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V.F. Bolyukh, I.S. Shchukin

Influence of limiting the duration of the armature winding current
on the operating indicators of a linear pulse electromechanical induction type converter

Introduction. Linear pulse electromechanical converters of induction type (LPECIT) are used in many branches of science and
technology as shock-power devices and electromechanical accelerators. In them, due to the phase shift between the excitation
current in the inductor winding and the induced current in the armature winding, in addition to the initial electrodynamic forces
(EDF) of repulsion, subsequent EDF of attraction also arise. As a result, the operating indicators of LPECIT are reduced. The
purpose of the article is to increase the performance of linear pulse electromechanical induction-type converters when operating as
a shock-power device and an electromechanical accelerator by limiting the duration of the induced current in the armature winding
until its polarity changes. Methodology. To analyze the electromechanical characteristics and indicators of LPECIT, a mathematical
model was used, in which the solutions of equations describing interrelated electrical, magnetic, mechanical and thermal processes
are presented in a recurrent form. Results. To eliminate the EDF of attraction between the LPIECIT windings, it is proposed to limit
the duration of the induced current in the armature winding before changing its polarity by connecting a rectifier diode to it. It was
found that when the converter operates as a shock-power device without limiting the armature winding current, the value of the EDF
pulse after reaching the maximum value decreases by the end of the operating cycle. In the presence of a diode in the armature
winding, the efficiency criterion, taking into account the EDF pulse, recoil force, current and heating temperature of the inductor
winding, increases. When the converter operates as an electromechanical accelerator without limiting the armature winding current,
the speed and efficiency decrease, taking into account the kinetic energy and voltage of the capacitive energy storage at the end of
the operating cycle. In the presence of a diode in the armature winding, the efficiency criterion increases, the temperature rise of the
armature winding decreases, the value of the maximum efficiency increases, reaching 16.16 %. Originality. It has been established
that due to the limitation of the duration of the armature winding current, the power indicators of the LPECIT increase when
operating as a shock-power device and the speed indicators when the LPECIT operates as an electromechanical accelerator.
Practical value. It was found that with the help of a rectifier diode connected to the multi-turn winding of the armature, unipolarity
of the current is ensured, which leads to the elimination of the EDF of attraction and an increase in the performance of the LPECIT.
References 22, figures 5.

Key words: linear pulse electromechanical converter of induction type, shock-power device, electromechanical accelerator,
performance indicators, limiting the duration of the armature winding current.

Bemyn. Jliniini imnynschi enexmpomexaniuni nepemeoprogayi inoykyitinoeo muny (JIIEIIT) euxopucmosgyromvcs 6 6a2amovox
2aNY3AX HAYKU | MeXHIKU AK YOapHO-CUN08i npucmpoi ma erekmpomexaniuni npuckopiosadi. ¥ nux uyepes ¢hazosuii 3cye midic
cmpymom 30y00icenHs 8 0Omomyi iHOyKmopa i iHOyKOGAHUM CIPYMOM 6 00MOMYI AKOPs KPIM NOYAMKOBUX eNeKMPOOUHAMIYHUX
cun (EJIC) siowmosxysanus sunuxaroms i nacmynui EJ[C msocinus. Bracniook yvoeo poboui noxazuuxu JIEIIT 3nudcyromuvcs.
Memoto cmammi € nioguweHHs: poOOUUX NOKAZHUKIG JNIHIUHUX IMNYIbCHUX eeKMPOMEXAHIYHUX Nepemeopiosauie tHOYKYIlHO20
muny npu poboomi 6 AKocmi yOapHO-CULOB020 RPUCMPOIO MA eeKMPOMEXaniyHo20 NpUCKoOpo8aia 3a pAaxyHOK 00OMediCeHMHs
mpueanocmi iHOyK08aHo20 cmpymy 6 oOMomyi AKOpsa 00 3MiHu 11020 noaapuocmi. Memoouka. /[na ananizy eiekmpomexaHiunux
xapaxmepucmux ma noxasnuxig JIEIIT euxopucmana mamemamuuna mooenv, 6 AKil po36'a3Ku pieHAHb, WO ONUCYIOMb
63AEMON08'A3aHI eIeKMPUYHI, MASHIMHI, MEXAHIYHI Mma meniosi npoyecu, npedcmagieni 8 peKkypeHmHomy gueinodi. Pezynomamu.
Hns yeynenna EJJC msoicinna mioe oomomramu JIEIIT 3anpononosano odmedicennss mpuganocmi iHOYKOBAHO20 CMPYMY 8
oOmomyi KOps. 00 3MIHU 1020 NOAAPHOCI WIAXOM RIOKAIOYEHHS 00 Hei eunpsmHozo Oioda. Bemanoeneno, wo npu pobomi
nepemeopiosaya 6 AKOCmi yOapHo-cUI08020 npucmpoio bes obmesicenns cmpymy oomomku axops eenununa imnynvcy EJJC nicas
00CsACHEeH S, MAKCUMANLHOL0 3HAYEHHS 3HUINCYEMBCA 00 KiHYA pobouo2o yukuy. 3a nasenocmi 0ioda 6 06Momyi AKopsa Kpumepii
epexmuenocmi, wo epaxosyc imnyavc EJC, cuny eiodaui, cmpym i memnepamypy HacpiéanHs O00OMOmMKU [HOYKmMopd,
niosuwjyemucsa. Ilpu pobomi nepemeopiosaua 6 AKOCMI el1eKMPOMEXAHIUHO20 NPUCKOPIOBAYA 6e3 0OMedceH A CmPYMy 0OMOMKU
axopa 8i00ysaemuvca 3smeHwenna weuoxocmi i KK/, wo epaxoeye KinemuuHy eHepeito i HAnpy2y EMHICHO20 HAKONUYy8aua eHepeii
8 KiHyi pobouozo yukiy. 3a HaasHocmi 0ioda & obmomuyi sKopsa Kpumepiil epekmugHocmi NiO8UWYEMbCS, NepesULeHHS
memnepamypu 0OMOmMKU AKOPs 3MEHUWYembvcs, éeauduna maxcumanvinozo KKJ] 36inbuyemsca, docsieaiouu 16,16 %. Haykosa
Hogu3Hna. Bcmanoesneno, wo 3a paxynok obmedicenuss mpueanocmi cmpymy 0OMOMKU AKOPs NIOSUWYIOMbCS CUNO0GI NOKAZHUKU
JIIEIIT npu po6omi 6 saxocmi YOapHO-CUN08020 RPUCMPOIO MA WEUOKICHI noxaswuku npu pobomi JIIEIT ¢ saxocmi
enekmpomexaniunozo npuckoprosaya. Ilpakmuuna yinnicme. Bcmanoseneno, wo 3a 00nomozor eunpsamHozo 0iooa,
nioKII04eH020 00 6A2amosUMKO80i 0OMOMKU AKOPA, 3a6e3neuyeEmovcs 0OHONONAPHICMb CIMPYMY, Wo 3ymoentoe ycyneuns EJ[C
msiicinis i nioguwenns pobouux nokaszuukie JIEIIT. Biba. 22, puc. 5.

Knrouoei cnoga: niHiliHmii iMIyabcHUil eJieKTpOMeXaHiYHU MepeTBOPIOBAY iHAYKUiliHOrO THIY, YIapHO-CHJIOBHIi mpucTpiii,
eJleKTPpOMeXaHiYHMii NPHCKOPIOBaY, po00oYi NOKA3HUKH, 00MeKeHHSI TPUBAJIOCTI CTPYMY 0OMOTKH SIKOPSI.

Beeoenue. Jluneiinvie umnynvcHuvle 1ekmpomexanuieckue npeoopasosament uHoykyuornnoeo muna (JIMSIIUT) ucnonvsyromes 6o
MHO2UX OMPACAAX HAYKU U TMEXHUKU 8 Kauecmse YOapHO-CUNOBbIX YCMPOUCME U d1eKmpoMeXanuyeckux yckopumenei. B nux uz-3a
azoseoeo cosuca medxncoy moxkom 6030yiHcOeHUs 8 0OMOMmMKe UHOYKMOPA U UHOVYUPOBAHHBIM MOKOM 8 0OMOMKe AKOPs NOMUMO
nepeoHayanbHblX dnekmpoounamuieckux ycunuti (QLY) ommankusanus eosnuxaiom u nocnedyiowue LAY  npumsdicenus.
Beneocmeue smoeo pabouue noxazamenu JIMDITUT chusicaromes. Llenvlo cmamou sisiisiemcs nogviuieHue pabouux noxkasamenetl
JIUHEIHBIX UMNYNIbCHBIX eKMpPOMexanuyeckux npeobpasosameneti UHOYKYUOHHO20 MUNA npu pabome 6 kawecmee YOapHoO-CUIO08020
ycmpoucmea u 21eKmpoMexaHu4ecko2o yCKopumes 3d cuem O02paHudeHus ONUmenbHOCmu UHOYYUPOBAHHO20 MoKa 8 0bMomKe
AKOpA 00 UsMeHeHus e2o nonaprocmu. Memoouka. /[na ananusza 31eKmpoMexaHuyeckux xapakmepucmux u noxkasamenet JIMOITAT
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UCNONb306AHA MAMEMAMUYECKds M00elb, 8 KOMOPOU peuenus YpasHeHUll, ONUCLIBAIOWUX 63AUMOCEA3AHHbIE DNEKMpUiecKue,
MazHumHsle, MexaHuyeckue u meniogvle Npoyeccwyl, nPeocmasienvl 6 pekyppenmuom euoe. Pesynomamer. /[ns ycmpanenus Y
npumsaxcerus mexcoy oomomxamu JIMIIIUT npeonosceno oepanuienue OnumenbHOCMu UHOYYUPOBAHHO20 MOKA 8 0OMOMKe AKOPS
00 U3MeHeHUsi e20 NONAPHOCU NymeM NOOKNOYeHUs K Hell GblnpAMumensho2o ouooa. Ycmanoeneno, umo npu pabome
npeobpazoseamens 8 Kawecmee yOapHO-CUL0B020 YCMpolicmea Oe3 02paHudeHus moxka oOMomku axkopsa eeauyuna umnynsca Y
nocie 00CMUdICEHUs. MAKCUMANbHO20 3HAYEHUsl CHUdICaemcsi K Konyy pabouezo yukna. Ilpu nanuuuu ouoda 6 oOMomKe AKOPs
Kpumepuii d¢hpexmugrnocmu, yyumuieaiowui umnyisc LY, cuny omoayu, mox u memnepamypy Hazpeéa 0OMOMKU UHOYKMOPA,
nogviuaemcs. Ilpu pabome npeobpazosamens 8 kauecmse 1eKMPOMEXAHUYECKO20 YCKOpumeins 6e3 oecpanuienus moxka ooMomKu
sAKops. npoucxooum ymenvuienue ckopocmu u KIIJ, yuumviearoweco Kunemuueckylo SHepeuio U HAanpsdlcenue emKoCmHO20
Haxkonumens dHepeuu 6 Konye paboyvezo yukna. [Ipu nanuuuu ouooa 6 oomomke AKOps. Kpumepuii 3PHekmusHocmu noguluaemcs,
npesviuienue memnepamypsvl 0OMOmMKU AKOPA yMeHvulaemes, eeauduna maxcumanvrozo KIIJ yeenuuueaemcs, docmueasn 16,16 %.
Hayunaa noeusna. Ycmanoeneno, 4mo 3a cuem 02paHudeHus OAUMENbHOCU MOKA O0OMOMKU SKOPs NOBbLUAIOMCS CUNO0BbLE
nokazamenu JIMIITUT npu pabome 8 kauecmee YOApHO-CUI08020 YCMPOUCBA U CKOPOCHHble nokazamenu npu pabome JIMDITUT
6 Kauecmee dnekmpomexanuyecko2o yckopumens. Ilpakmuyueckana yennocms. Ycmanosneno, 4mo npu NOMOowU 8blnpAMUmMensHo20
0u00a, NOOKIIOUEHHO20 K MHO20BUMKOBOU 0OMOMKe AKOpsl, 0becneuusaemcs: 00HONOAPHOCIb MOKA, YO NPUBOOUM K YCMPAHEHUIO
OOV npumsicenus u nosviwenuto paboyux noxasamenei JIMIITUT. bubn. 22, puc. 5.

Kniouesvie cnosa: NMHeiHbI HMITYJILCHBII 3JIeKTPOMeXaHHYeCKHii Npeo0pa3oBaTe/b HHAYKIHOHHOIO THIIA, yIAPHO-CHJI0BOE
YCTPOIiCcTBO, J1eKTPOMEeXaHHYeCKUIl YCKOPHUTeJIb, padoune MOKa3aTeJIH, OTPAHNYEeHHE JIHTeILHOCTH TOKA 00MOTKH SIKOPS.

Introduction. Linear pulse electromechanical
converters of induction type (LPECITs) are widely used
both for acceleration of an actuator to high speed on a
short active site, and for creation of powerful power
pulses on object of influence at insignificant movement of
an actuator [1-4]. Such converters are widely used in
many fields of science and technology as shock-power
devices and electromechanical accelerators.

As shock-power devices LPECITs are used for
electromagnetic hammers and perforators in construction,
for drills and vibrators in the mining industry, for shock
seismic sources in exploration, for hammers with a wide
range of impact energy and devices for electrodynamic
processing of welded joints in mechanical engineering,
for vibrating mixers in the chemical and medical-
biological industry, for testing devices that provide testing
of critical equipment for shock loads, for magnetic-pulse
devices that provide pressing of special ceramic powders,
for devices that provide cleaning of technological tanks
from the adhesion of bulk materials, for devices that
ensure the destruction of important information on the
drives in case of unauthorized access, etc. [5-9].

As electromechanical accelerators LPECITs are
used for high-speed electric devices, for ballistic laser
gravimeters, for the systems providing start of
unmanned aerial vehicles, for the defensive devices
providing protection of responsible objects from the
approaching devices, for accelerators in aerospace
engineering. etc. [10-15].

In LPECIT, a pulsed current flows in the stationary
winding of the inductor when connected to a capacitive
energy storage (CES) device which induces a current in
the armature winding by means of a magnetic field. Since
at the initial moment of time the currents in the windings
have the opposite polarity, repulsive electrodynamic
forces (EDF) arise between them [16].

When  the  converter  operates as  an
electromechanical accelerator, the armature winding,
which moves under the action of the repulsion EDF,
accelerates the actuator. And when operating as a shock-
power device, the armature winding with a slight
movement provides the transmission of a power pulse to
the actuator.

In LPECIT short-circuited armature winding can be
made single-turn or multi-turn. In the single-turn design,
the armature winding is usually a massive conductive
disk. However, the induced current on such a disk is
distributed significantly nonuniformly. In the multi-turn
design, the armature winding is tightly wound with a wire
of relatively small cross section and impregnated with an
epoxy-based compound. In such a winding, the induced
current is distributed uniformly throughout the cross
section, which provides a more uniform force on the
actuator.

Studies show that due to the phase shift between the
excitation current in the inductor winding and the induced
current in the short-circuited armature winding, in
addition to the initial repulsion EDF, the following
attractive EDF occurs [17]. As a result, the operating
performance of the converter is reduced [18]. Attractive
EDF occur due to a change in the polarity of the induced
current in the armature winding, while the polarity of the
excitation current in the inductor winding may remain
unchanged.

The attractive EDF can be eliminated by limiting the
duration of the induced current in the armature winding
before changing its polarity. To do this, it is possible to
connect a rectifier diode VD to the armature winding
(Fig. 1). Current limitation in a magnetic pulse unit to
change the effect of EDF on the secondary conductive
element using a controlled vacuum discharger is
described in [19]. But in that study, the goal was to
increase the attractive EDF, whereas for LPECIT such
forces are undesirable.

M3
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Fig. 1. LPECIT electrical circuit in the absence (Q;, O, — solid
lines) and the presence (Q;, 0> — dashed lines) of the diode VD
in the armature winding
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Ensuring one polarity of the induced current can be
realized by connecting the diode VD to the multi-turn
armature winding, so below we will consider it. However,
here the feasibility of limiting the duration of the induced
current in the armature winding to change its polarity
during the operation of LPECIT as a shock-power device
and electromechanical accelerator has not been studied.

The goal of the paper is to increase the
performance of linear pulse electromechanical converters
of induction type when operating as a shock-power device
and electromechanical accelerator by limiting the duration
of the induced current in the armature winding to change
its polarity.

Consider the mathematical model of the LPECIT
which uses the lumped parameters of the multi-turn
windings of the inductor and armature. To take into
account the interconnected electrical, magnetic,
mechanical and thermal processes, as well as a number of
nonlinear dependencies, the solution of equations
describing these processes, are present in recurrent form.

We assume that when operating as a shock-power
device, the movement of the armature winding with the
actuator 1is absent, and when operating as an
electromechanical accelerator, the armature moves a
considerable distance with the actuator, which has a
relatively small mass.

To excite LPECIT from CES, we use a unipolar
current pulse in the inductor winding formed by the
starting thyristor VS (Fig. 1). This allows to store some
part of the energy in the CES until the end of the
operating cycle. To limit the duration of the induced
current in the armature winding before changing its
polarity, we use a rectifier diode VD. We believe that for
semiconductor devices VS and VD the resistance in the
forward direction is zero, and in the opposite direction is
infinitely large.

Electrical processes in LPECIT when operating as a
shock-power device can be described by a system of
equations:

t
R(T)11+L ljzdt+M12 =0, (1)

COO

1.
—J.zl'dt—Uo, )
09
. di di,

R,(T)-i, + L, d2+M21 dt_o, 3)

where n = 1, 2 are the indices of the windings of the
inductor and armature, respectively; R,, L,, T,, i, are the
active resistance, inductance, temperature and current of
the n-th winding, respectively; M,=M,, is the mutual
inductance between the windings; Cy, U, are the capacity
and initial (charging) voltage of CES.

