to 1000 W/m?, at 0.5 s.

According Fig. 12 we note that the maximum power
delivered by the PV varies proportionally with irradiation.
When the irradiation is 500 W the P, stabilizes around 38 W.
But when the sun goes from 500 to 1000 W/m? the P,
risesto 111 W.

In addition, the simulation result presented by Fig. 9,
shows that the AMPO-ANN represent better
performances compared to AMPO; since they converge
quickly towards the new P,,,, with reduced the chattering.
Figures 13, 14 show current and voltage of PV based on
AMPO-ANN techniques respectively.
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We will test the performances of the AMPO-ANN
algorithm previously developed with the purpose of the
grid connection and the climatic conditions are fixed in
standard conditions, then connect the PV system to the
electrical networks. Figure 15 shows the simulation
results. We observe better results for I, (current
measured by the network), I, (load current) also the

three- phase currents 1, I, 1. (Fig. 16).
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Fig. 15. a — three-phase currents (AMPO-ANN);
b — zoom three-phase currents (AMPO-ANN).
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Fig. 16. a — current Iy, and I;,.s (AMPO-ANN);
b — zoom current I, and /.., (AMPO-ANN)
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The results confirm the correct functioning of the
two controllers AMPO and AMPO-ANN, but also show a
better functioning of the AMPO-ANN. The latter has
proven to have better performance, fast response time and
very low, steady state error, and it is robust to variations
in atmospheric conditions.

Experimental results. The proposed AMPO-ANN
controller has been put to the test in order to improve its
performance. Instead of a solar panel, an experimental
setup of a system made of a PV emulator coupled to a
DC-DC converter is shown in Fig. 17. LA-25NP and
LV-25P are sensors of the current /,, and voltage V,,,. The
proposed control is implemented on the dSPACE
DS1104.

Voltage & current sensors

Load

AC-DC & DC-DC
Converter

Irradiation ~ Temperature

Voltage & current sensors
; (LEM)

Interface f ¥
Software Model of —DAC— g W
PV-Array Emulator control | = 9
24 N
o U1

PV Array Emulator

DS1104 dSPACE
Master :  Power PC 604e

5o ) Slave: DSPTMS320F240

Fig. 17. Structure of the laboratory setup

In the simulation part we assume that all
components are perfect (simplifying assumptions, losses
and switching phenomena are ignored), so the DC-DC &
AC-DC converters has an almost perfect operation.

On the other hand, the tests which we carried out in
the laboratory take into account the saturation of the used
components and the switching phenomena, these tests
consist to validating the proposed technique which
applied to a DC-DC converter then connected to an
AC-DC converter (inverter).

From Fig. 18-20 we observe that P,, takes 0 s in
transient state to stabilize at a steady — state value which
is MPP in the neighborhood of 100 W, current and

voltage also taken point MPP at values 3.4 A and 29 V.
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Fig. 20. Voltage of PV (AMPO-ANN)

We will test the performances of the AMPO-ANN
algorithm previously developed with the purpose of the
grid connection and the climatic conditions are fixed in
standard conditions, then connect the PV system to the
electrical networks. Figures 21, 22 show the experimental
results. We observe better results for / (current measured
by the network), Vac (load voltage), also single phase of
current and voltage.
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Fig. 22. Current of AC bus (AMPO-ANN)

The Figures 23-27 show the results of realizing the
output power of the PV, its operating voltage and current,
and the duty cycle (at the frequency of 3000 Hz) for the
AMPO-ANN and the conventional disturbance and
observation (P&0O) AMPO-ANN using a converter and
inverter environmental conditions. It is clearly seen how
the AMPO-ANN algorithm reduces the response time of
the PV system. Obviously, the system with AMPO has a
great loss of energy in the transient state, that when the
increase in power is the result of the increase in
illumination in sinusoidal form between 500 W/m® and
1000 W/m?, the reversal of the direction of illumination
produced by the AMPO-ANN algorithm causes the
increase of the power at the MPP point to 101 W and at
the same time the output voltage of the inverter, the
output voltage Vac is 28 V and current at 0.15 A are
illuminate also the harmonics in grid connected, the MPP
starts close to the operating point, but the P&O algorithm
detects that and moves the operating point in the right
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direction. The AMPO-ANN algorithm gives a better
result than the classic algorithm AMPO.

P, W

pvs

100 Mo

50F ~ == NR S AGASASA T T

40

regulated by an maximum power point tracking
command, to control maximum power point tracking of a
photovoltaic system based on neural networks were
presented and its architecture of neural networks was
used. The simulation and validation results show that this
system can adapt the maximum operating point for
variations in external disturbances.

We can say that artificial neural networks are
efficient and powerful modeling tools, their robustness
lies in the possibility of predicting the output of the
network even if the relationship with the input is not
linear.

The purpose of the modified algorithm adaptive
modified perturbation and observation — artificial neural
network is to reduce oscillation and achieve a high
response of the output power in response to changing
weather conditions and parameter variations. All of the
results show that the proposed technique control and our
improved maximum power point tracking approach are
effective.

Funding. This work was supported by the Franco-
Algerian cooperation program PHC-Maghreb.

Acknowledgement. The authors would like to thank
laboratory teams of research Propulsion Systems —
Electromagnetic Induction, LSPIE, University of Batna 2,
Batna, Algeria.

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

REFERENCES
1. International Energy Agency. Global Energy & CO2 Status
Report 2019. Available at: https://www.iea.org/reports/global-
energy-co2-status-report-2019 (accessed 25 May 2021).

20

f=}

—40

0.1 ; ;
| |
ol b M A
l |
| |
0 - F=H A A =
| |
| |
-0.05{f RERTHIE L
| |
| |
0.1 A 1 O N 1 I B A |
| | 1
: M LS
0155 10 20 30
Fig. 27. Current of AC bus (AMPO-ANN)
Conclusions.

We analyzed the electrical functioning of a
photovoltaic system, adapted by DC-DC converter,

2. Wisnubroto D.S., Zamroni H., Sumarbagiono R., Nurliati G.
Challenges of implementing the policy and strategy for
management of radioactive waste and nuclear spent fuel in
Indonesia. Nuclear Engineering and Technology, 2021, vol. 53,
no. 2, pp. 549-561. doi: https://doi.org/10.1016/j.net.2020.07.005.
3. Zhou W., Ibano K., Qian X. Construction of an East Asia
Nuclear Security System. In: Zhou W., Qian X., Nakagami K.
(eds) East Asian Low-Carbon Community. Springer, Singapore,
2021, pp. 199-214. doi: https://doi.org/10.1007/978-981-33-
4339-9_11.

4. Rahman F.A., Aziz M.M.A., Saidur R., Bakar W.A.W.A_,
Hainin M.R., Putrajaya R., Hassan N.A. Pollution to solution:
Capture and sequestration of carbon dioxide (CO,) and its
utilization as a renewable energy source for a sustainable future.
Renewable and Sustainable Energy Reviews, 2017, vol. 71, pp.
112-126. doi: https://doi.org/10.1016/j.rser.2017.01.011.

5. Al-Maamary H.M.S., Kazem H.A., Chaichan M.T. The
impact of oil price fluctuations on common renewable energies
in GCC countries. Renewable and Sustainable Energy Reviews,
2017, vol. 75, pp- 989-1007. doi:
https://doi.org/10.1016/j.rser.2016.11.079.

6. Ahmadlouydarab M., Ebadolahzadeh M., Muhammad Ali H.
Effects of utilizing nanofluid as working fluid in a lab-scale
designed FPSC to improve thermal absorption and efficiency.
Physica A: Statistical Mechanics and its Applications, 2020, vol.
540, p. 123109 .doi: https://doi.org/10.1016/j.physa.2019.123109.
7. Abbassi A., Abbassi R., Heidari A.A., Oliva D., Chen H.,
Habib A., Jemli M., Wang M. Parameters identification of
photovoltaic cell models using enhanced exploratory salp
chains-based approach. Energy, 2020, vol. 198, p. 117333. doi:
https://doi.org/10.1016/j.energy.2020.117333.

64 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 5



8. Sivakumar L.P., Sivakumar S., Prabha A., Rajapandiyan A.
Implementation of particle swarm optimization for maximum
power absorption from photovoltaic system using energy
extraction circuit. 2019 IEEE International Conference on
Intelligent Techniques in Control, Optimization and Signal
Processing (INCOS), 2019, pp- 1-4. doi:
https://doi.org/10.1109/incos45849.2019.8951378.