When LPECIT operates as an electromechanical
accelerator, equations (1), (3) take the form:

_ dii 1 ¢, di,
R(T)i, +1L, E+a£zldt+Mu(z)E+

+v. ()i, My, _ ; “

diy

R,(T,)i, + L, o +M21(Z) £=0. (5

Solutions of the equations for currents in the
converter windings in recurrent form are presented in
[18]. The displacement 4, and the speed v, of the armature
winding relative to the inductor winding, presented in a
recurrent form [10], take into account the instantaneous
value of the axial EDF between the windings:

f(z0 =10 (f)lz(t) ks aalOF Q)

the masses of the armature w1nd1ng and the actuator, the
density of the moving medium and the coefficient of drag.

When LPECIT operates as a shock-power device,
between the windings there is a thermal contact through
the insulating gasket. The temperature of the windings
can be described by recurrent relations [4], which take
into account the thermal conductivity and the thickness of
the gasket, the coefficients of heat transfer and heat
capacities of the windings.

To calculate the characteristics and indicators of
LPECIT, we use the algorithm of cyclic action [20],
which allows to take into account a set of interconnected
electrical, magnetic, mechanical and thermal processes
and various nonlinear dependencies, such as R,(T,),
M»(z). When calculating the workflow is divided into a
number of numerically small time intervals At = ;1) — 4,
within which all values are considered constant.
According to the current values obtained at time #;.;, we
calculate the temperature of the windings 7 and 75, the
displacements /4, and the speed v, of the armature
winding, the mutual inductance M, between the
windings. With this approach, linear equations and
relations can be used to determine the currents in the
calculation time interval Az. The value of Af is chosen so
that it does not significantly affect the calculation results,
while ensuring the required accuracy.

Initial conditions of the mathematical model:

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

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

h.(0) = h,o — the distance between windings;

u/0) = U, — the CES voltage;

v,(0) = 0 — the speed of the armature winding along the z
axis.

The main parameters of LPECIT. Consider
LPECIT in which the inductor winding (n=1) and the
armature winding (n=2) are made in the form of
monolithic disk coils, tightly wound with copper wire of
circular cross section with diameter dy=1.3 mm and
impregnated with epoxy compound. The outer diameter of
the windings D,,=100 mm, their inner diameter D;=10
mm. The axial height of the inductor winding H;=6 mm
and of the armature winding H,=3 mm. The number of
turns of the inductor winding N;=120 and of the armature
winding N,=60. The initial distance between the windings
h=1 mm. CES has energy W;=500 J and its capacitance
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Co varies in the range from 0.5 to 5 mF with a
corresponding change in initial voltage U, =/2W,C," .

When LPECIT operates as an electromechanical
accelerator, the mass of the actuator m,=0.5 kg.

We analyze the electromechanical characteristics
and performance of LPECIT which has in the armature
winding limiting the duration of the induced current
before changing its polarity (Q; open, O, closed),
compared with LPECIT which has no such limitation (Q;
closed, O, open) (see Fig. 1).

When analyzing the operation of LPECIT, we take
into account the following operating indicators: excitation
current, heating temperature of the windings and recoil
force. The maximum excitation current is proportional to
the amplitude of the current density in the inductor
winding jj,, the heating temperature of the inductor
winding — to the rise of its temperature 6;, and the recoil
force — to the amplitude of the EDF f,. The maximum
excitation current affects the parameters of the electronic
source, the heating temperature — the duration of the
converter operation in cyclic mode, and the recoil force —
the mechanical reliability. For example, for hand-held
shock instruments and various stand-alone starters,
the recoil force has a negative effect on both the device
itself and the service personnel. The force of recoil is
especially negative in measuring devices. For example, a
ballistic laser gravimeter designed to measure the
acceleration of free fall uses an electromechanical
catapult, which provides a vertical throw of the angular
optical reflector [21]. The recoil force causes autoseismic
oscillations that reduce the accuracy of the gravimeter’s
measurement [22].

When LPECIT operates as a shock-power device,
its efficiency will be evaluated by the largest value of the

EDF impulse P, :j f.(t)dt at the minimum values of
0

recoil force, excitation current and heating temperature of
the inductor winding.

Figure 2  presents the electromechanical
characteristics of LPECIT in the absence (solid lines) and
the presence (lines with circles) of limiting the duration of
the induced current in the armature winding to change its
polarity.

When using CES with capacity of Cy = 0.5 mF the
maximum current density in the inductor winding
is j1,=1.03 kA/mm?, and in the armature winding
Jon=1.41 kA/mm’® (Fig. 2,a). The amplitude of the EDF
f:n=30.85 kN. In the absence of limitation of the induced
current in the short-circuited armature winding (without
diode VD in Fig. 1) by the end of the operating cycle the
temperature rise of the inductor winding is 6,=1.58 °C,
and the temperature rise of the armature winding is
0,=2.87 °C. Due to the attractive EDF, the value of the
impulse of these forces, reaching the maximum value
P.,=12.5 N's, by the end of the operating cycle decreases
to P,~=12.19 N's.

When using CES of higher capacity (Cy=2.5 mF),
and hence lower voltage U,, the maximum values of

current densities in the inductor winding is reduced to
J1,=0.67 kA/mm%, in the armature winding to
Jom=0.78 kA/mm’, EDF to £,=10.58 kN (Fig. 2,b). But by
the end of the operating cycle, the temperature rise of the
inductor winding increases to 0;=2.15 °C, and the
temperature rise of the armature winding decreases to
0,=1.86 °C. The value of the EDF impulse, reaching the
maximum value P,,=9.61 N-s, by the end of the operating
cycle is reduced to P,=7.94 N's.
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Fig. 2. Electromechanical characteristics of LPECIT when

operating as a shock-power device at Cy: 0.5 mF (a)
and 2.5 mF (b)

With increasing capacity C, of CES and constant
energy Wy=500 J, the voltage U, decreases, which causes
a change in the main performance of LPECIT (Fig. 3,a).

With increasing Cy from 0.5 to 5 mF, the amplitude
of the EDF £, decreases by about 5 times (from 30.85
to 6.06 kN), but the value of the maximum impulse of the
EDF P,, decreases by about 1.5 times (from 12.5 to
7.7 N-s). With such an increase in capacitance Cy, the
temperature rise of the inductor winding 0, increases from
1.58 to 2.47 °C. These indicators do not practically
depend on the presence or absence of limitation of the
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duration of the induced current in the armature winding
before changing its polarity. However, the limitation of
the current duration affects the temperature rise of the
armature winding 6,. In the converter without current
limitation of the short-circuited armature winding, the
value 0, decreases from 2.87 to 1.27 °C. In the presence
of the specified limitation due to connection of the diode
VD the value 6, is lower, than in its absence, and
decreases from 2.24 to 0.96 °C.

Jz., k0T, Py, M5:8,°C

35

3.07

251

2.0

151

1.0+

057

4.0 Cp, mF 5.0

0 1 1 t 1 t t

ns 10 13 20 25 30 35 40C;mF 50

Fig. 3. Dependence of LPECIT performance at operation as
a shock-power device on the capacity of CES when ;=500 J

In order to evaluate the efficiency of LPECIT
operation as a shock-power device depending on the value
of the capacity C, of CES at ;=500 J we use the value of
the relative reduction of the EDF impulse

AP, :IOO(Pm —PZf)P’l % and the relative criterion of

zm 3

*

efficiency K, =100——2%—,% . As a basic variant for

ImJ zm™~'1

K, we use the converter excited from CES with capacity

Cyi=0.5 mF without current limitation in the short-
circuited armature winding. With an increase in Cy from
0.5 to 5 mF and the absence of current limitation in the
armature winding, the relative decrease in the EDF
impulse increases from 2.5 to 27.6 % (Fig. 3,b). However,

the efficiency criterion of LPECIT K,* increases by 2.78
times primarily due to the reduction of the amplitude of
the current density in the inductor winding j,, and the
amplitude of the EDF f,.

If there is imitation of the current duration in the
armature winding due to the connection of the diode
VD due to the absence of EDF impulse decrease, the
value of the efficiency criterion K,,* increases (by 38.6 %
at Cy=0.5 mF) This shows the prospects of this technical
solution at LPECIT operation as a shock-power device.

When LPECIT operates as an electromechanical
accelerator, its effectiveness will be evaluated by the
highest value of efficiency

17 =100C," (m, +m, )v* (Uj —Ulz)i1 %,

which takes into account the kinetic energy of the
armature together with the actuator and the residual
voltage of the CES at the end of the operating cycle U,.

Figure 4  presents the electromechanical
characteristics of LPECIT in the absence (solid lines) and
the presence (lines with circles) of the limitation of the
induced current in the armature winding.
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Fig. 4. Electromechanical characteristics of LPECIT at operation
as an electromechanical accelerator at Cy: 0.5 mF (a)
and 2.5 mF (b)
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When using CES with capacity of Cy=0.5 mF,
the maximum current density in the inductor winding
is j1,=0.87 kA/mm’, and in the armature winding is
Joam=1.19 kA/mm? (Fig. 4,a), i.e. they are lower than when
LPECIT operates as a shock-power device. Accordingly,
the amplitude of the EDF is smaller: f;,=21.16 kN.

In the converter without current limitation in the
short-circuited armature winding, the maximum speed
v,=11.86 m/s by the end of the operating cycle is
practically not reduced, which provides the efficiency of
the electromechanical accelerator 7=14.24 %. The
temperature rise of the inductor winding is 6,=1.84 °C,
and the temperature rise of the armature winding
0,=2.02 °C. When using CES with -capacity of
Cy=2.5 mF, the maximum value of the current density in
the inductor winding is reduced to j,,=0.621 kA/mm?,
and in the armature winding to /,,=0.69 kA/mm’, EDF
to f2n=7.62 kN (Fig. 4,b).

By the end of the operating cycle, the temperature
rise of the inductor winding increases to 6,=2.6 °C, and
the temperature rise of the armature winding decreases to
0,=1.12 °C. The speed of the armature winding, reaching
the maximum value v,,=7.97 m/s, by the end of the
operating cycle is significantly reduced, amounting to
v,/=6.69 m/s. As a result, the efficiency of the converter,
reaching the maximum value 1,=5.29 %, by the end of
the operating cycle is reduced to 1=3.65 %.

In order to evaluate the effectiveness of LPECIT
when operating as an electromechanical accelerator, we
use the values of the relative reduction of speed
Av = IOO(VM -V, )v};l,%

and efficiency

An = 100(77m —77_,)77,;] ,% , as well as the relative criterion

s

* v . .
of efficiency K, = IOOW,% . As a basic variant we
]]m. zm 1

used CES with capacity Cy=0.5 mF in the absence of
current limitation in the short-circuited armature winding.

With increasing capacity C, from 0.5 to 5 mF
(Wy=500 J) and no limitation of the armature winding
current (smooth lines in Fig. 5), the maximum speed v,,,
decreases from 11.86 to 6.19 m/s, which leads to reduce
the maximum efficiency m, from 14.24 to 4.02 %,
increase the temperature rise of the inductor winding
0, from 1.84 to 2.87 °C and reduce the same value for the
armature winding 0, from 2.02 to 0.78 °C. The value of
the relative decrease in the speed of the armature winding
Av increases from 5.9 to 21.97 %. The value of the
relative decrease in efficiency 47 is manifested only after
increasing the capacity C, over 1 mF. It increases to
An=57 % at Cy=5 mF. The relative criterion of the
efficiency of the converter K| is almost doubled primarily

by reducing the amplitude of the current density in the
winding of the inductor j;,, from 870.1 to 551.5 A/mm?
and the amplitude of the EDF f,,, from 21.16 to 4.62 kN.
In the presence of current limitation in the armature
winding due to the connection of the diode VD (line with
circles in Fig. 5), the efficiency criterion K,* increases,

and to a greater extent with increasing capacity of the
energy storage. At Cy=5 mF and in the absence of a diode
K,*=2.01, and in the presence of a diode K,*=2.56. The
value of the relative decrease in efficiency 47 decreases
significantly. It occurs only after increasing the capacity
above C;=2.5 mF and increases to 47=28.86 % at Cy=5
mF. The maximum efficiency m, increases only in the
range of C, from 0.5 to 2.0 mF and equals to 1,=16.16 %
at Cy=0.5 mF. The temperature rise of the armature
winding 6, decreases, varying in the specified range from
1.48 t0 0.61 °C.
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0 f f f f f t t f
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Fig. 5. Dependence of LPECIT performance at operation as an
electromechanical accelerator on the capacity of CES
at W=5001J

Thus, limiting the duration of the induced current in
the armature winding before changing its polarity by
connecting a rectifier diode to it increases the power
performance of LPECIT as a shock-power device and
increases the speed indicators of the converter operating
as an electromechanical accelerator.

Conclusions.

1.To eliminate the attractive EDF between the
windings of LPECIT, it is proposed to limit the duration
of the induced current in the armature winding before
changing its polarity by connecting a rectifier diode to it.
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2. When LPECIT operates as a shock-power device,
due to the attractive EDF the value of the moment of
these forces, reaching the maximum value, decreases by
the end of the operating cycle. When the duration of the
current in the armature winding is limited, the value of
the efficiency criterion, which takes into account
the EDF impulse, recoil force, current and heating
temperature of the inductor winding, increases (by
38.6 % at Cy=0.5 mF).

3. When LPECIT operates as an electromechanical
accelerator without current limitation in the short-
circuited armature winding, there is a decrease in speed
and efficiency, which takes into account the kinetic
energy and voltage of the CES at the end of the
operating cycle. When the induced current in the
armature winding is limited due to the connection of the
rectifier diode, the efficiency criterion increases, and the
temperature rise of the armature winding decreases. The
maximum efficiency increases only in the range from
0.5 to 2 mF, amounting to 16.16 % at C;=0.5 mF. The
relative decrease in efficiency from the maximum to the
final value decreases and occurs only after increasing
the capacity C, over 2.5 mF.
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S. Goolak, Ie. Riabov, V. Tkachenko, S. Sapronova, I. Rubanik

Model of pulsating current traction motor taking into consideration magnetic losses in steel

The aim of the work is to develop a mathematical model of the traction motor of the pulsating current of an electric locomotive
taking into account the magnetic losses in the motor steel to determine the starting parameters depending on the voltage of the
armature winding. Methodology. Mathematical modeling of electromagnetic processes in a traction motor of pulsating current is
applied taking into account the nonlinear nature of the armature inductance, the inductance of the excitation winding and the
nonlinear nature of the universal magnetic characteristic. The magnetic losses in the steel of the traction motor were taken into
account by establishing the dependence of these losses on the frequency of reversal, the magnetic flux in the magnetic circuit of
the motor and the geometric dimensions of the motor. Results. The mathematical model of calculation of starting parameters of
the traction engine of the pulsating current of the traction drive of the electric locomotive of alternating current taking into
account the equation of instantaneous value of losses in engine steel is developed. The dynamic characteristics of the traction
motor with pulsating current are obtained. It allows to investigate starting parameters of the traction engine on the basis of the
received mathematical model and to design elements of the traction drive of the electric locomotive according to the
specification, to choose optimum design parameters. Originality. For the first time a comprehensive study of the pulsating
current traction motor was carried out taking into account the nonlinear nature of the armature inductance, excitation winding
inductance and nonlinear nature of the universal magnetic characteristic and taking into account the magnetic losses in the
motor steel. Practical significance. The model of the traction motor of pulsating current taking into account losses in steel of the
engine on the basis of the carried-out calculation is developed. Experimental studies have confirmed the adequacy of the model,
which allows to apply the obtained model to develop a mathematical model of an AC electric locomotive to study the
electrodynamic processes in it at different modes of operation of the electric locomotive. References 20, tables 2, figures 9.
Keywords: pulsating current traction motor, eddy currents, magnetic losses, magnetic circuit.

3anponorosano nioxio 00 iMimayitiHo20 MOOENIO8AHHS MAL0BUX eEeKMPOOBUSYHIE NYIbCYIOU020 CIPYMY, 3ACHO8AHULL HA 8PAXYBAHHI
HeNiHIliHO20 XapaKkmepy MAcHIMHOI Xapakmepucmuxy, HOYKMueHocmell AKopsi ma oomomxu 30yoicenus. Pospobieno moodens
MASHIMHUX 8MPAm y MAcHIMONPOBOOi AKOPSA eneKmpoOsUYHa Ma OOCHIONCEHO iX 6NAUE HA XapaKmep eleKMmpOoOMASHIMHUX NPoYecia
y enexmpoosuzyni. Ilokasano, wo ompumani npu yboMy pilleHHs Y3200ICYIOMbC 3 OMPUMAHUMY PaHiule pe3yibmamamu, dane
BIOKPUBAIOMBCA O0OAMKOBI MONCIUBOCE NPpU 00CTIONHCEHHI pobOmu 08USYHA 8 CKAAOI MA208020 eNIeKMPONPUBOOy eneKmpo8o3y
oonoghasno-nocmitinoeo cmpymy. bion. 20, tabn. 2, puc. 9.

Knrouoéi cnosa: TATOBUIL ABUTYH IYJIbCYHOUYOI0 CTPYMY, BHXPOBi CTPYMH, MATHITHi BTPaTH, MarHiTHe KO0.10.

Introduction. Development and modeling of control
algorithms for traction electric drives of single-phase DC
electric locomotives with pulsating current traction
motors require a reasonable choice of the model of
traction electric motors. Simulation of work performed by
pulsating current traction electric motors and systems
used to control these motors should give a possibility to
take into account a number of uncertainties. These
uncertainties are related to the nonlinear nature of motor
magnetization curve, occurrence of eddy currents in the
magnetic circuit, and magnetic losses in the motor
magnetic circuit caused by these currents. In addition,
traction electric motor can operate with both full and
attenuated excitation.

In this regard, one important circumstance can be
noted. Taking into account a large number of works
devoted to development of a model of pulsating current
traction electric motor demanded models are those that
take into account nonlinearity of magnetization
characteristics and occurrence of eddy currents and
magnetic losses in the motor magnetic circuit. This can be
confirmed by works on approximation of magnetization
characteristic [1, 2] and simulation of pulsating current
traction electric motors of pulsating current taking into
consideration influence of eddy currents on the nature of
the magnetization curve [3]. Simulation models obtained
in the result of applying these methods give an
opportunity to determine with high accuracy such traction
motor parameters as motor shaft speed at any load,

currents flowing in traction motor circuits, electromotive
force (EMF) generated by the motor, but taking into
account all power losses in traction motor. This indicates
that the subject of researches on development of a model
of a pulsating current traction motor taking into account
the nonlinear nature of the magnetization curve and the
magnetic system as well as power losses in the traction
motor is topical.

When modeling a direct current traction motor
(DCM) of series excitation the main problem is to
reproduce the dependence of magnetic flux on currents of
field winding and armature currents; and this implies
presence of load characteristics. In the work by [1] the
authors propose to use universal magnetization curve for
DCM of series excitation, and on the basis of universal
magnetic characteristic to calculate universal expressions
for the intrusive parameters of direct current traction
electric machines and those of pulsating current traction
motors. Since the universal magnetic characteristic is
built for machines working under load, in order to reduce
the error of approximation the author proposed to
approximate the universal magnetic characteristic by
means of two functions: magnetomotive force of the field
winding and magnetomotive force of the armature
reaction. For a particular rating of attenuation of
excitation, it is possible to convert this expression into a
function of one variable, such as armature current.
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With an obviously correct approach to modeling the
dependence of the magnetic flux on field winding currents
this approach is not very convenient for modeling. This is
due to the need to change the model parameters for each
excitation attenuation mode.

The solution of this problem is given in the work by
[2] where it is proposed to calculate the weber-ampere
characteristic at certain coefficients of field attenuation
based on  electromechanical and  mechanical
characteristics of DCM. Also this work proposes a model
for determining the dependence of magnetic flux on field
winding currents and the armature winding currents. The
transfer function with unknown parameters in this model
is considered as an adaptive model with coefficients
adapted to the experimental data.

Since DCM used for traction purposes have certain
peculiarities of design and magnetic system, the use of
universal magnetic characteristics is not always correct.
Motor magnetic circuits consist of electrical materials that
have both high magnetic conductivity and high electrical
conductivity. These materials are characterized by eddy
currents that occur during change of magnetic flux. These
processes significantly affect the change of magnetic flux
in the motor steel and, accordingly, the nature of
electromagnetic processes occurring in it. In works by
[1, 2] the influence caused by eddy currents in the motor
magnetic circuit on the change of magnetic flux is not
taken into account. Solution of this problem can be found
in the work by [3]. In this study the authors propose a
mathematical model of the pulsating current traction
motor taking into account influence of eddy currents on
the nature of electrodynamic processes occurring in the
electric motor.

Since DC motors of series excitation always operate
in the loaded mode, electrodynamic processes in the
electric motor should also be modeled taking into account
the load. This can be confirmed by studies presented in
works by [4-6]. The authors show relationship between
the nature of load and mechanical characteristics of DCM.

In addition, the works by [7-9] represent the effect
of load on motor magnetic characteristic, which, in turn
determine electromagnetic characteristics of DCM. But
the above works do not show the transition from
mathematical models to their implementation in
simulation models.

The study by [10] states that during electric
locomotive  operation movement parameters —are
constantly changing starting, traction mode, braking
mode, braking mode, skidding, etc.). As the operating
mode (rating) is changed the motor shaft speed also
changes. Magnetic losses in the magnetic circuit of the
traction motor depend on the motor shaft speed [11-13].

When calculating magnetic losses in magnetic
circuit of pulsating current traction electric motor certain
difficulties occur. These difficulties are associated with
the choice of loss calculation method. Different loss
calculation methods wuse different normalization
coefficients or ratios at the same approach to loss
determination in DCM. Moreover, in different methods,
the value of similar coefficients may differ significantly
from each other. This leads to discrepancies in the results
of loss calculations in DCM when applying different
methods [14-16].

The solution to this problem can be found in the
study by [17] where the authors based on the analysis of
existing methods have identified and proposed the most
accurate approach to calculation and modeling of instant
magnetic losses in steel of DC traction motor on the
example of NB-418K6 motor.

Therefore, the aim of the article is to develop a
mathematical model of a traction motor with pulsating
current taking into account magnetic losses to study
electrodynamic processes.

Simulation model of pulse current traction
motor. Simulation of electrodynamics processes in a
pulsating current traction motor was performed on the
example of the NB-418K6 traction motor. Rating data of
NB-418 K6 pulsating current traction motor is presented
in Table 1.

Table 1
Rating data of NB-418 K6 pulsating current traction motor

Parameter Designation | Units | Value
Nominal voltage U, \ 950
Nominal power in the continuous rating P kW | 740
Nominal current in continuous rating 1, A 820
Nominal speed of the motor
shaft in continuous rating ! pm | 913
Nominal torque on the motor shaft T Nm | 7727
/a%trtm:atlulrg Zv(;ndmg resistance - o loote12
Resistance of additional poles
and field winding at 1 = 1p15 °C Vapren Q |0.01612
Resistance of main poles at £ =115 °C Pp Q 10.01064
Field winding resistance at t =115 °C rr Q | 0.001
Number of pole pairs p - 3
Number of pairs of parallel
branches in armature winding 4 B 3
Number of armature winding conductors N - 696
Inertia moment of the motor rotor J kgm?| 73
Cross sectional area of the armature yoke Sy m> | 0.0810
Cross sectional area of the armature teeth S. m? | 0.0415

Electric scheme of the DC traction motor is
presented in Fig. 1.

Ly Vsh
—
+ Taw Low Taprew Laprew ¥mp  Lup £, Ty L _
1
. 2
’ L U ‘

Fig. 1. Electric scheme of the pulsating current traction motor
windings:

Taws Yap+ews Tmps Vs Ty — active resistances of armature winding,
additional poles and compensation winding, main poles, shunt,
field winding; Ly, Lap+cws Lups Ly - inductances of armature
winding, additional poles and compensation winding, main
poles, field winding; U, — armature voltage; £, — armature EMF;
1, 1y, I;— currents of armature, shunt and field winding

According to Kirchhoff’s laws equations of the
motor electrics for the circuit shown in Fig. 1 are as
follows:

dl,
Ud:Ea+ra'la+La'?+’fsh'lsh; (D
dl,
Tsn - Lgn =Lf'd—’+rf'1f; ()
t
Ia: sh +If’ (3)
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where E, is the armature electromotive force; r, L, are
the active resistance and inductance of armature circuit
respectively; r; Lyare the active resistance and inductance
of field winding respectively; ry, is the resistance of shunt
resistor; /, is the armature current; I, is the field winding
current; rg, is the resistance of shunt resistor; U, is the
armature voltage.

For convenience of modeling electrical scheme of
the pulsating current traction motor windings is shown in
the following form (Fig. 2).

Ish Vsh

-

L
+ Ta L, L Iy L _
] Y'Y \—@—r—{ Y Yl

—
—> If
1, U,

»

Fig. 2. Simplified electric scheme of the pulsating current
traction motor windings: r, - active resistance of armature;
L, - inductance of armature circuit

Armature resistance is defined as

Ty =TVaw T laptews “)

where r,, is the armature winding active resistance;
Faprew 15 the active resistance of additional poles and
compensation winding.
Armature inductance is defined as
L, =Ly, +Lap+cw’ (5)

where L, is the inductance of armature winding; L+, is
the inductance of additional poles and compensation
winding.
Electromotive force E, is calculated as
E,=Cp- Do, (6)
where Cjy is the constructive constant coefficient for
EMF; @ is the total magnetic flux of the motor.
Constructive constant coefficient for EMF for shaft
speed expressed in rpm is determined by the following
expression
Cp= Np (7
2-7r-a
where N is the number of armature winding conductors;
p is the number of pole pairs; a is the number of pairs of
parallel branches in armature winding.
Equation of motor mechanical equilibrium:
M-M.=J .d_a)’ (®)
dt
where M is the torque moment; M, is the load moment on
the motor shaft; J is the inertia moment of the motor
rotor; e is the angular motor shaft speed.

For modeling convenience expression (8) is
represented as a derivative of the angular velocity over time:
do 1
—=—(M-M,). 9
w7 ( c) ©)

Torque moment is determined according to the
following expression:
M=Cy -®-1, (10)
where Cy, is the constructive constant coefficient for the
moment.

Constructive constant coefficients for the EMF and
for the moment are equal (Cz = Cy).

In this research, the authors propose to implement
the model of pulsating current traction motor on the basis
of real magnetic characteristics of the motor.

Magnetic characteristics of NB-418 K6 traction
motor is presented in Fig. 3 [17].

01 2 Wb
0.08 -  —
0.06 - /
//
/
0.04+ |
/
0.02 1/
0 «"J I A
0 500 1000 1500 2000

Fig. 3. Dependence of the magnetic flux ® of the NB-418 K6
traction motor on the field current I,

Consideration of magnetic losses in traction motor
steel is performed according to the algorithm presented in
equations (11) — (20).

Specific power losses in electrical steel on eddy
currents and hysteresis, taking into account the
accumulation of magnetic energy at a given magnetic
permeability x. = 1, as a function of time, respectively
[17] can be presented by the following equations:

Ploss (t) = (HC +Kh)/St '|BP .Sin(w’” t)|)

-(Bp~a), -cos(a),-t))+

an
+K gy -BIZj -@f -cos* (@, 1),

where p,, is the specific power losses, W/m®; H, is the
coercive force; Vi, is the induction amplitude of the
charge; w, is the frequency of alternating magnetization;
t is the time; K4, is the coefficient taking into account
specific losses on eddy currents; K, is the coefficient
taking into account the specific losses on hysteresis.

Frequency of alternating magnetization can be found
from the expression
12)
where p is the number of pole pairs; w is the rotation
frequency of electric motor shaft.

In order to implement the model of magnetic losses
in electrical steel, it is necessary to find the amplitudes of
inductions in the nodes made of electrical steel — yoke and
anchor teeth [17].

Magnetic induction in the armature yoke can be
calculated by means of the following expression

2-®
B, = S <, (13)

a

0. =p-o,

where S, is the cross sectional area of the armature yoke
[17]; @, is the armature magnetic flux.

Magnetic induction in the armature teeth can be
calculated by means of the following expression

B, =—2, (14)

where S;, is the cross sectional area of the armature teeth [17].
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The armature magnetic flux is equal to the total
magnetic flux of the traction motor.

The total magnetic loss is the sum of magnetic losses
in the armature and armature teeth, i.e.

Plossz (t) = Plossy (t)+ Piossz (t)’ (15)
where Pj,s1(f), Pps(f) are the magnetic losses in the
armature core and armature teeth.

The given magnetic permeability of 2212 steel
differs from 1 [17]. That is, for the transition from a
generalized steel sheet with reduced magnetic
permeability 4, = 1, defined by means of equation (11), to
a 2212 steel sheet with permeability u,; equation (15)
should be multiplied by ;.

Coefficients H., Ky, and K4 in equation (11) were
determined for specific power losses expressed in W/kg.
For transition to losses expressed in watts, equation (11)
should be multiplied by the mass of steel of the
corresponding motor structural element. Mass of steel of
the structural element is determined by the following
expression

m;=p-Vi, (16)
where V; is the volume of the structural element;
p = 7750 kg/m’ is the specific weight of 2212 electrical
steel.

Then the instantaneous values of losses in the yoke
and anchor teeth, taking into account equation (11) can be
expressed as follows:

[}OSSY (t):plossY (t)pV};ﬂrl’ (17)

Blossz (t) = Plossz (l)',O : sz “Hy1s (18)
where Vy, V, are the volumes of armature yoke steel and
steel of armature teeth respectively; x4 = 2400 is the
relative magnetic permeability of 2212 steel at frequency
of 50 Hz and inductance B=1.82 T [17].

Magnetic losses in the motor steel of the model are
taken into account as follows. Relationship between
active power and engine shaft speed is defined by the
following expression:

B

oss =@M, (19)
where M, is the static moment caused by magnetic
losses in the motor steel.

Hence the static moment caused by the magnetic

losses in the motor steel is s follows

loss >

M jpss = Hoss : (20)
w

The work by [18] shows that both armature circuit
inductance and inductance of field winding have a non-
linear dependence on armature current and field current
respectively. In this regard, the model of the electrical
part of the traction motor in the MATLAB software
environment was implemented in the Special Power
System section of the Simulink library. This gave an
opportunity to use real values of motor winding
resistances, and the nonlinear dependences of the
armature circuit inductance and field winding inductance
on the corresponding currents was substituted with units
of controlled current sources. Control signals for current
sources simulating armature circuit inductance and field
winding inductance were presented as the following

dependences

@n
(22)

I, = f(v,).

Ip=1(vy);
where vy, is the flux linkage of armature; vy, is the flux
linkage of field winding.

Flux linkages y, and y, were obtained based on
expressions (1) i (2) respectively.

With this end in view, based on the results for
dependences of the armature circuit inductance and field
winding inductance on the corresponding currents
presented in the work [18], dependence of the armature
current on the armature circuit flux linkage (Fig. 4) and
dependence of field winding current from field current
(Fig. 5) were calculated and constructed.

2000 o A

1500 | /
1000 | /

500 /

Ya, Wb

0 0.5 1 1.5 2 2.5
Fig. 4. Dependence of armature circuit current /, on flux linkage v,

I A

1000

800 r
600
400 |

200 e

// v, Wh|

0 2 4 6 8
Fig. 5. Dependence of field current /-on flux linkage of field
winding vy

All other structural elements of the traction motor
model were presented in form of structural diagrams.

Simulation model performed on the example of the
NB-418 K6 traction electric motor used on electric
locomotives of alternating current VL-80T, VL-80K (Fig. 6).

Implementation of the traction motor electrical part
in the MATLab software environment is shown in Fig. 6
in form of the «Engine currents determination unity.
Calculation of magnetic flux performed by approximation
of the magnetic characteristic (Fig. 3) based on the
arctangent function. In Fig. 6 implementation of Magnetic
Characteristic is presented in form of the «Magnetic flux
detection unit».

Electric motor mechanical part in Fig. 6 is
represented in form of the «Unit for calculating the
mechanical parameters of the engine» that implements
equations (9), (10). Calculation of instantaneous values of
magnetic losses in electric motor steel that implements
equations (11) — (20) is presented in the simulation model
in form of the «Unit for calculating the static moment
caused by magnetic losses» (Fig. 6).
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Fig. 6. Simulation model of a traction electric motor implemented in the MATLAB software environment

Simulation results. In order to determine starting
characteristics of pulsating current traction electric motor
a constant voltage U, of 950 V corresponding to the
nominal voltage value for NB-418 K6 traction motor. In
the «Unit for calculating the mechanical parameters of the
engine» a static moment 7, of 7727 N-m was created; and
in the «Engine currents determination unit» shunt
resistance ry, was accepted as 0.24 Q and these values
also correspond to the nominal mode of electric motor
operation.

On the simulation model (Fig. 6) obtained are time
diagrams of armature current (Fig. 7), torque moment on the
electric motor shaft (Fig. 8) and motor shaft speed (Fig. 9).

For the steady-state rating a value of excitation flux @

was equal to 0.0819 Wb.

000 4
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| \
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\
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Fig. 7. Time diagrams of armature current /,
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Fig. 8. Time diagram of torque moment 7" on the motor shaft

n, rpm
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Fig. 9. Time diagram of motor shaft speed n

Values of armature circuit current, the torque
moment on the motor shaft, motor shaft speed and the
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magnetic flux for the steady-state rating obtained during
the simulation were used to calculate errors in
determining these values.

Error in determination of armature circuit current

1 1

anom_—_tamod

é‘]=

a

-100% =

anom
1820881
_‘ 820

where 1,,,, = 820 A is the armature nominal current (see

Table 1); 1,,,0 = 881 A is the armature current obtained in

the result of modeling for the steady-state rating.
Flux determination error

(23)
-100% = 6,93%,

S = Loom =P mod | 1009 =
nom (24)
[0.08-0.0819] o s
0,08

where @,,,, = 0.08 Wb is the nominal magnetic flux (see
Table 1); @,,,,¢ = 0.0819 Wb is the magnetic flux obtained in
the result of modeling for the steady-state rating.

Error in determination of torque moment on the
motor shaft:

T, T,

5T _ |Znom — “mod -100% =
nom (25)
= w -100% = 3,4%,
7727

where T,,,,» = 7727 N'm is the nominal torque moment on
the motor shaft (see Table 1); 7,00 = 7990 N'm is the
torque moment on the motor shaft obtained in the result of
modeling for the steady-state rating.

Error in determination of torque moment on the
motor shaft:

5n _ "om — Mmod .100% =
Mnom (26)
_ 915-951,6 100% = 4%,
915

where 74, = 915 rpm is the rated motor shaft speed
(Table 1); nguma = 951.6 rpm is the motor shaft speed
obtained in the result of modeling for the steady-state rating.

Results of modeling and calculation of errors in
determination of controlled motor parameters are listed in
Table 2.