9. Ramos-Hernanz J., Uriarte 1., Lopez-Guede J.M.,
Fernandez-Gamiz U., Mesanza A., Zulueta E. Temperature
based maximum power point tracking for photovoltaic modules.
Scientific Reports, 2020, vol. 10, no. 1, p. 12476. doi:
https://doi.org/10.1038/s41598-020-69365-5.

10. De Brito M.A.G., Galotto L., Sampaio L.P., E Melo G.D.A.,
Canesin C.A. Evaluation of the main MPPT techniques for
photovoltaic applications. [EEE Transactions on Industrial
Electronics, 2013, vol. 60, no. 3, pp. 1156-1167. doi:
https://doi.org/10.1109/tie.2012.2198036.

11. Motahhir S., El Hammoumi A., El Ghzizal A. The most
used MPPT algorithms: Review and the suitable low-cost
embedded board for each algorithm. Journal of Cleaner
Production, 2020, vol. 246, p- 118983. doi:
https://doi.org/10.1016/.jclepro.2019.118983.

12. Charin C., Ishak D., Mohd Zainuri M.A.A. A maximum
power point tracking based on levy flight optimization.
International Journal of Power Electronics and Drive Systems,
2020, vol. 11, no. 3, p- 1499. doi:
https://doi.org/10.11591/ijpeds.v11.i3.pp1499-1507.

13. Rezkallah M., Hamadi A., Chandra A., Singh B. Design and
implementation of active power control with improved P&O
Method for wind-PV-battery-based standalone generation system.
IEEFE Transactions on Industrial Electronics, 2018, vol. 65, no. 7,
pp. 5590-5600. doi: https://doi.org/10.1109/tie.2017.2777404.

14. Nebti K., Lebied R. Fuzzy maximum power point tracking
compared to sliding mode technique for photovoltaic systems
based on DC-DC boost converter. Electrical Engineering &
Electromechanics, 2021, mno. 1, pp. 67-73. doi:
https://doi.org/10.20998/2074-272x.2021.1.10.

15. Algazar M.M., Al-Monier H., El-Halim H.A., Salem
M.E.E.K. Maximum power point tracking using fuzzy logic
control. International Journal of Electrical Power & Energy
Systems, 2012, wvol. 39, mno. 1, pp. 21-28. doi:
https://doi.org/10.1016/j.ijepes.2011.12.006.

16. Fares D., Fathi M., Shams 1., Mekhilef S. A novel global
MPPT technique based on squirrel search algorithm for PV
module under partial shading conditions. Energy Conversion
and Management, 2021, vol. 230, p. 113773. doi:
https://doi.org/10.1016/j.enconman.2020.113773.

17. Ishaque K., Salam Z., Amjad M., Mekhilef S. An improved
particle swarm optimization (PSO)-based MPPT for PV with
reduced steady-state oscillation. /EEE Transactions on Power
Electronics, 2012, vol. 27, no. 8, pp. 3627-3638. doi:
https://doi.org/10.1109/tpel.2012.2185713.

18. Bendib B., Krim F., Belmili H., Almi M.F., Bolouma S. An
intelligent MPPT approach based on neural-network voltage
estimator and fuzzy controller, applied to a stand-alone PV
system. 2014 IEEE 23rd International Symposium on Industrial
Electronics (ISIE), 2014, pp- 404-409. doi:
https://doi.org/10.1109/isie.2014.6864647.

19. Messalti S., Harrag A., Loukriz A. A new variable step size
neural networks MPPT controller: Review, simulation and
hardware implementation. Renewable and Sustainable Energy
Reviews, 2017, vol. 68, pp- 221-233. doi:
https://doi.org/10.1109/isie.2014.6864647.

20. Motamarri R., Nagu B. GMPPT by using PSO based on
Lévy flight for photovoltaic system under partial shading
conditions. IET Renewable Power Generation, 2020, vol. 14,

no. 7, pp. 1143-1155. doi: https://doi.org/10.1049/iet-
rpg.2019.0959.

21. Motamarri R., Bhookya N. JAYA algorithm based on Lévy
flight for global MPPT under partial shading in photovoltaic
system. [EEE Journal of Emerging and Selected Topics in
Power Electronics, 2021, vol. 9, no. 4, pp. 4979-4991. doi:
https://doi.org/10.1109/jestpe.2020.3036405.

22. Charin C., Ishak D., Mohd Zainuri M.A.A., Ismail B., Mohd
Jamil M.K. A hybrid of bio-inspired algorithm based on Levy
flight and particle swarm optimizations for photovoltaic system
under partial shading conditions. Solar Energy, 2021, vol. 217,
pp. 1-14. doi: https://doi.org/10.1016/j.solener.2021.01.049.