Table 2
Results of calculation of errors in determination of controlled parameters during modeling
Controlled parameter
Rating Armature current /,, A Static moment 7, N-m Motor shaft speed n, rpm Flux @, Wb

1, Limod | Om» % T Toa | O % n Monod 8,,% P Do | 00,%
U; =950V
Excitation 96% 820 881 6.93 7727 | 7990 34 915 951.6 4.0 0,08 | 0,0819 |2,375
T.=7727 N'm
U,=1080 V
Excitation 96 % 840 | 885.3 5.39 7727 | 8030 3.9 1050 1088 3.5 10,08210,0839|2,317
T.=7727 N'm
U,=950 V
Excitation 43 % 1155 | 1212 493 7727 | 8174 | 5.78 1055 1091 341 | 0,11 |0,1127 | 2,45
T.=7727 N'm
U;=950 V
Excitation 96 % 665 | 691.8 4.03 5597 | 5859 | 4.68 965 996.2 3.23 {0,065 | 0,0664 | 2,154
T.=5597 N'm

The results shown in Table 2 indicate a high reliability
of measuring controlled parameters. Thus, the armature
current measurement error for all measurement modes did
not exceed 7 %; torque measurement error was up to 6 %;
the error of measuring the motor shaft speed was not more
than 4 % and the error of measuring the magnetic flux did
not exceed 3 %. This indicates a high reliability of the
modeling results and increases the accuracy of calculations
of energy-intensive modes of rolling stock [19, 20].

Conclusions.

The use of the unit for determining the magnetic
losses in the motor armature of the motor made it possible
to clarify values of the controlled parameters during
modeling. Comparison of the controlled parameters in the
steady-state rating with the motor passport data showed a
high degree of reliability of the simulation results. Thus,
the armature current measurement error for all
measurement modes did not exceed 7 %; torque
measurement error was up to 6 %; the error of measuring

the motor shaft speed was not more than 4 %, the error of
measuring the magnetic flux did not exceed 3 %. Further
refinement of the mathematical model is related to taking
into account all types of losses in the motor components
when it is powered from a pulsating voltage source.

The proposed approach to modeling of a pulsating
current traction electric motor will give an opportunity to
apply this model for development of a mathematical
model of the traction electric drive of an -electric
locomotive aimed at studying electrodynamic processes
occurring in the electric drive.

The presence of the unit for determining magnetic
losses in the motor steel will give an opportunity to reliably
assess spectral composition of the traction current and
voltage in the secondary winding of the traction
transformer at various modes of electric locomotive
operation. This, in turn, will give an opportunity to evaluate
operation of reactive power compensators taking into
account various modes of electric locomotive operation.
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New application of artificial neural network-based direct power control
for permanent magnet synchronous generator

Purpose. This article proposes a new strategy for Direct Power Control (DPC) based on the use of Artificial Neural Networks
(ANN-DPC). The proposed ANN-DPC scheme is based on the replacement of Pl and hysteresis regulators by neural regulators.
Simulation results for a 1 kW system are provided to demonstrate the efficiency and robustness of the proposed control strategy
during variations in active and reactive power and in DC bus voltage. Methodology. Our strategy is based on direct control of
instant active and reactive powers. The voltage regulator and hysteresis are replaced by more efficient and robust artificial neuron
networks. The proposed control technique strategy is validated using MATLAB / Simulink software to analysis the working
performances. Results. The results obtained clearly show that neuronal regulators have good dynamic performances compared to
conventional regulators (minimum response time, without overshoots). Originality. Regulation of continuous bus voltage and
sinusoidal currents on the network side by using artificial neuron networks. Practical value. The work concerns the comparative
study and the application of DPC based on ANN techniques to achieve a good performance control system of the permanent
magnet synchronous generator. This article presents a comparative study between the conventional DPC control and the ANN-
DPC control. The first strategy based on the use of a PI controller for the control of the continuous bus voltage and hysteresis
regulators for the instantaneous powers control. In the second technique, the PI and hysteresis regulators are replaced by more
efficient neuronal controllers more robust for the system parameters variation. The study is validated by the simulation results
based on MATLAB / Simulink software. References 26, tables 5, figures 19.

Key words: artificial neural network, direct power control, permanent magnet synchronous generator, direct power control
based on the use of artificial neural networks.

Mema. Y cmammi npononyemocs Hosa cmpameeis npsamoeo kepysanns nomydchicmio (DPC), saxa 6a3yemvbcsi HA 8UKOPUCTAHHL
wmyunux Hevpounux mepedic (ANN-DPC). 3anpononosana cxema ANN-DPC 3acnosana na 3amini nponopyitino-inmeepanvrozo (I11)
ma 2icmepe3ucnozo pe2ynamopie na neliponni pecynamopu. Haseoeno pesynsmamu modemiosanns onsa cucmemu nomyosicnicmio 1 kBm
ona OemoHcmpayii eghpexmusHocmi ma HAOIIHOCMI 3aNPONOHOBAHOT cmpameii Kepy8anHs Npu 3MiHI AKMUGHOI ma peakmueHoi
NOMYHCHOCMI, @ MAKOJIC HANPY2U HA WUHi nocmitinozo cmpymy. Memoodonozia. 3anpononosana cmpamezia 6a3yemvcs Ha NPAMOMY
KepysaHHi MUMMmMeSUMY AKMUSHUMU MA PeakmueHuMU nomyxchocmamu. Peeynamop nanpyeu ma zicmepesuchuii pe2yisimop 3amineni
Oinvw eghexmuHUMU MA HAOTUHUMU WIMYYHUMU HEUPOHHUMU Mepedicami. 3anponoHosana MemoouKka KepyanHs nepesipenda 3
suxopucmannam npoepamuoeo 3abesnevenns MATLAB / Simulink ons ananizy pobouux xapaxmepucmux. Pesynemamu. Ompumani
pe3ynbmamuy  HOKA3ylomb, W0 HEUPOHHI pe2ylamopu Maiomb XOpoull OUHAMIYHI XApaKmepucmuky MNOPIGHAHO 3i 36UYAUHUMU
peayasimopamu  (MIiHIMATbHULL Yac 6io2yky, bOe3 euxudie). Opucinanvhicms. Pezymiosanns nocmitiHoi Hanpyeu Ha wiuHi ma
CUHYCOIOQNbHUX CMPYMIE HA CMOPOHI Mepedxci 34 O0ONOMO2010 WMYYHUX HelipoHHux mepedc. Ilpakmuuna winnicms. Poboma
CMOCYEMbCsL NOPIBHANLHO20 OOCTIOJNCEHHS. MA 3ACMOCY8aHHA NPAMOo20 Kepyeants nomyscricmio (DPC) na ocnogi memoois wimyunoi
neiponnoi mepeosici (ANN) Ona OocsenenHs XOopouwiux NOKA3HUKIE cucmeMu Kepy8auHs CUHXPOHHO20 2eHepamopa 3 NOCMIHUMU
MacHimamu. Y yiti cmammi npedcmagneno nopisHAnbHe 00CaioxdceHHs Mmixe 3sudatinum kepysanuam DPC ma xepyeannam ANN-DPC.
Tlepwa cmpameeia 3acnosana na euxopucmanni I1l-pecynamopa 01 Kepy8anHs NOCMINHOIO HANPY2OI0 HA WIUHI MA 2iCIEPe3UCHUX
pe2ynamopie O KepysaHHs MUmmegoro nomyoicnicmio. Y opyeomy memooi I1l- ma eicmepesuchi pecynamopu 3aminiolomecs Oinviu
eekmusHUMU  HEUPOHHUMY  KOHmMponepamu, Ol cmiikumu 00 3MiHU napamempie cucmemu. JJOCHiOdcenHs NiOMEepOHCeHO
Pe3VIbmamamu MoOent08anHsL Ha OCHOSI npoepamuozo 3abesneyennss MATLAB / Simulink. Bion. 26, Tabm. 5, puc. 19.

Kniouogi cnosa: mTydHa HeiipoHHAa Mepeka, NpsMe KepyBaHHsl NOTY:KHICTIO, CHHXPOHHMIi reHepaTop 3 NOCTiiHMMH
Marfiramm, mpsiMe KepyBaHHsI OTYKHICTIO Ha OCHOBI INTYYHHX HEHPOHHUX MeEpPeK.

Introduction. Electric machines are often known by
their windings and their own and complex geometry. In
electrical engineering laboratories, the study of
synchronous machines with permanent magnet generators
is currently a broad research topic. A permanent magnet
synchronous generator (PMSG) which obtains energy
from mechanical energy for generate an electric current
[1]. Synchronous machines with permanent magnets have
experienced a great boom in recent years. This is thanks
to the improvement of the qualities of permanent magnets
more precisely with the help of rare earths, the
development of power electronics and the evolution of
non-linear control techniques. The advantages of this type
of electric machine are numerous, among which we can
cite: robustness, low inertia, high mass torque, high
efficiency, higher maximum speed and low maintenance
cost. In addition, permanent magnets have undeniable
advantages: on the one hand, the inducing flux is created
without loss of excitation and on the other hand, the use
of these materials will make it possible to deviate

significantly from the usual sizing constraints. machines
and therefore increase the specific power significantly [2].
Several control strategies applied to PMSG, for example
vector control [3, 4], direct torque control [5, 6], direct
power control (DPC) and sliding mode control [7, 8]. In
[9] compared a conventional multi-network, in which the
supervision network is replaced by an expert system and a
conventional network. They obtained results similar to
those of authors in [10]. Their results are more effective
when the characteristics are more relevant. In [11] have
taken over the multi-networks used in [9] to assess the
detection of epileptic transients. The results obtained were
compared with those of 4 experts. Even if these results are
insufficient to be used in medical practice, they have
made it possible to demonstrate that it is possible to detect
epileptic transients and that the supervision network
eliminates certain bad decisions. In [10] compared several
multi-network architectures with a conventional neural
network. The neural networks used are error
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backpropagation with an input range of 0 to 1. Each
neural network is trained 3 times to verify the repetition
of the results obtained and to avoid overtraining. The total
sum of the squared errors of the test set is used to evaluate
the training. The main qualities of neural networks are
their capacity for adaptability and self-organization and
the possibility of solving non-linear problems with a good
approximation [12, 13]. The reason for this trend is the
many advantages, which the architectures of artificial
neural network (ANN) have over traditional algorithmic
methods [14].

Related works. We cite a few articles in this area of
research. The article [4] presents a comparative study
between voltage oriented control and DPC. It has been
shown that best power quality features are given by vector
control techniques. On the other hand, direct control offers
the better dynamic response. The work [1] assessed the
performance of DPC, HYN-DPC (Neural hysteresis DPC)
and ANN-DPC. The results obtained confirm that the use
of neuron networks improves the total harmonic distortion
(THD) and minimizes power ripple. Works [15, 16]
proposed the design of sensorless induction motor drive
based on DPC technique. An effective sensorless strategy
based on ANN is developed to estimate rotor’s position
and speed of induction motor. Simulation results confirm
the performance of ANN based sensorless DPC induction
motor drive in various conditions. The article [17]
presents a study between HYN-DTC (Neural hysteresis
Direct Torque Control) and fuzzy logic PI controller
applied to an induction motor. The first method has less
THD. The work [18] proposed a new DPC strategy based
on a second order sliding mode controller of a doubly fed
induction generator (DFIG) integrated in a wind energy
conversion system. In the first step it proposed to use a
five-level inverter based on the neural space vector pulse
width modulation to supply the DFIG rotor side. The
results obtained confirm that the use of neural hysteresis
controller decrease the THD. The article [19] presents an
ANN based DPC of bidirectional 2-level pulse width
modulated (PWM) rectifier. Instead of the traditional PI
controller, ANN controller is used in this paper to reduce
the peak overshoot and ripple in active power. The work
[20] a direct power control strategy for a 2.25 kW DFIG
is proposed and implemented using a controller based on
an ANN with the multilayer perceptron (MLP) structure,
which allows the control of the coupled and nonlinear
system. All the PI controllers and rotor current estimation
block that generated the set of samples for training
process were replaced with success by a single MLP
controller with twenty hidden neurons. The results have
shown that the DPC approach combined with the MLP
controller maintain the features of the DPC and adds the
inherent characteristic of an ANN controller, more
specifically the capability of controlling the coupled and
nonlinear system and to generalize the performance to the
whole range of operation considered in the training data.

Aim. In this paper a DPC strategy for a PMSG is
proposed and implemented using a controller based on an
ANN structure. The ANN controller replaces the PI and
hysteresis controllers.

Research path followed in this article. The
flowchart (Fig. 1) shows the steps followed in this article.

The disadvantages of each technique are cited as well as
the solutions given in the literature. We always opt for a
simple and optimal solution.

Study of DPC

Major
Disadvartages

[0

Non-cortrolable
switching
frequency

very high
calculation
frequency

r
Non-robust PI
regulator

Solution inthe
literature

Robust regulator Adaptative
regulator
r T ]
ANN regulator l Fuzzy regulator l Other

e |

Twoinput l Oneinput |

—_——

reference & Error &change
masure oferror

Fig. 1. Flowchart showing the research steps for this article

1]

PMSG modeling. The mathematical model of the

PMSG obeys certain essential assumptions simplifying:

o the absence of saturation in the magnetic circuit;

o the sinusoidal distribution of the FMM created by
the stator windings;

o hysteresis is neglected with eddy currents and skin
effect;

o the notching effect is negligible;

o the resistance of the windings does not vary with
temperature.

The structure of the PMSG has a three-phase stator
winding. The rotor excitation is created by permanent
magnets at the rotor. These magnets are assumed to be
rigid and of permeability similar to that of air [21, 22]:

d
Ugs =—Relys — Ly Elds +a)quSIqS s (D)

d
Ugs =Rl =Lq— Mg = Lalus + o, 0p 5 ()

where Uy, and U, are the stator voltage components; R; is
the stator resistance; L, and L, are the components of
stator inductances; /,; and I, are the components of stator
current; ¢y is the permanent magnet flux; o, is the electric
pulsation.
The electrical rotation speed is given by:

We =DpW, (3)
where p is the number of pairs of poles; w is the
mechanical speed.
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The electromagnetic torque C, represented by:

3
Ce:E'p'(Df'[qS' “4)
The power equations are provided by:
3
P:E'(UdS'ldS_UqS'IqS); (5)
3
Q=2 WUyslas =Vas 1gs) (6)

where P is the active power; Q is the reactive power.
Uncontrolled rectifier PWM. We have 3 phase line
voltages and the fundamental line currents in [22]:

U,=U,cos2amt ; (7
Uy,=U, cos(Za)t+2Tﬁ); (8)
Uu.=U, cos(Za)t—ZT”) ; 9

1,=1,cosCawt+¢); (10)
Ib:Imcos(Za)t+2Tﬁ+¢); (11)
I.=1, cos(2wt—2%+(p), (12)

where U, I, are the amplitudes of the phase voltage and
current respectively; @ is the rotational frequency; ¢ is the
phase difference [23].

Line to line input voltages of PWM rectifier can be
described as:

Uva = (Sa - Sh)'Udc; (13)
Usp = (S = S Uses (14)
ch = (Sc - Sa)' Udc; (15)

and phase voltages equations give by:
Usa:wljdw (16)
Usb=—2S”_(§“+SC)'UdC; (17)
Uy =25 (§“+Sb)'Udc, (18)

where S,, S;, S, are the switching states of the rectifier;
Uy, 1s voltage rectifier.

DPC of PMSG. DPC appeared to be competitive
with vector control technique. This control method was
proposed in [24]. The DPC control is based on the selection
of a voltage vector in such a way that the errors between
the measured and reference quantities are reduced and
maintained between the limits of the bands hysteresis
[23, 25]. On the other hand, DPC control is an active and
reactive power-based control technique with the advantages
of robustness and rapid control (see Fig. 2) it is possible to
express that of the reference power by [15]:

Pref: Udc'ldc,
where ;. represents the rectifier output current.

Artificial neural network-based DPC. Neural
networks have properties of learning, approximation and
generalization, so they are of interest for the synthesis of
such a command [17, 26]. ANN is a simplified
mathematical formulation of biological neurons. They
have the capacity of memorization, of generalization and
especially of learning which is the most important
phenomenon.

(19)

Q.70

Fig. 2. Block diagram of the DPC

Structure of a neuron. The neuron is the
fundamental cell of a network of artificial neurons. By
analogy with the biological neuron, the neuron must be
able to accomplish the following tasks: collect, process
the data coming from the sending neurons and transmit
the messages to the other neurons. The relation between
the input and the output of the neuron can be given by the
following equation:

S, = F(a); (20)
N

S; = > Wi, j)-x(j), @1
j=0

where the variables N, S;, F, x and W respectively denote
the number of inputs of the neural network, the output
vector of the network, the activation function, the vector
of the inputs of the neural network and the weight matrix.

We present in Fig. 3 the structure of a simple
neuron.

Eall—

Xo=+1

Fig. 3. Structure of a simple neuron

Structure of a single layered neural network.
Layered network is a network whose neurons are
organized in layers, the simplest form is the single layer
network. All input signals are propagated from the input
nodes to the output neural layer.

The number of input (nodes) and output neurons is
generally related to the problem to be solved. The inputs
will be propagated through the matrix of weights W to
then obtain the output response (Fig. 4). The equivalent
equation can be written in the form:

5= e,

where x(i) is the input vector; y(i) is the output vector;
Wi, j) is the weight of the neural network.

(22)
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Fig. 4. Structure of a single layered neural network

ANN activation functions. The activation functions
used in today's connection models are varied. We can
identify three main types of best known functions: Tansig,
Logsig and Pureline.

Artificial neural network (ANN) learning modes.
Learning can be defined as the ability to store information
that can be recalled later. The knowledge of a connection
network is stored in the connection weights which will be
determined during learning. The goal of learning for a
network is to find a set of mimic weights that will error
between the output of the network and the desired result.

Learning methods of neural networks.

e learning by backpropagation of the error;
e learning according to a gradient descent;
e learning according to the Quasi-Newton method.

Direct neural power control of PMSG. Figure 5
depicts the construction of the PMSG's direct neural power
control (ANN-DPC). The PI voltage regulator and the
active and reactive instantancous power hysteresis
regulators are replaced with neural controllers. To generate
the ANN controller by MATLAB / Simulink or we have
chosen 24 hidden layers for the voltage controller and 5
hidden layers for each hysteresis regulator. Figure 5 gives
the block diagram proposed of ANN-DPC.