23. Abo-Elyousr F.K., Abdelshafy A.M., Abdelaziz A.Y.
MPPT-based particle swarm and cuckoo search algorithms for
PV systems. Green Energy and Technology, 2020, pp. 379-400.
doi: https://doi.org/10.1007/978-3-030-05578-3 _14.

24. Mohd Adnan M.R.H., Sarkheyli A., Mohd Zain A., Haron
H. Fuzzy logic for modeling machining process: a review.
Artificial Intelligence Review, 2015, vol. 43, no. 3, pp. 345-379.
doi: https://doi.org/10.1007/s10462-012-9381-8.

25. Abo-Sennah M.A., El-Dabah M.A., Mansour A.E.-B.
Maximum power point tracking techniques for photovoltaic
systems: A comparative study. [International Journal of
Electrical and Computer Engineering, 2021, vol. 11, no. 1, p.
57-73. doi: https://doi.org/10.11591/ijece.v11il.pp57-73.

26. Kumar N., Singh B., Panigrahi B.K. PNKLMF-based neural
network control and learning-based HC MPPT technique for
multiobjective grid integrated solar PV based distributed
generating system. /[EEE Transactions on Industrial Informatics,
2019,  vol. 15, no. 6, pp. 3732-3742.  doi:
https://doi.org/10.1109/tii.2019.2901516.

27. Tavakoli A., Forouzanfar M. A self-constructing Lyapunov
neural network controller to track global maximum power point
in PV systems. International Transactions on Electrical Energy
Systems, 2020, vol. 30, no. 6, pp. 1-15. doi:
https://doi.org/10.1002/2050-7038.12391.

28. Sahraoui H., Chrifi-Alaoui L., Drid S., Bussy P. Second
order sliding mode control of DC-DC converter used in the
photovoltaic system according an adaptive MPPT. International
Journal of Renewable Energy Research, 2016, vol. 6, no. 2, pp.
375-383. Available at:
https://www.ijrer.org/ijrer/index.php/ijrer/article/view/3369/pdf

(accessed 25 May 2021).

29. Slama F., Radjeai H., Mouassa S., Chouder A. New
algorithm for energy dispatch scheduling of grid-connected solar
photovoltaic system with battery storage system. Electrical
Engineering & Electromechanics, 2021, no. 1, pp. 27-34. doi:
https://doi.org/10.20998/2074-272x.2021.1.05.

30. Belbachir N., Zellagui M., Settoul S., El-Bayeh C.Z.,
Bekkouche B. Simultaneous optimal integration of photovoltaic
distributed generation and battery energy storage system in
active distribution network wusing chaotic grey wolf
optimization. Electrical Engineering & Electromechanics, 2021,
no. 3, pp. 52-61. doi: https://doi.org/10.20998/2074-
272X.2021.3.09.

31. Shavelkin A.A., Gerlici J., Shvedchykova 1.0., Kravchenko
K., Kruhliak H.V. Management of power consumption in a
photovoltaic system with a storage battery connected to the
network with multi-zone electricity pricing to supply the local
facility own needs. Electrical Engineering & Electromechanics,
2021, no. 2, pp. 36-42. doi: https://doi.org/10.20998/2074-
272X.2021.2.06.

32. Jordehi A.R. Parameter estimation of solar photovoltaic
(PV) cells: A review. Renewable and Sustainable Energy
Reviews, 2016, vol. 61, pp- 354-371. doi:
https://doi.org/10.1016/j.rser.2016.03.049.

33. Wei Z., Zhang B., Jiang Y. Analysis and modeling of
fractional-order buck converter based on Riemann-Liouville
derivative. IEEE Access, 2019, vol. 7, pp. 162768-162777. doi:
https://doi.org/10.1109/access.2019.2952167.

ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 5 65



34. Sahraoui H., Drid S., Chrifi-Alaoui L., Hamzaoui M.
Voltage control of DC-DC buck converter using second order
sliding mode control. 2015 3rd International Conference on
Control, Engineering & Information Technology (CEIT), 2015,
pp- 1-5. doi: https://doi.org/10.1109/ceit.2015.7233082.