Rectifier
PWM
U

[
1 ===
U,
iy b
: - s -
A ¢ i Ug
D : RL |
Ve i Tﬁ \_‘
S, 5| S
u e || Estimated instantaneous | TRANSFARALATON
deref power (P, ‘OF CONCORDIA

fallia

ESTIMATE OF LINE
VOLTAGE
Qrer =0

Fig. 5. Block diagram proposed of ANN-DPC

S i

=2

|| s

|

ANN
Regulator

Sa Sy, 5c)

SEC

The activation functions are respectively of the
«tansig» type for the hidden layers and «pureline» for the
output layers (see Table A.3 in Appendix of this article).
An algorithm of carries out the updating of the weights a
biases of this network retropropagation called the
Levenberg-Marquardt (LM) algorithm.

The representation of the internal structure of the
neural voltage controller is shown in Fig. 6.

Figure 7 and 8 illustrates the internal structure of
layers 1 and 2 of the neural voltage controller
respectively.

1l gl O

Input  Process Input 1 Layer 1 af1}
o
g ' Layer 2
O o1 ]

a{1} Process Output 1 Output

Fig. 6. Internal structure of the neural voltage controller

» 0 oW
>
{1} Delays 1 W{1,1} + ,/ >
»
b I netsum tansig a{1}
b{1}

Fig. 7. Internal structure of layer 1

Ol gy .

a(1}
Delays 1 (2,1}

= L

netsum purelin afz)

b{2}

Fig. 8. Internal structure of layer 2

The training performance of ANN-DPC is shown on
Fig. 9.
Best Validation Performance is 0.00023065 at epoch 1000

10°1
—Train

10
12 — Validation
e —Test
“ Best
105
1
78 760 762 764 766 768

Mean Squared Error (mse)

| | | | |
0 100 200 300 400 500 600 700 800 900 1000
1000 Epochs

Fig. 9 The training performance of ANN-DPC

The three curves are superimposed. This result is

justified in Fig. 10, where the training regression of ANN-

DPC also is shown.
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Fig. 10 Training regression of ANN-DPC

Simulation and results of DPC. In Fig. 11 the
stator voltage and current of PMSG is shown.
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Fig. 11. The stator voltage and current of PMSG
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In Fig. 12 the rectified voltage DPC is shown.

u, V The rectified voltage DPC

1000 . ; . ; ==\/dc voltage
=Vdc reference

500 - b
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o . . | | .
0 0.5 1 1.5 2 25 3
Fig. 12. The rectified voltage DPC
In Fig. 13 the active power DPC is shown.
4 «10* P, W The active power
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—P estimated <‘
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Fig. 13. The active power DPC

The results obtained when changing the DC bus
reference voltage for the twelve sector control are shown in
the next figures. Figure 14 shows a clear improvement in
THD (7.3 %) compared to conventional DPC (12.71 %).

10¢ O, VAR The reactive power
10 T T T T T

—Q reference
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Fig. 14. The reactive power DPC

In Fig. 15 the line current i, and its harmonic
spectrum are shown.
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Fig. 15. The line current i, and its harmonic spectrum

Simulation and results for ANN-DPC. Figure 16
shows that the DC bus voltage follows its reference
without overshoot with minimal retraining time and
allowable static error.

u, V The rectified voltage ANN-DPC
1000 T T ==\/dc voltage
=Vdc reference
800
600
400
200
ts
0 | 1 | I I |
0 0.5 1 1.5 2 25 3 3.5

Fig. 16. Rectified voltage ANN-DPC

Figure 17 shows that the active energy follows its
reference with the existence of peaks.

4% 10° AW The active power
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2 L 1 I L 1
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Fig. 17. The active power ANN-DPC

Figure 18 shows that reactive energy follows its
reference with a peak passage at start-up.

104 O, VAR The reactive power
T
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4 4
0

2 05 i 15 2 25 3
Fig. 18. The reactive power ANN-DPC
Figure 19 shows that the current is sinusoidal with a
start peak passage.
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Fig. 19. The line current i, and its harmonic spectrum ANN-DPC

Study comparative between DPC and ANN-DPC is
shown on Table 1.

Table 1
Study comparative between DPC and ANN-DPC
Active | Reactive
THD power power
ripple ripple
Classical
Reference test DPC 1271 bad very good
ANN-DPC 7.3 very good| good
Classical
Robustness test DPC 9.34 bad bad
ANN-DPC| 6.86 |very good| very good
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As an example a comparative study with published
results are shown on Table 2.

Table 2
A comparative study with published results
Method TI;ID, Ripple of
% power
1. ANN-DPC (ANN replaces
PI controller) [19] 6.52 bad
2. HYN-DPC (ANN replaces
Hysteresis controller) [1] 3725 good
3. ANN-DPC (ANN replaces
switching table) [1] 31.95 | very good
4. Proposed method — ANN-DPC 6.86 |very eood
(combination of methods 1 and 2) ) Ve

Conclusions.

In this paper, a direct power control (DPC) is
proposed for controlling the PWM rectifier supplied by a
PMSG in terms of rapid control of active and reactive
power. Decoupled active and reactive power control is
achieved without the use of a decoupling system or a
change in coordinates. DC voltage is controlled to a
consistent incentive in all conditions. The application of a
new scheme by replacing the PI and hysteresis regulators
has been applied in order to minimize the THD and a
better control of the instantaneous powers in terms of
speed and ripple rate. The simulation results confirm the
effectiveness of the applied technique:

e the sinusoidal form of the line current;
the current must be in phase with the voltage;
reactive energy compensation
a low THD;
ripple rate of powers;
time response of DC voltage.
Finally, we prove that the method (ANN-DPC) is the
best compared to the classic DPC control.

APPENDIX
Table A.1
PMSG parameters
Parameter Value
Direct stator inductance L,;, H 0.012
Stator quadrature inductance L,, H | 0.0211
Permanent magnet flux ¢, Wb 0.9
Stator resistance Ry, Q 0.895
Inertia J, kg-m” 0.00141
Number of poles 7, 3
Friction force F, N-m/rad-s 0
Table A.2
Rectifier parameter
Parameter Value
Line resistance R;, 2 0.2
Line inductance L, H 0.011
Filtering capacity C, F 0.0047
DC voltage reference Ujyres V. | 600-800
Table A.3
Parameters of Levenberg-Marquardt (LM) algorithm
LM parameters V4 controller|H,, H*
Number of hidden layers 24 5
Learning rate 0.002 0.002
Number of iterations (epochs) 1000 200
Convergence acceleration rate 0.9 0.9
Goal 0 0
Activation function tansig tansig

*H,, H, are respectively hysteresis active and reactive power
controllers.
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Mutual influence of currents in a flat inductor system with solenoid
between two massive conductors

Introduction. Inductor systems, as tools for metal processing, are widely used in industrial technologies using the energy of
powerful pulsed electromagnetic fields. Problem. A common disadvantage of the known works on the creation of tools for
magnetic-pulse impact on conductive objects is the use physical and mathematical models, in which the exciting currents do not
depend on the ongoing electromagnetic processes. Such the assumption distorts the picture of the real energy in the working area
of the inductor system. Goal. To obtain design relationships and numerical estimations of the mutual influence of exciting and
induced currents of a flat inductor system with a circular solenoid located between massive well-conducting objects, moreover to
carry out a theoretical analysis of electromagnetic processes in this system. Methodology. Applied integrating Maxwell equations
using the Laplace and Fourier-Bessel integral transforms in the approximation of the ideal conductivity of the metal objects to be
processed. Results. The calculated relationships for the theoretical analysis of electromagnetic processes are obtained in the
high-frequency approximation. It is shown that the inductance of the studied system decreases as the objects being processed
approach the solenoid and increases as they move away from it. It is found that for the invariability of the power indicators, of
the proposed tool, a corresponding correction of the amplitude (on average up to 20 times) of the exciting current is necessary in
the solenoid winding. Originality. For the first time, the tool design with a circular solenoid located between the massive metal
objects is proposed for flat magnetic-pulse stamping. As a result of the theoretical analysis, the influence of electromagnetic
processes on the currents flowing in the system is confirmed. Practical significance. The use of the results obtained will allow to
increase the efficiency of the tool of magnetic-pulse technologies, and to reduce the energy costs for performing the specified
production operations. References 19, figures 2.

Key words: magnetic-pulse stamping, sheet metals, electromagnetic fields, inductor systems, circular solenoid, massive
conductor.

B pobomi posenanyma niocka indykmopha cucmema 3 Kpy2o8umM COAEHOIO0M, PO3MAUIOBAHUM MINC MACUBHUMU 00Ope NPOGIOHUMU
06 ’exkmamu. Taxka KOHCMPYKYisi CHAPAMOBAHA He MIiLbKU HA NIOGUWEHHS eEeKMUBHOCII THCMPYMEHMY MAZHIMHO-IMAYIbCHUX
TEeXHONO02IH, MA HA 3HUNCEHMS eHePeeMUYHUX BUMPAM HA BUKOHAMHA 3a0aHOi eupoOHU4Oi onepayii. IHmezpysanHAM pIiGHAHb
Maxkceenna 3 euxopucmanHam inmespanvHux nepemeopenv Jlannaca i @yp’e-beccens 6 nabaudicenni ideanvuoi npogionocmi
Memanesux 00’ekmis, Wo nioaseailoms 06podYi, AHANIMUYHO OMPUMAHO MAMEMAMUYHY MOOelb cucmemu. B pamkax nocmasnenoi
Memu OMPUMAHO PO3PAXYHKOBI CHi6BIOHOUWEHHA | NPOGEOeHO MeopemuyHull aHani3 eneKmpOMASHIMHUX Npoyecié 8 NAOCKill
IHOYKMOpPHITL cucmemi 3 Kpy208UM COAEHOIOOM, WO POIMIWEHULl MIHC MACUBHUMU O000pe NpoGiOHUMU 00 €Kmamu, a MAaxox#C
NPOBEOCHO YUCENbHI OYIHKU 63AEMHO20 6NAUBY 30VOJiCYIouux i IHOYKosanux cmpymie. Pezymvmamu ananizy enekmpomacHimuux
npoyecie nokazamu, wo O HE3MIHHOCMI CUNOBUX NOKA3HUKIE 3aNPONOHOBAH020 [HCMPYMEHMY MACHIMHO-IMINYIbCHO2O
WMAMnY8anus HeoOXiOHA B8iON0GIOHA KOpeKyis amniimyou 36)Y0x4cylouo20 cmpymy 6 obmomuyi coneHoioa — Oocepena Oirouux
enekmpomacnimuux noxie. biomn. 19, puc. 2.

Knouosi cnosa: MarHiTHO-iMIyJIbCHe WITAMIIYBAaHHS, JIMCTOBI MeTald, €JeKTPOMATHITHI mojas, iHAYKTOpPHI cHCTeMH,
KPYIOBMii COJI€HOI/l, MACHBHMIi IIPOBiTHUK.

B pabome paccmompena nrockas uHOykKmopHas cucmema ¢ Kpy2o8bim CONEHOUOOM, PACHOIONCEHHBIM MeNCOY MACCUBHBIMU XOPOULO
npoeooawumu  obvekmamu. Taxkas KOHCMPYKYUs HANpaeleHd He MONbKO HA NOosbluleHue IPHeKmueHocmu UHCMpyMenma
MASHUMHO-UMNYIbCHBIX MEXHON02UL, HO U CHUDJICEHUE DHePemuyecKux 3ampam HAa GblNONHeHUue 3a0aHHOU NPOU3B00CMEEHHOU
onepayuu. Hnmezpuposanuem ypagnenuii Maxceenna c¢ ucnonv3osanuem uxmezpanvhuix npeobpaszosanui Jlannaca u Dypve-
Beccena 6 npubnuscenuu uoeansHoli npogooUMOCmu NOONEHCAuUx 00padomKe MeManIuieckux 06veKmoe ananumuyecKy noay4eHo
MamemMamuyeckylo Mooelb cucmemvl. B pamkax nocmagnienHou yeau HNOIYYEHbl pACYEMHble COOMHOUWIeHUA U NposedeH
meopemuieckull aHaIu3a dNeKMPOMASHUMHBIX NPOYecco8 6 NIOCKOU UHOYKMOPHOU cucmeme ¢ Kpy208biM CONEHOUOOM,
DPABMEWEHHBIM MeNHCOY MACCUBHBIMU XOPOUWO NPOGOOSUMU 00BEKMAaMU, d MAaKdlice NPOBeOeHbl HYUCICHHbIE OYEHKU B3AUMHO20
6NUAHUA 6030YHCOAIOWUX U UHOYYUDOBAHHBIX MOKOS. Pesynvmambvl ananuza 21ekmpomMazHumHublx nPOYeccos NOKA3aau, ¥mo Ons
Heu3MeHHOCMU CUNOBbIX NoKazamenel NpeoNodCeHHo20 UHCMPYMEHMA MASHUMHO-UMNYIbCHOU WMAMNOGKU Heobxoouma
COOMBemMcmayIouas Koppekyus amnaumyosl 6030ydcoaiowe20 moka 8 00MOmKe CONeHOUOd — UCMOYHUKA OelCmEYIouux
anekmpomazHumuulx noaeti. buodin. 19, puc. 2.

Kniouesvie cno6a: MarHWTHO-UMITYJIbCHASl IITAMIIOBKA, JHCTOBble MeTA/LIbI, 3JIEKTPOMATHHUTHBIC TM0Jisl, HHAYKTOpPHbIE
CHCTeMbI, KPYTOBOii COJICHON/I, MACCHBHBII NIPOBOJHHK.

Introduction. Problem definition in general.
Inductor systems, as tools for metal processing, are
widely used in industrial technologies using the energy of
powerful pulsed electromagnetic fields. The design of
induction systems is determined by the type of given
production operation (for example, «distributiony,
«crimpingy, «flat stamping», etc.). Note that their

successful practical implementation, as described in the
modern special literature, is carried out in the framework
of the so-called «traditional» magnetic pulse treatment of
metals (MPTM) or in Western terminology
Electromagnetic Metals Forming (EMF). As practice has
shown, the effectiveness of this technology is possible
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only in the range of sufficiently high operating
frequencies of acting fields and high values of electrical
conductivity of the processed objects. From a physical
point of view, the natural Lorentz repulsion of the
conductor from the instrument with the method, called
«magnetic pressure» [1-4], is used here.

The development of electromagnetic technologies
and increasing requirements for their efficiency has led to
the creation of new types of induction systems. A number
of production operations initiated a new direction of
magnetic pulse processing of metals, based on the
transformation of natural Lorentz repulsion in the
attraction of the processed object [5-9]. As part of the
«traditional» magnetic pulse treatment of metals, it seems
a priori, increase in the productivity of flat stamping
operations of sheet metal products is possible with the
help of so-called «two-sided induction systemsy», where
the solenoid is placed between objects of force action.
The development of new tools requires the study of the
processes of electromagnetic effects of exciting and
induced currents. The relevance of such works is beyond
doubt. The obtained results will allow to take a new
approach to the problems of productivity, to increase the
efficiency of inductor systems and expand the range of
processed objects.

Literature review. Analysis of basic research
and publications and problem definition. The two-
sided arrangement of sheet metals relative to the source
of the magnetic field (solenoid) takes place in
induction systems, where the natural Lorentz repulsion
is transformed into the attraction of a specified area of
the processed object. Structurally, such tools consist of
flat layered: the auxiliary screen, which conducts
electric current, the circular solenoid and, naturally, the
sheet metal to be deformed. The currents induced in the
screen and the metal being processed are
unidirectional. According to Ampere law, a certain
area of sheet metal will be attracted to the plane of the
rigidly fixed screen [10]. This principle of operation is
also used in systems of automated supply of aluminum
sheets to the working area of the stamping equipment
of US car plants [11]. Practical aspects of MPTM
development in the direction of attracting specified
areas of sheet metals and creating appropriate tools for
removing dents are described in [2, 3, 12]. Note that,
mainly, magnetic-pulse attraction has found application
in advanced technologies for the restoration of
damaged coatings of car bodies [9, 10, 12, 13].

Object of study. Consider the induction effects in
tools for flat magnetic-pulse stamping of solid sheet metal
products with high electrical conductivity, where the
solenoid is placed between two objects of force action.
The physical idea of such a design of the inductor system
involves the concentration of energy of the excitation
field in the space between two conductors. Unlike the
known tools for «traditional» flat magnetic pulse
stamping, where the solenoid is placed over a single
object of force action, this proposal reduces the scattering
of energy generated in the surrounding space.

A common disadvantage of the known works on the
creation of instruments of force magnetic-pulse influence
on conductive objects (both attraction and repulsion) is
the use of physical and mathematical models in which the
excitation currents are accepted given and independent on
electromagnetic processes. Thus, in [9] in inductor
systems, mechanical forces in the form of attractive forces
and their distribution in the system were considered, but
the mutual influence of currents in the inductor system
remained unexplored. We should also mention classical
analytical [14, 15] and modern numerical models, for
example, in [16, 17].

From a phenomenological point of view, it is
obvious that such an assumption in the definition of the
electrodynamic problems to be solved distorts the
picture of real energy in the working zone of the
inductor system.

The goal of the paper is to obtain calculation
relationships and to carry out theoretical analysis of
electromagnetic processes in a flat inductor system with a
circular solenoid placed between massive well-conducting
objects, as well as to obtain numerical estimations of the
mutual influence of excitation and induced currents. We
emphasize the relevance of this goal, which is aimed not
only at improving the efficiency of the tool of magnetic
pulse technology, but also to reduce energy costs to
perform a specified production operation.

Presentation of the main material. Analytical
dependencies, numerical estimations. Concerning
problems in MPTM inductor systems, we begin
consideration with definition of problems which is
identical for all researches of the proceeding
electrodynamic processes [2, 8-12].