35. Alnejaili T., Drid S., Mehdi D., Chrifi-Alaoui L., Belarbi R.,
Hamdouni A.. Dynamic control and advanced load management
of a stand-alone hybrid renewable power system for remote
housing. Energy Conversion and Management, 2015, vol. 105, pp.
377-392. doi: https://doi.org/10.1016/j.enconman.2015.07.080.

36. Ahmed J., Salam Z. An improved perturb and observe
(P&O) maximum power point tracking (MPPT) algorithm for
higher efficiency. Applied Energy, 2015, vol. 150, pp. 97-108.
doi: https://doi.org/10.1016/j.apenergy.2015.04.006.

37. Bouchaoui L., Hemsas K.E., Mellah H., Benlahneche S.
Power transformer faults diagnosis using undestructive methods
(Roger and IEC) and artificial neural network for dissolved gas
analysis applied on the functional transformer in the Algerian
north-eastern: a comparative study. Electrical Engineering &

Electromechanics, 2021, no. 4, pp. 3-11. doi:
https://doi.org/10.20998/2074-272X.2021.4.01.

Received 17.07.2021

Accepted 05.09.2021

Published 26.10.2021

How to cite this article:

Hamza Sahraoui'?, Doctor of Engineering,

Hacene Mellah®, Doctor of Engineering,

Said Drid’, Professor, Dr.-Ing. of Engineering,
Larbi Chrifi-Alaoui®, Dr.-Ing. of Engineering,
!Electrical Engineering Department,

Hassiba Benbouali University of Chlef,

B.P 78C, Ouled Fares Chlef 02180, Chlef, Algeria,
e-mail: hamzasahraoui@gmail.com

? Electrical Engineering Department,

University Akli Mouhand Oulhadj-Bouira,

Rue Drissi Yahia Bouira, 10000, Algeria,

e-mail: has.mel@gmail.com (Corresponding author)
3 Research Laboratory LSPIE,

Electrical Engineering Department,

University of Batna 2,

53, Route de Constantine, Fésdis, Batna 05078, Algeria,
e-mail: saiddrid@ieee.org

4 Laboratoire des Technologies Innovantes (LTI),
University of Picardie Jules Verne, IUT de 1'Aisne,
13 Avenue Frangois Mitterrand 02880 Cuffies-Soissons, France,
e-mail: larbi.alaoui@u-picardie.fr

Sahraoui H., Mellah H., Drid S., Chrifi-Alaoui L. Adaptive maximum power point tracking using neural networks for a photovoltaic
systems according grid. Electrical Engineering & Electromechanics, 2021, no. 5, pp. 57-66. doi: https://doi.org/10.20998/2074-

272X.2021.5.08.

66 ISSN 2074-272X. Electrical Engineering & Electromechanics, 2021, no. 5



Electrical Safety
UDC 621.316.9

https://doi.org/10.20998/2074-272X.2021.5.09

D.G. Koliushko, S.S. Rudenko, A.N. Saliba

METHOD OF INTEGRO-DIFFERENTIAL EQUATIONS FOR INTERPRETING
THE RESULTS OF VERTICAL ELECTRICAL SOUNDING OF THE SOIL

The paper is devoted to the problem of determining the geoelectric structure of the soil within the procedure of testing the grounding
arrangements of existing power plants and substations to the required depth in conditions of dense development. To solve the
problem, it was proposed to use the Schlumbergers method , which has a greater sounding depth compared to the Wenner electrode
array. The purpose of the work is to develop a mathematical model for interpreting the results of soil sounding by the Schlumberger
method in the form of a four-layer geoelectric structure. Methodology. To construct a mathematical model, it is proposed to use the
solution of a particular problem about the field of a point current source, which, like the observation point, is located in the first
layer of a four-layer soil. Based on this expressions, a system of linear algebraic equations of the 7-th order with respect to the
unknown coefficients a; and b; was compiled. On the basis of its analytical solution, an expression for the potential of the electric
field was obtained for conducting VES (the point current source and the observation point are located only on the soil surface).
Results. Comparison of the results of soil sounding by the Schlumberger installation and the interpretation of its results for the same
points shows a sufficient degree of approximation: the maximum relative error does not exceed 9.7 % (for the second point), and the
average relative error is 3.6 %. Originality. Based on the obtained expression, a test version of the program was implemented in
Visual Basic for Applications to interpret the results of VES by the Schlumberger method. To check the obtained expressions, the
interpretation of the VES results was carried out on the territory of a 150 kV substation of one of the mining and processing plants in
the city of Kriviy Rih. Practical significance. The developed mathematical model will make it possible to increase the sounding
depth, and, consequently, the accuracy of determining the standardized parameters of the grounding arrangements of power stations
and substations. References 13, figures 3.