Assumptions for solving the formulated problem:

e a physical and mathematical model of the inductor
system is symmetrical about the plane of the exciting
solenoid (Fig. 1);

e a cylindrical coordinate system is adopted;

e a inductor system is assumed to be axially

symmetric, i.e. ; =0, where ¢ is the azimuthal angle;
¢

e a solenoid is assumed to be so thin that its metal
does not affect the electromagnetic processes occurring in
the system (A—0);

e an azimuthal harmonic current J(f) = J,-sin(@t)
flows in the solenoid winding, where J,, is the amplitude;
w is the cyclic frequency; ¢ is the time;

e sheet metals (plates that conduct electricity) are
quite massive and have a high specific conductivity;

e in the system the azimuthal component of the
electric field strength Eq(%, r, z) # 0 is excited, as well as
the radial » and normal z components of the magnetic
field strength vector H/(¢t, r, z) # 0 and H,(¢, r, z) # 0
accordingly;

e clectromagnetic processes are assumed to be quasi-
stationary, so (@ / ¢) << 1, where c is the speed of light
in vacuum; / is the largest characteristic size of the
system.
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The evaluation of the characteristics of the mutual
influence of induced and excitation currents can be
carried out based on the equality of the average values of
the normal components of the magnetic flux density in the
inner window of the solenoid at different distances
between it and the plates.

In addition to the accepted assumptions, it should be
noted that in practice the massiveness and high electrical
conductivity of sheet metals means the operation of the
inductor system in high-frequency temporal mode, when
there is no penetration of fields through the processed
objects. Within these studies, they can be considered as
ideal conductors for which @7 >> 1, where w7 is the
«electrodynamicy» thickness (the introduction of the term
is justified in [9, 10]); 7= s yd’ is the characteristic time
of penetration of the field into the non-magnetic
conducting layer; g is the magnetic permeability of the
vacuum,; y is the specific electrical conductivity, and d is
the geometric thickness.

]

s 7
- A
4 L+ B
i F4
3R, [[[[12%:
BT h
il ! I 4 ]
d |

Fig. 1. Calculation model of flat inductor system:
1 — circular solenoid (A— thickness, R, , — inner and outer radii);
2 — sheet metals (d — thickness, y— specific electrical
conductivity)

It is a priori obvious that the influence of induced
currents on electromagnetic processes should decrease
with the removal of sheet metals and increase with their
approach to the exciting solenoid. In this regard, to
describe the studied effect, we can identify and propose
two main characteristics of the electromagnetic processes
that take place. The first one is the ratio of the inductance
of the system at different distances between the solenoid
and the sheet metals to the inductance at infinite distance
of the latter. The second one is the corresponding ratio of
the resulting current in the solenoid winding to the
excitation current in the absence of sheet metals. Note that
the latter characteristic can be taken as a quantitative
indicator of the effect of induced currents on the current
in the solenoid winding.

Based on the accepted assumption of equality of
average values of normal components of magnetic flux
density in the inner window of the solenoid at different
distances of sheet metals, we can obtain the following
dependencies to assess the mutual influence of excitation
and induced currents [14]:

Bu :Em,
J, L, (1
Joo Lh ,

where Bh, Jy, Ly are the average value of the normal
component of the magnetic flux density, the current in the
solenoid winding and the inductance of the system at the
final distance & between the solenoid and the sheet metals,

respectively; Bew, J., L. are the average value of the
normal component of the flux density, the current in the
solenoid winding and the inductance of the system in the
absence of sheet metals (at # — o), respectively.

It should be noted that effectively relations (1) are
consistent with the known dependencies [14]. Indeed, the
amplitudes of the currents in the windings are inversely
proportional to their inductance.

In accordance with the formulated goal, we turn to
the calculation model in Fig. 1, for which we write a
system of Maxwell equations in the space of L-images
according to Laplace [9, 10, 18, 19]

OE,(p,r,2)
("—:MOpHT(p,I’,Z);
Oz
1 0
?E’("Ew(p,r,Z)):-uosz(P»V»Z); )
aHr(psraz) a[_[z([)’r’z) 7
= o w2

where
E (p,r,z)= L{Em(t,r,z)} , H,(p,r,z)= L{Hr,Z @r, z)} ,

Joo(Ps752) = {j@o (t,r,z)}, Joo (t,r,z) is the current
density in the solenoid,
Joo(Ps722) = - g(t)- f(r)-8(z—h), g(t) is the temporal
dependence; f(r) is the radial dependence; d(z — /) is the
Dirac function [18].

We integrate the system of equations (1) in the same
way as it was done earlier in [2, 9, 10].

The geometry of the inductor system and the
accepted assumptions allow us to apply the Fourier-
Bessel integral transform [18, 19].

For L-images of the excited electric field strength
E(p, r, z) we write that

E,(p,r.2) = [ E,(phs2)- 1+, (M) d,

; (3)
E(p(p,k,Z) :JE¢(P,V,Z)'V'J1(KF) d}",

0

where Ey(p, A, z) is the image of electric field strength in
Fourier-Bessel space; A is the integral transform
parameter; J,(Ar) is the Bessel function of the first order.
Omitting intermediate mathematical
transformations, from the system (1) using the integral
image (2) we write the differential equation for the
azimuthal component of the excited electric field strength
in the inner cavity of the considered inductor system [18].
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O’E,(p.\,
w;_liz)_;g.E(p(p,x,z)=K<p,x>~6(z—h)» )
Z
. . Jm 1
where K(p,M)=wop-jn-g(p)-f(X): Jn :(R —R) 18
2 1

the excited current density;
g(p)=L{g()}: £ (W)= [ £@) 7, (nr) dr.

The general integral of the ordinary differential
equation (4) has the form [18]:

E,(p)z)= Ce"+C, e+

@.n(z—h)-sh(k-(z—h)), (%)

where C, , are the arbitrary integration constants; n(z — /)
is the Heaviside step function.

The accepted assumption of the absence of field
penetration through sheet metals, as already mentioned, is
described by the inequality w-7 >> 1 [2, 6], which
corresponds to their «ideal» conductivity. Satisfying the
boundary conditions of the continuity of the tangential
components of the electromagnetic field strength vector
on the surfaces of ideal conductors at z = 0
(E,(pA,z=0)=0) and z = 2h (E,(pr,z=2h)=0)

[14], we find a partial solution of equation (3).
Substituting the coordinate z = /4 into the obtained
expression, we obtain the image of the excited high-
frequency electric field in the inner window of a flat
circular solenoid of the considered inductor system.

+

K(p.
E,(p,hoz=h) =—%~th(kh). (6)

The integral image (2) taking into account (5) takes
the form:

K(p.2)

E,(prz)= —j -th(Mh)-J, (Ar)dh.  (7)
0
The connection of the L-image of the normal
component of the excited magnetic field strength with the
@-component of the electric field strength in the inner
window of the solenoid is found by the second equation
from the system (1) by substitution z =4

H((prz=h)=—————- (r~E(p(p,r,Z=h)). (8)

By integrating expression (8) along the plane of the
inner window of the solenoid, we determine the
relationship of the magnetic flux with E(p, r, z = h)

Rl
®, (p)=2my,- [ H,(p.r.z = hyrdr =
0

2n R
=——-(r~E(p(p,r,z=h))‘0 )
p
Taking into account formulas (7), (9) after the
transition to the space of the originals we find the
amplitude dependence @y, for the magnetic flux in the

solenoid window of the inductor system. Omitting
intermediate identical transformations, we obtain that

HoTR,
(Rz _Rl)

The inductance of this system is found as the ratio of
magnetic flux to excitation current [14].

After entering a new integration variable y = AR; and
perform the necessary identical transformations we obtain
a convenient formula for calculating the inductance at any
distance from the solenoid to the sheet metals

Ho TR} .wf(y’RlsZ)_ )
(=) { y2 th(1k)-J, () dv,

4
where f(y.R,)= j x-J, (x) dx.

¥y

®,, = J, [ £(2)-th (Mh)-J, (R . (10)

an

h =

The limit transition in (11) for & — oo gives an
expression for the inductance of the actual solenoid
winding in the absence of sheet metals

HomR; 'wf(y’Rl,Z).
BT s o

Ultimately, the use of relations (1), (11), (12) allows
us to proceed to numerical estimations of the impact of
induction effects on the characteristics of electromagnetic
processes in the studied inductor system. The results of
the calculations are presented in Fig. 2.

L.=limL, =
0

102 —
0.8} = -
_-'-'-
0,6/ -\\R -
- x; Lol |
04F —1 -(\‘\
02} = —R2_35
— Ry
"0 04 0,6 08  h/R,
a
20 _J"
R
15 —==1,01
Ry

0,2 0,4 0,6 0,8 h/R,

Fig. 2. Relative inductance (a) and relative current (b)
in the solenoid winding of the inductor system

The main results of the calculations are formulated

in the following provisions:
o the influence of induction effects on electromagnetic
processes in the high-frequency mode of the studied
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inductor system showed that its inductance increases with
the removal of massive conductors and decreases as they
approach the solenoid, as well as with increasing its radial
size (Fig. 2,a);

e the mentioned decrease in inductance requires an
increase in the current in the solenoid winding to maintain
a constant value of the excited magnetic flux density and
constant force indicators (Fig. 2,b);

e as follows from the calculated data, to maintain the
characteristics of the studied inductor system, on average,
a possible increase in the excitation current by ~20 times
is required (Fig. 2,b).

Conclusions and prospects for further
development. For the first time for flat magnetic pulse
stamping the design of the tool with the circular solenoid
placed between the massive well-conducting metal
objects which are subject to processing is proposed.

In the approximation of  high-frequency
electromagnetic processes, the calculation relationships
are obtained, which are used to perform theoretical
analysis and numerical estimations of the characteristics
of a flat inductor system with variation of the working gap
between the solenoid — a source of the field and the
objects being processed.

It is shown that the inductance, as the main
characteristic of the studied system, decreases when the
processed objects approach the solenoid and increases at a
distance from it, which is physically explained by the
interaction of electromagnetic fields of exciting and
induced currents.

It is obtained that in order to keep the force
indicators of the proposed tool of magnetic pulse
stamping, it is necessary to accordingly and obligatory
adjust the amplitude of the excitation current in the
winding of the solenoid — a source of the acting
electromagnetic fields.

In conclusion, the authors would like to note the
reasoning that expands the scope of practical application
of the results of the work performed. As it seems a priori,
a similar design of a flat air current transformer (matching
device in MPTM), where a multi-turn circular solenoid
connected to a power source should be placed between
single-turn solenoids with electrically parallel load output,
which can significantly reduce energy dissipation into the
surrounding space. Such a device can become an element
of energy-saving technologies in modern converter
engineering.
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Electrical Insulation and Cable Engineering
UDC 621.3.022: 621.315.2(3) https://doi.org/10.20998/2074-272X.2021.6.05

M.I. Baranov, S.G. Buriakovskyi, V.V. Kniaziev

Destruction of polymer insulation and threshold amplitudes of current pulses of different
temporal shapes for electric wires and cables in the low- and high-current circuits of pulse
power engineering, electrical engineering and electronic devices

Goal. Development of engineering method for settlement of threshold amplitudes I, of single-pulse current iy(t) of different
temporal shapes for electric wires and cables with polyethylene (PET), polyvinylchloride (PVC) and rubber (R) half-length
insulation, used in modern pulsed power engineering, electrical engineering and electronics in their low- and high-current circuits.
Methodology. Basis of the theoretical and applied electrical engineering, electrical power engineering, electrophysics bases of
technique of high-voltage and large pulsed currents, bases of low- and high-current electronics, measuring technique,
electromagnetic compatibility and standardization. Results. Development of engineering method is executed on close calculation
determination of threshold amplitudes I, of single-pulse axial-flow current iy(t) of different temporal shapes for electric wires and
cables with copper (aluminum) current-carrying parts and PET, PVC and R half-length insulation, used in the ow- and high-current
circuits of pulsed electrical power engineering, electrical engineering and electronics. Electrothermal resistibility of half-length
insulation of the examined cable and wire products (CWP), proper maximum to the possible temperatures of heating of current-
carrying and insulating parts of the probed wires and cables and shutting out the offensive of the phenomenon destruction in the
indicated insulation of CWP, was fixed based on this method. Calculation analytical correlations are obtained for finding in probed
CWP of threshold numeral values of I, amplitudes of pulses of current i,(t), time-varying both on aperiodic dependence of type 1,1,
with duration of their front t; and duration of their pulses t, and by law of exponential attenuation sinewave. It is shown that at
Lyp> Lk destruction of their half-length insulation, resulting in the decline of service life of CWP, will come from the thermal
overheat of current-carrying parts of the examined electric wires and cables. The examples of practical application of the offered
method are resulted upon settlement for a radiofrequency coaxial cable RC 50-4-11 with middle sizes is easily soiled with continuous
PET insulation of threshold amplitudes of I, of standard aperiodic pulses of current iy(t) from nano-, micro- and millisecond
temporal ranges of shape of t/t,=5 ns/200 ns, t/1,=10 us/350 us and tv/t,=7 ms/160 ms. It is shown that with the proper growth of
parameter 1,>>1; for flow on a continuous copper tendon and split copper shell of radiofrequency coaxial cable RC 50-4-11 with
middle sizes is easily soiled indicated homopolar pulses of current iy(t) substantial diminishing of their threshold amplitudes of I,
(with 531,2 kA for the nanosecond pulse of current of type 5 ns/200 ns to 1.84 kA for the millisecond impulse of current of type of
7 ms/160 ms takes place). Originality. An engineering method is first developed for close settlement of threshold numeral values of
Lk amplitudes of single-pulse axial-flow current iy(t) of arbitrary peak-temporal parameters for electric wires and cables with
copper (aluminum) current-carrying parts and PET, PVC and R half-length insulation. Practical value. Application in electrical
engineering practice of the offered engineering method for determination of threshold amplitudes I, of the indicated pulses of
axial-flow current iy(t) for the probed electric wires and cables will allow considerably to increase service life of examined CWP.
References 20, tables 2.

Key words: electrical wires and cables with polymer insulation, electrothermal resistance of cable and wire products,
destruction of insulation, threshold amplitudes of current pulses for wires and cables.

3anpononosana indicenepna mMemoouxa 3a pO3PAXyHKOGUM GUSHAYEHHAM NOPO206UX amniimyo I imnyavbcie cmpymy i,(t) pisnoi
4acogoi ghopmu 018 ereKmpuuHux npoeoodie i Kabenié 3 NONIEMUNEHO80I0, NONIGIHIIXIOPUOHON I 2YMOBOI0 130JAYIEI0, WUPOKO
BICUBAHUX 8 2ANLY3E IMNYNILCHOIL eHep2emUKU, 8UCOKOBONbMHOI CUTbHOCMPYMOBOI MEXHIKU, BUMIPIOBANILHOT MEXHIKU | eIeKMPOHIKU, a
MAaKodIc 8 CUCMEeMAx IMNYIbCHO20 eNeKMPOICUBTEHHS, KOHMPOTIO, YNPasnints pobomoio i OiacHOCmuKu cmauy @QYHKYioHy8anHs
e1eKmMpOmMexHiYHUX NPUCMPOI8 Pi3HO20 3a2aNlbHOZPOMAOAHCHKOZ0 i GiliCbK0GO20 NpusHayents. B axocmi 6uxionozo kpumepianvno2o
NOL0JNCEHHA NPU 6UOOPT NOPO206UX AMNAIMYO Ly IMRYILCIE CIPYMY (1) O0BINbHUX AMNAIMYOHO-HACOBUX NAPAMEMPIE Ol 6KA3AHUX
npoeodis i kabenie byia eubpana mepmiuHa cmilKicmy ix noscHoi i301ayii, AKa 8i0N0BIOAE SPAHUYHO OONYCIMUMUM KOPOMKOUACHUM
memnepamypam Hazpiey MIOHUX (AMOMIHIESUX) | [30AYIUHUX 4ACMUK O00CTIONCY8AHUX Kabelnie (npoeodie) i wo He 0onyckae
HacmauHs aeuwa Oecmpykyii 6 i30nayii Ooanoi KabenbHo-nposionukoeoi npodykyii. Ilpusedeni npuxnaou npakmuyHo2o
6UKOPUCIANHS 3aNPONOHOBAHOT MEMOOUKY 3G PO3PAXYHKOBUM SUSHAYEHHM NOPO206UX AMATINYO Ly CIManoapmuux anepiooudHux
imnynocie cmpymy iy(t) uacosoi gopmu 5 nc/200 uc, 10 mxc/350 mxc i 7 mc/I160 mc Onsa padiouacmommozo KOGKCianbHO20
cepeonvozabapumnoeo kabeno mapku PK 50-4-11 3i cyyinbnoro noniemunenogoio izonayicio. biom. 20, tadi. 2.

Kniouoei cnosa: ejaekTpuuHi nposogu i kaleldi 3 mojiMepHOI0 [30.1f1i€10, eeKTpPOTepMiuHa CTiliKicTh KalenbHO-
NPOBiAHUKOBOI MPOAYKIUii, AecTPyKUis i30Js1ii, TOPOroBi aMIIiTyIu iMIyJIbCiB CTPYMY A5 POBOJIB i KadeJIiB.