Key words: electrical substation, grounding arrangements, vertical electrical sounding, Schlumberger method, method of
integro-differential equations.

Poboma npucsesuena npobremamuyi 6USHAUEHHS 2e0eNeKMPULHOT CIMPYKMYPU TPYHIY 8 MeXHCaX 8UNpoOy8aHHs 3A3eMII08ANbHUX
npucmpoig Oirouux eneKmpudHux Cmauyit ma niocmanyiil Ha HeoOXIOHY 2AUOUHY 8 YMO8aX WiNbHOT 3a0Y008uU. [{na eupiuieHHs
npodieMu 3anponoHosaHo eukopucmamu ycmanosky ILlnombepoce, axka mae Oinvuly 2nubuHy 30HOYEAHHSA Y NOPIGHAHHI 3
ycmanogkolo Bennepa. 3a 0onomozoio memoodie inmezpo-ougepenyitinux pigHsaHb OY10 OMPUMAHO AHATIMUYHI GUPA3U O
inmepnpemayii pesyrbmamie 30HOy6anus IpyHmy ycmanoekolo I[Llniombepoce y eunaoky uwomupuwiapoeo2o ipyumy. [us
nepesipKku ompumanux eupasie 6y1a npogeedena inmepnpemayis pe3yibmamie GepPMUKANILHOZ0 eleKMPUYHO20 30HOYBAHHA HA
mepumopii niocmanyii 150 kB 00Ho2o0 3 2ipHuu0-36a2a4y8aibHUX KOMOIHAMIE: MAKCUMATbHA 8i0HOCHA NOXUOKA He Nnepesuyye
9,7 %, a cepeonsi — 3,6 %. bibun. 13, puc. 3.

Knrwouosi cnosa: eneKTpM4YHA MiACTAHLIfA, 323eMJIIOBAJIbLHMII NPHCTPIiii, BepTHKAJIbHE eJeKTPHYHE 30HAYBAHHS, YCTAHOBKA
nrom0Oep:ke, MeTox iHTerpo-1udepeHuiiiHux piBHAHD.

coefficient of installation. For the Wenner installation,
k=2nL, where L — distance between the electrodes.

Formulation of the problem. The procedure for
determining the soil resistivity as a component of testing
of the grounding arrangement (GA) for power stations
and substations is regulated in the IEEE standards [1, 2].
In this case, it is recommended to use the Wenner
installation for conducting vertical electrical sounding
(VES) of the soil. Although, in the general case, the soil is
a multilayer structure with many anisotropic inclusions,
the expressions to interpret VES curves in the form of a
two-layer geoelectric space with plane-parallel interfaces
between layers are mainly used. The quality of VES and
the interpretation of its results significantly affect the
accuracy of calculating the parameters of GA, and,
consequently, on the electrical safety of personnel and the
reliability of the substation equipment.

VES is carried out by injecting a test current by a
generator between current electrodes A and B and
measuring the voltage drop at a certain area of the soil
surface at potential electrodes M and N. The value of the
apparent resistivity is equal to the product of the ratio of
the measured voltage and current by the geometric factor
of the installation [3]:

U
:—k’ 1
Pic 7 (1)

where U is the voltage drop across the potential electrodes
M and N (see Fig. 1); [ is the current flowing through the
current electrodes A and B; &k is the geometrical

Fig. 1. The principle of conducting VES

The ratio of the spacing lengths of the current and
potential electrodes depends on the choice of the VES
installation, and the maximum distance between the
current electrodes is determined by the required sounding
depth. For the Wenner installation, the sounding depth is
equal to 1/3 of the spacing length of the current electrodes
[3]. Its advantages include:

e poor sensitivity to profile inclusions;
o direct relationship between electrode spacing and
sounding depth;
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e relatively simple expressions for calculating the
apparent resistivity due to the equality of the interelectrode
spacing between the current and potential electrodes.

In [4], based on the analysis of the experimental
VES curves in the locations of more than 600 energy
objects in Ukraine, it was shown that the vast majority of
soils at the locations of power stations and substations
have a three-layer structure (72,7 %), and another part
(19 %) has more than three layers (usually four).
Therefore, it is relevant to use interpretation tools with at
least four layers, this will cover more than 90 % of energy
objects in Ukraine. The authors in [5] based on the
solution of the basic problem of the field of a point
current source in a four-layer conducting half-space,
expressions were obtained for interpreting the results of
soil sounding by the Wenner installation. However,
carrying out of VES for operating substations, as a rule,
has to be performed in conditions of dense industrial or
urban development, which does not allow providing the
required sounding depth, which is several times greater
than the largest diagonal of the GA [6]. Analysis of the
literature shows that in the world, as a rule, models for the
interpretation of VES curves built on numerical methods
[7, 8] or using the method of images model [9] have
found application. It was shown in [10] that the
calculation error using such models can reach 20 %.

One of the ways to increase the sounding depth
while maintaining the spacing of the current electrodes
can be the use of a symmetric Schlumberger installation,
which is a common case of the Wenner installation.
However, a significant drawback is the lack of analytical
expressions for interpreting the sounding results.

The purpose of the work is to develop a
mathematical model for interpreting the results of soil
sounding by the Schlumberger method in the form of a
four-layer geoelectric structure.

Research materials. Interpretation of VES results is
an inverse problem of electrical prospecting and, in the
general case, is an ill-posed problem with many existing
solutions that differ from the true one [5]. In this case, the
relationship between the measured values of the apparent
resistivity and the parameters of this model is expressed
by integral equations.

To construct a mathematical model, it is proposed to
use the solution of a particular problem about the field of
a point current source, which, like the observation point,
is located in the first layer of a four-layer soil [5]. When
solving the problem, the following assumptions were
made: the current does not pass through the boundary of
the earth and the atmosphere, the interfaces between the
layers are plane-parallel, and within each of them the
electrical resistivity p; is uniform. It was assumed that a
point current source j is located in the first layer of a four-
layer conducting half-space with plane-parallel interfaces
(see Fig. 2). The electrical resistances of the first, second,
third and fourth layers are denoted by pi, py, p; and py,
respectively. The depths of the interfaces of the first and
second layers — /1, the second and third — /,, the third and
fourth — 7;.

The formulation of the problem under consideration
consists of the Laplace equation and additional
conditions. The electric field of a point current source in a

four-layer medium has axial symmetry, and the potential
does not depend on the y~coordinate; therefore, the
Laplace equation in a curvilinear orthogonal cylindrical
coordinate system takes the form:
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Fig. 2. A point current source j located in the first layer
of the four-layer structure; P; (r}, z;) — observation point

Solution (2) is found by the Fourier method for
separation of variables [11]:

o0
o(r,z) = jJO(/lr)-(a,- ¥ +b, e_’&)d/i, 3)
0
where a; and b; are constants determined by soil
parameters, coordinates of a point current source and
observation point; A is a separation parameter of variables;
Jo 1s a zero-order Bessel function of the first kind.

The form of function (3) is common for all layers of
the conducting half-space. However, in each layer,
depending on the relative position of the point current
source and the observation point, the constants take on
their particular values. To find the constants a; and b; in
the first layer, we use the additional conditions:

e with an unlimited increase in the z-coordinate the
potential ¢ tends to zero, therefore
a4 =0; @
e in accordance with the principle of electric current
continuity at the interface between the i-th and (i+1)-th
layers the normal components of the vectors of the
electric current density are equal to each other:

100 1 09
pi O pig Oz
e from the condition of equality of the tangential
components of the electric field strength vector at the
boundaries of adjacent layers, at the interface between the
i-th and (i+1)-th the potentials are equal:
@i = Pisl; (6)
e the condition on the boundary of the conducting
half-space has the form

(6))
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Based on expressions (4) — (7), a system of linear
algebraic equations of the 7-th order with respect to the
unknown coefficients @; and b; was compiled. On the
basis of its analytical solution, an expression for the
potential of the electric field was obtained in [5].
Considering that when conducting VES, the point current
source and the observation point are located only on the
soil surface (i.e. z = 0 and # = 0), this expression will take
the form:

1 K
@11 (r 0)—ﬂ —+2K212 =
2z n=0y/r% +(2h + H,)?

+2K322 Kn +
n=04/7 +(2h2+H)

®)

+2K43Z Kn
n=04/7 +(2h3+H)

where K4, is the coefficient of soil heterogeneity equal

and H, are the coefficients

P +Pi
obtained as a result of the expansion of the function
characterizing the multilayer medium; » is the number of
the term of the series; m is the number of terms of the
series.