IIpeonooicena ungicenepnas MemoouKa no pacyemHoMmy onpeoeienuio NOpo20ebiX AMIIUMYO L UMNYIbC08 moka i,(t) pasnuuHol
BPEMEHHOU (YOpMbl ONIsL DNEKMPUYECKUX NPOB0008 U Kabeiell ¢ NOIUIMULEHOBOU, NOTUSUHUIXIOPUOHOL U PE3UHOBOU U30asYUel,
WUPOKO NPUMEHAEMBIX 68 0ONACIU UMNYTbCHOU DHEPEMUKU, 8bICOKOBONLIMHOU CUNLHOMOYHOU MEXHUKY, USMEPUMENbHOU MEeXHUKU U
INEKMPOHUKU, 4 MAKHCE 8 CUCNEMAX UMNYTLCHOZ0 INEKMPONUMAHUS, KOHMPOJA, YAPAGIeHUs pabomou U OUaZHOCMUKY COCMOAHUSA
DYHKYUOHUPOBAHUSA DNEKMPOMEXHUYECKUX YCMPOUCME PA3IUYHO20 00WeSPadCOAHCKO20 U 60EHH020 HasHauenus. B kauecmee
UCXOOHO20 KPUMEPUATbHO20 RONOJICEHUS NPU 6b1O0PE NOPO20EHIX AMAIUNTYO L1 UMPYILCOS MOKA iy(t) NPOU3EOTLHBIX AMNAUMYOHO-
BPEMEHHbIX NApamMempos O YKA3AHHbIX NPoeo00e u Kabenei Oblia 6blOPAHA MePMUYECKds CMOUKOCMb UX NOACHOU U30NAYUU,
COOMEEMCMEYIoWast NPeoenbHO  OONYCIMUMbIM — KDAMKOBPEMEHHbIM — MEeMNEPAmypam Hazpeéd MeOHbX (ATIOMUHUEBbIX) U
UBOAYUOHHBIX Yacmell UCCIedyeMbIX Kabenell (nposodos) u He OONYCKArwdas HACMYNJIEeHUs A6leHUus OeCmpyKyuu 8 U30nsayuu
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paccmampugaemon KabenbHo-npogoOHUK06ol npodykyuu. IIpusedenvl npumepvl NpaKmuuecko20 UCNOIb306AHUS Npeonaaemol
MemooOuKyu no pacuemuomy Onpeoeienuio nopo206blx aMAAUMYO L, CManoapmublx anepuooudecKux UMNYIbcoé moxa iy(t)
epemennoil popmut 5 nc/200 ne, 10 mxc/350 mxc u 7 mc/160 mc 015 paduouacmommozo KOaKCUuarbHo2o cpeone2abapumnozo Kabeis
mapku PK 50-4-11 co cnnowmnou nonusmunenogoii uzonsyuei. budm. 20, tabn. 2.

Kniouesvie crnoea: 3jiekTpH4ecKkne IpoBoAa U Kade/In ¢ NOJMMEePHON H30/11Uel, 2JIEKTPOTepMUYecKas CTOIKOCTL Kade1bHO-
MPOBOIHHKOBOIi NPOAYKINH, 1eCTPYKIUS H30/ISIIHH, I0POroBbie AaMILIMTY/bI HMITYJIbCOB TOKA /ISl IPOBOOB M KaleJleii.

State-of-the-art and urgency of the problem. In
the field of traditional electric power engineering, there is
an electrical engineering approach to the engineering
selection of the cross-sections Sc of electrical wires and
cables with polymer insulation, used for both long-term
and short-term modes of their operation [1]. This
approach is based on the thermal stability of such a cable
and wire product (CWP) under conditions of direct
exposure to it of short-circuit (SC) current with specified
amplitude-temporal parameters (ATPs). In this case, the
thermal resistance of electric cables (wires) of any design
is limited by the maximum permissible short-term
temperature 6,5 of heating of their metal and insulating
parts in the mode of one-, two and three-phase SC in the
electrical network [1]. According to electrical data from
[1], the specified temperature 6,5 should not exceed for
those used in power circuits with alternating current of
power frequency 50 Hz of non-insulated (bare) copper
and aluminum buses (wires) in the SC mode of the
highest level of 250 °C and 200 °C, and for cables
(insulated wires) with copper (aluminum) cores,
polyvinylchloride (PVC), rubber (R) and polyethylene
(PET) insulation — respectively, the temperature level of
150 °C and 120 °C. In addition, it is known that in the
field of industrial power engineering, the long-term
permissible heating temperature 6; of conductive
(insulating) parts of various electrical wires and cables is
limited by the conditions of reliable operation of electrical
contacts and contact connections of their circuits, as well
as by the operating conditions of their insulation [1].
Here, the maximum long-term permissible heating
temperature 6 for the main types of bare wires (buses)
and cables (wires) with PVC, R and PET insulation,
which are under current load in industrial electric power
circuits, should not numerically exceed the level of 70 °C
and 65 °C, respectively [1]. Taking into account the above
electrical data and the fulfillment of those initial
conditions that the cable (wire) before the AC current acts
on it was fully electrically loaded and had temperature ¢,
and upon the onset of the SC mode, it heated up to
temperature g, in [1] to select the minimum permissible
cross-section Sy, of the electric wire (cable), the
following  calculated analytical relationship s
recommended:

1/2

Simin = Bx ~/ Cy (1)

I
where B, = J' i (t)dt is the Joule (action) integral of the SC

0
current iy(f) with its duration #; of flow in the CWP, A2~s;

Cy is the constant coefficient, A-s"*/m’.

We point out that the engineering method for
calculating the Joule integral By in (1) and the numerical

values of the coefficient C; corresponding to the indicated
operating conditions of wires and cables in power electric
circuits for the CWP are given in [1]. The values of the
cross-sections Sy, of the CWP found by (1) will
correspond to the operating mode in the electric power
circuits of wires and cables when the heating temperature
of their current-carrying and insulating parts does not
exceed the maximum permissible short-term temperature
6;s and when the thermal resistance of the indicated CWP
is ensured.

ATPs of current pulses i,(f) of nano-, micro- and
millisecond time ranges generated and used in the field of
high-voltage pulse technology (HPT) [2] and in other
areas of modern pulsed low- and high-current power
engineering, electrical engineering and electronics (for
example, in equipment of pulse electrical technologies
and accelerator technology [3]) to achieve various
scientific and technological goals, usually do not
correspond to ATPs of AC SC current in industrial power
circuits. In this regard, the practical application of
relationship (1) for the calculation determination of the
cross-sections Sc of wires (cables) in low- and high-
current electrical circuits of the indicated pulse
technology is fundamentally impossible. In addition, the
indicated electrical engineering approach to the choice in
the industrial electric power industry of the cross-sections
Sc of electric wires (cables) does not allow determining
the threshold amplitudes 7, of pulse currents i,(f) with
various ATPs, above which destructive processes in its
polymer insulation will begin to manifest in the
considered CWP. As is known, the phenomenon of
destruction of such insulation, accompanied by
irreversible  violations of its electrical insulating
properties, can be caused by an external (internal)
damaging or destabilizing effect on wires and cables of
various physical factors (for example, an alternating
(pulsed) current flowing through their current-carrying
parts, ionizing and electromagnetic radiation) [1, 4, 5].
Within the framework of the applied problem we are
solving, only one destabilizing factor is considered, due to
the pulse current i,(f) flowing through the electric wires
and cables with various ATPs. At certain (threshold)
values I, of the amplitude 7,,, of current pulses i,(¢) of
one or another temporal shape flowing through the
current-carrying parts (inner core and outer shell) of the
CWP, due to the intense Joule heating of these metal parts
of the wires (cables), processes of thermal destruction in
their belt insulation can occur [1, 6, 7]. It should be noted
that at values of the amplitudes /,,, of pulse currents i,(¢)
of hundreds of kiloamperes, destructive processes in the
polymer insulation of the studied CWP can also arise
from the action of large electrodynamic forces on cables
(wires) [2]. In practice, it is important to know such
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threshold values 1/, of the amplitudes /,, of current
pulses i,(f) of various temporal shapes, leading to a
violation of the electrical insulating properties of wires
(cables) used in the field of HPT, measuring technology,
electronics, in systems of power supply, control, operation
control and diagnostics of the state of functioning of
electrical devices, and a decrease in their service life.

At present, when developing and creating in the
world new polymeric insulating materials with various
nano- and microstructural structures of electrical
engineering and other (including medical and biological)
purposes, the issues of behaviour of polymer insulation
under conditions of the action of destabilizing (damaging)
physical factors are given increased attention [8-11].

The goal of the paper is the development of an
engineering methodology for calculating the threshold
amplitudes 7, of single current pulses i,(f) of various
temporal shapes for electrical wires and cables with PET,
PVC and R belt insulation used in modern pulsed power
engineering, electrical engineering and electronics in their
low- and high-current circuits.

Problem definition. Consider insulated wires and
cables with copper (aluminum) inner cores (i=1) and
outer shells (=2), with PET, PVC and R belt insulation
used in electrical circuits of HPT and other low- and high-
current electrical engineering (electronics) [1, 12]. We
assume that single current pulses i,(f) flow in their
longitudinal direction along the round solid or split copper
(aluminum) cores and shells of the indicated wires and
cables of electrical circuits of pulsed electrical
engineering (electronics) devices, the ATPs of which can
correspond to nano-, micro- and millisecond time ranges
with amplitudes /,,,, varying in a wide range from 1 A to
1000 kA [2, 3]. We assume that wires and cables of finite
length [, are placed in the surrounding air with
temperature equal to 6, = 20 °C [13]. Let us use the
condition of the adiabatic nature of electrothermal
processes flowing at the time of action of the pulsed axial
current i,(f) no more than 1000 ms in the materials of the
cores (shells) of the studied CWP, in which the effect of
heat transfer from the surfaces of their current-carrying
parts, having current temperature 6c>6,, and their thermal
conductivity of their electrically conductive materials and
insulation for Joule heating of the metal parts of the cores
(shells) of wires (cables) are neglected. We believe that
the thermal resistance of wires (cables) of circuits of HPT
and other above-mentioned electrical engineering
(electronics) devices when exposed to pulse current i,(?) is
limited by their maximum permissible short-term heating
temperature 0¢;s, which depends on the degree of decrease
in the mechanical strength of the core (shell) material and
thermal conditions of operation of the insulation of the
CWP in the mode of its short-term heating by current
pulses of nano-, micro- or millisecond duration, flowing
through their current-carrying parts. As in [14], we
assume that the temperature value 65 corresponds to the
known from [l1] maximum permissible short-term
temperature 65 of heating of wires and cables by SC
currents of power frequency. Then, in accordance with the

data from [1], in the electrical low- and high-current
circuits of the considered electrical engineering for their
insulated wires (cables) with copper and aluminum
conductors (shells) and PVC (R) insulation, the value Oc;s
will be numerically approximately 8;s~150 °C , and for
their CWP with the indicated cores (shells) and PET
insulation — O¢;s = 120 °C . It is required to calculate in an
approximate form the threshold amplitudes 7, of single
current pulses i () of various ATPs from nano-, micro-
and millisecond time ranges flowing through electrical
wires and cables with copper (aluminum) cores (shells)
and PET, PVC and R belt insulation.

Electrical engineering approach to the selection
of the permissible minimum cross-sections S¢; of wires
and cables with pulse current of various ATPs. For the
permissible minimum cross-sections S¢; of the current-
carrying conductors (shells) of the investigated electrical
wires (cables) with pulse current i,(f) of arbitrary ATPs,
from the equation of their heat balance in the adiabatic
mode of the CWP operation in low- and high-current
circuits, the following approximate calculated relationship
can be obtained [14 ]:

Scir =Ue)'?1Cy, 2

Iy

where Joy = j i; ()dt —the action integral of a single
0
current pulse i,(f) with its duration ¢, and given ATPs,
Ars; C = Jas — JC,,)”2 is the constant coefficient,
A-s"*m%; Jes, Jop are the current integrals for current-
carrying conductors (shells) of electrical wires (cables) of
low-current and power circuits of various -electrical
devices, the permissible short-term and long-term
permissible heating temperatures of the CWP material
which correspond to the values adopted above: 05 = O¢;s
and 6, A>s/m”.
To find the numerical values of the current integrals
Jas and Jgy included in (2), the following analytical
expressions can be used [14]:

Jeis = 70i8oi nleoi Boi (Grs —0p) +1]; (3)

Jen = 70:oi nleoi Boi (O — 6p) +1], 4
where yq;, coi, Poi are, respectively, the specific electrical
conductivity, specific volumetric heat capacity and
thermal coefficient of specific electrical conductivity of
the material of the core (shell) of the wire (cable) of the
electric circuit before the impact on the considered CWP
of the pulsed current i,(#) with arbitrary ATPs.

Table 1 shows the numerical values of the
electrophysical parameters yy;, co; ¥ fo;, included in the
calculation relationships (3), (4), at room temperature of
the air surrounding the electrical wires and cables under
consideration, equal to 8, = 20 °C [13].

Table 2 shows calculated according to (2) — (4)
taking into account the quantitative data of Table 1
numerical values of the coefficient C,; for insulated wires
and cables with copper (aluminum) cores (shells) with
PVC, R and PET insulation for two cases possible in real
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practice of their exploitation: the case of their preliminary
current load (J¢; # 0) and the case of their complete de-
energizing (Joy = 0).
Table 1
Basic electrophysical parameters of the material
of current-carrying cores (shells) of insulated wires
and cables in low- and high-current circuits of modern
electrical engineering (electronics) at 6, = 20 °C [13]

Material of the

Numerical value of the parameter

core (shell) of Yois Cois Pois
the wire (cable)| 107-(Qm)™" | 10%J/(m*-°C) 10-m*/J
Copper 5,81 3,92 1,31
Alunimum 3,61 2,70 2,14
Table 2

Numerical values of the coefficient C; for insulated wires and
cables with copper (aluminum) cores (shells) in low- and high-
current circuits of modern electrical engineering (electronics)
with nano-, micro- and millisecond current pulses #,(f) of
various ATPs

Type of insulation in a wire | Material of the | Numerical value
(cable) of a low- and high- | core (shell) of of C,,
current circuit of electrical the wire 10° A-s"*/m?
engineering and electronics (cable) Ja0 | Ja#0
Copper 1,506 | 1,160
PVC, R Aluminum 0,972 | 0,745
Copper 1,355 | 0,957
PET Aluminum 0,877 | 0,616

As for the calculated definition in (2) of the action
integral J¢;y of a single current pulse i,(f) with one or
another ATPs, we first consider the case of a change in
this type of electric current in time ¢ according to the
aperiodic law of the following form [2,15]:

i,(t) = kil lexp(-at) —exp(-ayt)],  (5)

where a; = 0.76/7,, a, = 2.37/1; are the shape coefficients
of the aperiodic current pulse with the given ATPs,
flowing in low- and high-current circuits of HPT, pulsed
electrical engineering and electronics; k, = [(ai/ay)” —
— (ar/on)'T" is the normalizing factor; m = a/(0—ay);
n = oa/(ar—on); 74 T, are, respectively, the rise time at the
level of (0.1-0.9) 7,,, and the duration of the current pulse
at the level of 0.5 1,,,; I,,, is the amplitude of the current
pulse i,(¢) flowing through the wire (cable).

In this electrophysical case, the expression for the
action integral Jc;; flowing in low- and high-current
circuits of the considered technique of the current pulse
i,(t) takes at t,=37, according to (2), (5) the following
approximate analytical form:

Jcia = koL, 10,6587, —0,6337 1. (6)

Next, consider the electrophysical case when
changes in time ¢ of the pulse current i,(f) acting on the
electric wires (cables) of the indicated -circuits of
electrical engineering (electronics) occur according to the
law of a damped sinusoid [2, 13]:

ip )= kpzlmpl exp(—ot)sin(awt) , (7

where 6=A,/T,, is the current damping coefficient; w=27/T,
is the circular frequency of current oscillations; 7}, is the

period of current oscillations; A,=In(l,,1/l,p3) 1is the
logarithmic decrement of pulse current i (f) oscillations
with the first /,,,; and the third /,,; amplitudes in electrical
circuits; kp2=[exp(—Ap/27r'arcctgAp/Zﬂ)sin(arcctgAp/27r)]’1 is
the normalizing factor for the damped sinusoidal current
i,(t) flowing in the wire (cable).

For the temporal shape (7) of the change in the wire
(cable) of the current pulse i,(f) at #,=37, in (2), the
calculation expression for the action integral Jg;, of the
current pulse i,(f) flowing in the investigated low- and
high-current circuits of modern electrical engineering
takes the following approximate analytical form:

Jcia = kpalm [T, (40 ) = AT, (445, +1677) 711, (8)

Knowing the numerical values of 1, L1, 75 T, A,
and 7, from regulatory documents or experimental data,
taking into account the calculated estimate of the values
of the normalizing coefficients &, and £k, for the
indicated temporal shapes of changes in the pulse current
i,(f) according to (2) — (8) we can in approximate form
calculate (with an error of no more than 5 %), the
permissible minimum cross-sections S¢; of cores (shells)
of electrical wires and cables used in circuits of HPT,
power electrical engineering and electronics.

With regard to the applied problem being solved, the
threshold values 7, of the amplitude 7,, of the current
pulse i,(f) of the given temporal shape will correspond to
the permissible short-term heating temperature Oc;s = ;5
with this pulse current i,(f) of the electric wire and cable
with the selected insulation. Therefore, from (2), taking
into account (6), (8) and the data of Table 2, when the
relation S¢; = S¢y is fulfilled, the calculated threshold
values I, of the amplitudes /,, and I,, of the axial
current pulses i,(f) for the time shapes indicated according
to (5), (7) flowing along the investigated insulated wires
and cables in low- and high-current circuits of electrical
engineering and electronics can also be determined in the
considered approximation.

Calculation estimation of threshold amplitudes
L« of current pulses i,(f) of various ATPs for
electrical wires and cables. In accordance with the above
expressions (2), (5), (6) for the threshold value 7, of the
amplitude /,,, of the aperiodic (unipolar) pulse of the axial
current i,(f), acting on the current-carrying and insulating
parts of the investigated electrical wires (cables), under
the condition Sc=Sc;, the following approximate
calculated analytical relationship can be obtained:

Lok = SciCrkp1[0,6587, —0,6337 172, (9)

From (9) it can be seen that for given temporal
parameters of the front 7; and duration 7, of the current
pulse i,(f), known structural characteristics of wires and
cables (values of their cross-sections S¢;) and the selected
operating mode of the CWP with the studied polymer
insulation and the specified materials of its cores and
shells (the known value of the coefficient C; according to
the data in Table 2), finding the desired value of
the amplitude 7,,; will be reduced to determining,
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according to (5), the numerical value of the normalizing
coefficient k,>1.