The values of K, and H, are found by the least
squares method [12] when approximating the function
F4(1), which characterizes a four-layer soil at A — co:

to Ky, =LH—li g,

1
Fy(2)= : ©)
Fz(2)
where F7 (4) is
FZ (/,L):l—K 1@722/11 —K3,2€721h2 —K4,3€_2/1h3 +
+K2,1K3, i(hZ hl) +K K ﬂ‘(h?a hl)

+ K3,2K4,3€7M(h3 ~ha) _ K2,1K3,2K4,3672/1(h3 “ha=h),

Thus, a basic expression was obtained for the
development of a mathematical model for interpreting the
VES results in the form of a four-layer geoelectric structure.

To develop a model that allows us to interpret the
results obtained using the Schlumberger method, we will
use the expression for determining the apparent resistivity
(1), the geometric configuration of the installation itself
(see Fig. 1) and the expression for determining the
potential on the soil surface (8).

Based on the principle of superposition, the voltage
at the potential electrodes M and N will be determined as
(10), where @uv, ¢y, @4y and gy are the values of
potential at electrodes M and N, induced from current
electrodes A and B, respectively.

Substituting the expression for potential (8) into (10)
and taking into account the symmetry of the
Schlumberger installation, the voltage drop will have the
form (11).

Taking into account (11), the geometric coefficient
of installation and transformations, we obtain expression
(1) in the following form (12).

U=0y —onN =| Puum, —@BuM, —| Pan, — @3y, 5 (10)
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Based on the obtained expression, a test version of
the program was implemented in Visual Basic for
Applications to interpret the results of VES by the
Schlumberger method. To check the obtained expressions,

the interpretation of the VES results (see Table 1) was
carried out on the territory of a 150 kV substation of one
of the mining and processing plants in the city of Kriviy
Rih (see Fig. 3).

Table 1
The results of experimental measurements by the Schlumberger method

Lyn/2, m 0,1 0,13 0,17 0,22 0,27 0,33 0,4 0,5 0,6 0,8 1
L/2, m 0,3 0,39 0,51 0,66 0,81 0,99 1,2 1,5 1,8 2,4 3

U/l Q 56,01 49,03 34,69 2791 23,07 19,72 16,39 13,53 11,87 9,491 8,231
P, Qm 70,38 80,1 74,11 77,16 78,27 81,78 82,39 85,01 89,5 95,41 103,43
Lyn/2, m 1,3 1,7 2,2 2,7 33 4 5 6 8 9
L/2,m 3,9 5,1 6,6 8,1 9,9 12 15 18 24 27

U/l Q 6,834 5,199 4,046 3,342 2,861 2,162 1,539 1,176 0,658 0,537
Pr, Q'm 111,64 111,07 111,86 113,39 118,64 108,67 96,7 88,67 66,15 60,73

Comparison of the results of soil sounding by the
Schlumberger installation and the interpretation of its
results for the same points shows a sufficient degree of

approximation (see Fig. 3): the maximum relative error
does not exceed 9.7 % (for the second point), and the
average relative error is 3.6 %. The results obtained can
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be used to determine the electrical properties of the soil,
including the propagation of an electromagnetic wave
with a short front, created by a special generator [13] that
simulates the lightning current.

4. Koliushko D.G., Rudenko S.S., Koliushko G.M. Analysis of
electrophysical characteristics of grounds in the vicinity
electrical substation of Ukraine. Electrical Engineering &
Electromechanics, 2015, no. 3, pp. 67-72. (Rus). doi:
https://doi.org/10.20998/2074-272x.2015.3.10.
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Fig. 3. Interpretation of VES results obtained by the
Schlumberger method

Conclusions.

1. Based on the analytical solution of the problem of
the field of a point current source located in the first layer
of a four-layer geoelectric structure, a mathematical
model has been developed for interpreting the results of
soil sounding by the Schlumberger installation in the form
of a four-layer geoelectric structure.

2.Based on experimental studies carried out at the
existing 150 kV substation, the correctness of the developed
mathematical model was confirmed. A test computer
program has been developed for the interpretation of soil
sounding results in an interactive mode.

3. The developed mathematical model will make it
possible to increase the sounding depth, and,
consequently, the accuracy of determining the
standardized parameters of the grounding arrangements of
power stations and substations.
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