From (2), (7), (8) under the condition S¢; = S¢; for
the threshold value 7, of the first amplitude /,,, of the
damped sinusoidal pulse current i,(¢) in the insulated wire
and cable, the following approximate calculated analytical
expression follows:

Lupie = SciCRoAI T, (40 ,) ™ = A, T (48, +167°) ' T2 (10)

Similarly to (9), using (10) to find the calculated
value 1, for a particular wire (cable) with known
characteristics S¢; and C; (see Table 2) at given temporal
parameters A, u T, for the discharge pulse current i,(f)
flowing through the CWP will actually be reduced to the
calculation according to (7) of the numerical value of the
normalizing coefficient k,,>1.

According to (9), (10), the threshold values 7, of
the amplitudes 1, of aperiodic and damped sinusoidal
current pulses i,(¢) are directly proportional to the cross-
sections S¢; of the metal cores (shells) of the electrical
wires and cables under study. In addition, the sought
values of /,, are actually inversely proportional to the
temporal parameters Tp” u T p”z for current pulses
»(O)flowing through the CWP.

Note that the calculated relations (9), (10) for
determining the threshold values 7, of the amplitudes /,,,
of the axial current pulses i,(f), varying in time ¢
according to (5), (7) according to the aperiodic
dependence and the law of the exponentially decaying
sinusoid, cover a wide nomenclature of temporary shapes
and ATPs of used in electrophysical practice single
current pulses #,(f) flowing through current-carrying parts
of wires and cables with PVC, R and PET belt insulation
in modern pulsed power engineering, electrical
engineering and electronics.

In low- and high-current circuits of the considered
power engineering, electrical engineering and electronics
with the temporal shapes of current pulses i,(f) flowing
through their CWP used according to (5), (7) at L,> L,
thermal overheating of the current-carrying parts of wires
and cables will lead to destruction of their insulation,
which reduces the working life of the CWP used in them.

Calculation  estimation of the heating
temperature 6O of electrical wires and cables by
current pulses i,(¢) of various ATPs. For the purpose of
computational verification of the formulas (9), (10) for
choosing the threshold amplitudes /,,,; of the pulse current
in the considered CWP, let us estimate the temperature ;
of the Joule heating of the current-carrying parts of cables
(wires) through which single current pulses i,(f) with
specified ATPs flow. For this, we use the well-known
nonlinear dependence of the electrical conductivity yy; of
the material of the core (shell) of the wire (cable) on its
current temperature 6¢; [13]:

-1
70i = 720ill+ oiBoi (Oci = 00)] (11)
where y,; is the specific electrical conductivity y,; of the
conductive material of the current-carrying parts of the CWP
at the temperature of the surrounding air 6-=6,=20 °C

(for copper and aluminum these values of y,y are
indicated in Table 1).

For used in CWP of pulsed power engineering,
electrical engineering and electronics basic metals, (11)
describes the temperature changes in their parameter yy;
with an error of no more than +5 % [13].

Taking into account (11) and data from [13], the
solution of the inhomogeneous differential equation of
thermal conductivity applied to the metal parts of the
investigated cables (wires) of the adopted length /, with
pulse current i(f) of various ATPs for the current
temperature O¢; of their Joule heating by the specified
current under the initial condition [Ocil=0—6p] = 0 can be
written in the following approximate form:

Oci ~ 0y +(coiBor)” [exp(J ciara0iBoi | SE) -1 . (12)

It follows from (12) that the current temperature 6c;
of heating by pulsed current i,(f) of various ATPs of
current-carrying cores (shells) of the considered CWP is
inversely proportional to the specific volumetric heat
capacity c(; (heat capacity per unit volume of metal) of
their conductive materials, which for most metals in the
solid phase varies depending on their temperature within
+10 % of its average numerical value [13]. We point out
that for the thermophysical parameter cy;, an equality of
the form [13] is fulfilled: co=c,;p;, where c,; is the heat
capacity per unit mass of the homogeneous conductive
material of the CWP (J/kg-°C) with its density p; (kg/m’).
Therefore, in the investigated electrophysical case, we can
say that the overall parameters of the CWP (except for the
cross-section S¢; of its cores and shells) at given ATPs of
current pulses i i,(f) flowing through its metal parts do not
affect the heating of cables (wires). This thermal process
is attended, according to (12), by mainly the specific
thermophysical parameters of the CWP (yy, co; and By;)
and the ATPs of the pulsed current i,(f) [13]. For short
(with extremely small values of 7, and 7,) current pulses
i,(f), the heating zone of the CWP will be localized in
very thin layers of its metal cores and shells. Taking into
account the accepted assumptions and (12), we can
conclude that in the considered adiabatic approximation,
the length /, of the cable (wire) and, accordingly, the total
mass of the metal parts of the CWP at +<37, or 1<3T, does
not have a noticeable effect on the pulse heating
temperature ¢; of these parts of the CWP. This influence
on the temperature level f¢; will increase after the passage
of the considered current pulses 7,(f) through the current-
carrying parts of the CWP, when, due to the thermal
conductivity of their metal, the temperature will begin to
equalize along the thickness of these parts.

In the case when the relation S¢; = S¢;; is fulfilled for
the current-carrying metal parts of the cables and wires
under consideration, taking into account (2), expression
(12) is simplified and takes the following form:

Oci = Oy +(coifoi)” lexp(ra0ifoiC)~11. (13)
where C; is the constant coefficient, the numerical values
of which for the considered polymer insulation of cables
(wires) and the specified operating modes of their
electrical circuits are given in Table 2.
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Relation (13) can be just used in the calculated
verification of the obtained expressions (9), (10) to find
the numerical values of the threshold amplitudes 1, of
the pulse current i,(f) in the considered CWP. According
to the conditions we have adopted, at S¢; = S¢y, the
calculated according to (13) temperature 6c; of heating of
the current-carrying parts of the studied CWP should not
exceed the accepted normalized permissible short-term
temperature fc;s for it.

Examples of calculating the threshold amplitudes
I, of current pulses i,(f) of nano-, micro- and
millisecond temporal ranges. As the investigated CWP,
we choose a short radiofrequency coaxial medium-sized
cable with solid PET insulation, brand RC 50-4-11 [12],
having, at /<10 m, a round solid copper core with diameter
of 1.37 mm (S¢;~1.474 mm?) and tinned braided copper
shell (braid with twisting density of at least 95 %) with
inner diameter of 4.6 mm and wall thickness of 0.15 mm
(82~2,059 MM2). We assume that this cable is placed in
an air atmosphere at room temperature 6,=20 °C with the
fulfillment of the condition for the current integral J;=0
in its electrical circuit (without preliminary current load of
the cable at 8,~6,). From the given design data, it can be
seen that the copper core of the selected RF cable brand
RC 50-4-11 with cross-section Sc~1.474 mm’ in
comparison with its reverse external current conductor
(copper braid with cross-section S»~2.059 mm?®) will be
less resistant to the electrothermal action of a current
pulse i,(¢#) longitudinally flowing through them in
opposite directions with specified ATPs. Let a single
current pulse #,(f) flowing through the current-carrying
parts of the adopted coaxial cable has an aperiodic
temporal shape. Therefore, the specified core of the cable
of the RC 50-4-11 brand can be an internal local hotbed
of overheating of the current-carrying parts of this cable.
In this regard, the continuous belt PET insulation adjacent
to the copper core of the RC 50-4-11 radiofrequency
cable may experience the effect of increased levels of the
temperature field caused by the Joule heating of this
copper core by the adopted current pulse i,(f) flowing
through it. It is the copper core and the adjacent
cylindrical zone of PET insulation of the RF cable of the
adopted in applied calculations values 7, that will be the
weak «links» in a possible chain of destructive processes
in the cable under consideration. Taking into account the
above, it can be concluded that the calculation estimation
of the threshold values 1, of the amplitude /,, of the
used current pulse i,(f) of a given time shape for a
radiofrequency cable of the brand RC 50-4-11 should be
tied to the electrothermal state of a single-wire round
copper core (Sci=1.474 mm?) of this cable experiencing
the thermal effect of an aperiodic current pulse i,(?).

1. First, we use a standard nanosecond current pulse
of a temporal shape 7/7,=5 ns/200 ns, which was used in a
number of countries when simulating in high-current
discharge electric circuits of HPT with multi-wire air
systems of field formation and, accordingly, in their
working air volumes with those tested for electromagnetic
compatibility (durability) technical objects of various

dimensions of a powerful electromagnetic pulse of a high-
altitude nuclear explosion [4, 16]. From (5) we find that
for this calculation case, the shape factors a; and a, of the
nanosecond current pulse i,(f) take the following
numerical values: 0,~3.8:10° s7'; 0,=4.7-10% s”'. In this
case, for a given temporal shape of a unipolar current
pulse i,(f), the normalizing factor k,; according to (5)
turns out to be approximately equal to k,;=1.049. Then
from (9) at k,=1.049, C~1.355-10° A-s"*/m’ (see the
corresponding data in Table 2) and S¢=Sc=1.474 mm?
(cross-section of the copper cable core) for the threshold
numerical value 1, the amplitude /,, of the considered
aperiodic current pulse i#,(f) of the temporal shape
7/7,=5 ns/200 ns in relation to the RF coaxial cable of the
brand RC 50-4-11, we find that /,,,,~531.2 kA.

2. Next, consider the standard microsecond
aperiodic current pulse i,(f) of the time shape
17/7,=10 ps/350 us, which is now used in accordance with
the requirements of the current International Standard IEC
62305-1-2010 [17] when testing power electrical
equipment for resistance to the direct action of powerful
short lightning electric discharges on it [18]. From (9) at
ky = 1.054 (o = 2.17-10° s a, = 2.37-10° s,
C;=1.355-10* A-s"*/m* and section of a solid copper core
Sc=Sc1=1.474 mm? of the RC 50-4-11 RF cable under
study for the threshold numerical value 1,, of the
amplitude /,,, of the considered aperiodic pulse of the
axial current i,(¢) of the time shape 7,/7, = 10 us/350 ps in
the adopted cable we find that /,,,, = 12.66 kA.

3. At the end of the examples of applied calculations
of threshold amplitudes /,,. for the CWP, we use the
standard millisecond aperiodic current pulse i,(¢) of the
temporal shape 7,/7,=7 ms/160 ms, which is now used in
accordance with the requirements of the current US
regulatory document SAE ARP 5412: 2013 [19] during
full-scale electromagnetic tests of the main units and
systems of aviation equipment for lightning resistance to
direct exposure to them by the long-term component of
the artificial lightning current [20]. For this current pulse
i,(f)in accordance with (9) at k,;=1.078 (a;~4.75 s
20,73.3810% s, C; = 1.355:10° As"*/m’ and a given
cross-section of a copper core S¢; = S¢; = 1.474 mm? of a
radiofrequency coaxial cable of the RC 50-4-11 brand, it
follows that the threshold numerical value I,,; of the
amplitude /,,, of the specified axial current pulse i,(f) of
the temporal shape 7,/7,=7 ms/160 ms for it will be equal
to about /,,,,~1.84 kA.

One of the indicators of the reliability of the
electrical engineering approach used by us and the
approximate calculated relationship (9) obtained on its
basis, used in the above examples of determining the
threshold values /,,; of the amplitudes /,, of unipolar
current pulses #,(f) of nano-, micro- and millisecond
duration for a radiofrequency coaxial cable brand
RC 50-4-11, is that the performance according to (13) in
relation to these practical cases of finding the numerical
values /,,; of the estimated calculation of the heating
temperature 6¢; (at 6y = 20 °C and J¢; = 0) of the round
solid copper core of the specified cable leads to a result
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equal to f¢; = 119.9 °C. It can be seen that the calculated
temperature level 6¢; of Joule heating of the CWP in the
cases under study does not exceed the permissible short-
term temperature O ~ 120 °C, which is typical for
electrical cables with PET insulation.

Conclusions.

1. An engineering technique has been developed for
the approximate calculation of the threshold amplitudes
L,y of single pulses of axial current i,(f) of various
temporal shapes for electrical wires and cables with
copper (aluminum) current-carrying parts and PET, PVC
and R belt insulation used in low- and high-current pulse
circuits of power engineering, electrical engineering and
electronics. This technique is based on the electrothermal
resistance of the polymer insulation of the considered
CWP, which corresponds to the permissible short-term
heating temperatures of current-carrying and insulating
parts of its wires and cables and does not allow the
occurrence of the phenomenon of thermal destruction in
the belt insulation of the CWP.

2. Calculation analytical relationships (9), (10) are
obtained for finding the threshold numerical values 7, of
the amplitudes /,,, of the current pulses i,(f), which vary
in time ¢ according to the aperiodic dependence and
according to the law of the exponentially decaying
sinusoid, in the studied CWP. It is shown that at 7,,>1,,,
due to thermal overheating of the current-carrying parts of
the wires and cables under consideration, destruction of
their belt insulation will occur, leading to a decrease in
the service life of the CWP.

3. Examples of practical application of the proposed
engineering methodology for the calculation definition for
a radiofrequency coaxial medium-sized cable of the RC
50-4-11 brand with solid PET belt insulation of threshold
amplitudes /,,,, of standard aperiodic current pulses i,()
from nano-, micro- and millisecond temporal ranges of
the shape 7/7,=5 ns/200 ns, 7/7,=10 ps/350 ps, and
7/1,=7 ms/160 ms are presented. It was found that with a
corresponding increase in the parameter 7,>>7, for the
indicated unipolar single pulses of current i,(f) flowing
through a round solid copper conductor and a hollow split
tinned copper braid of this cable, there is a significant
decrease in their threshold amplitudes /,,,; (from 531.2 kA
for a nanosecond current pulse of 5 ns/200 ns to 1.84 kA
for millisecond current pulse of 7 ms/160 ms).
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Reasoning of additional diagnostic parameters for electric insulation diagnostics by
absorption methods

The aim of this work is to analyze the inadequacies of the diagnostic parameters, in particular the absorption and polarization
coefficients, which are manifested in their integral character and dependence on the ratio of values of several elements of the
equivalent scheme of insulation replacement. This article contains the results of theoretical investigation of the extreme nature
of the absorption diagnostic parameters, which leads to unambiguity of the diagnostics procedure. The ways of partial
adjustment of this unambiguity have been proposed. Methodology. To determine the extremality of the absorption coefficients
depending on the absorption time, absorption capacity and resistance, as well as the leakage resistance, the usual method of
investigating the functions was used, detailed calculations have been obtained by using MATLAB software. Results. Has been
shown that the ambiguity of diagnostic results is caused by the contradiction of the integral character of the diagnostic
parameters and the local character of the isolation failures, in particular breakdown, by ambiguous dependence of the
diagnostic parameters on the values of the elements of the insulation replacement scheme and the extremal nature of the
diagnostic parameters. Based on the general expression describing all currently used absorption coefficients, it is shown that
they all have an extremum, the value of which depends on the parameters of the insulation substitution scheme and the time
interval between the measurements of the absorption current. The dependence of the extreme value of the absorption and
polarization coefficients on the parameters of the insulation substitution scheme has been established. Has been shown that to
eliminate the ambiguity caused by the extremity of the absorption coefficients, it is necessary to introduce additional diagnostic
parameters, such as the ratio of leakage resistance to absorption resistance, as well as the critical value of the absorption time
constant. Originality. The detailed analysis of the reasons of ambiguity of electric insulation technical diagnostics by
absorption methods has been carried out. A method for eliminating the ambiguity caused by the extremity of the absorption
coefficients has been proposed. Practical significance. To eliminate the ambiguity caused by the extremity of the absorption
coefficients, additional diagnostic parameters are proposed — the ratio of leakage resistance to the absorption resistance and
critical values of the absorption time constant. The applying of these parameters with the absorption coefficients will more
adequately assess the technical condition of insulation. References 15, tables 2, figures 4.

Key words: non-destructive insulation diagnostics, absorption methods of insulation diagnostics, diagnostic parameters of
insulation, dielectric absorption ratio, absorption index, polarization index.

B cmammi npedcmasneno pezynomamu ananizy eKCmpemMaibHO20 Xapakmepy i 3yMOG1eHOi HUM HeOOHO3HAYHOCHI 3aNedCHOC
abcopbyitinux xoegiyicumis 6i0 cmanoi wacy abcopoyii, a maKoxc 3aAeHCHOCMI iX 3HAUEeHb 8I0 8IOHOUIEHHS HACKPI3HO20 ONOpY
i3onayii 0o it abcopbyiiinozo onopy. Po3paxosano maxcumanvhi sHavenHs Koegiyienmis abcopoyii i nonapusayii, a maxosc cmanoi
uacy abcopbyii, wjo eionosioac im, 01 pi3HUX 3HAYEHb BGIOHOWEHHS 6Ka3anux euwe onopis. OOIPYHMOAHA MOICTUBICHDL
BUKOPUCMAHHA  GIOHOWEHHS HACKPI3HO20 I abcopbyitinoco onopie ma abcopbyitinoi cmanoi uyacy 6 sSKOCMI 000aAmMKOBUX
OIACHOCMUYHUX napamempie OAs YCYHEeHHsI HEOOHO3HAYHOCMI, N06 S13aH0l 3 eKcmpeManvHicmio Koe@hiyienmie abcopoyii i
noaspuzayii. bion. 15, Tabn. 2, puc. 4.

Kniouosi cnosa: HepyiiHiBHI MeTOAM AiarHOCTYBAaHHS eJeKTPUYHOI i30.1suii, aGcopOuiliHi MeToan aiarHocTyBaHHs i30.1s1ii,
niarHocTHYHI mapameTpH i3oasuii, emuicHuii i omiunmii koedinienTn adcopouii, kKoedinienTu adcopoOuii i monsspusamii.

B cmamve npedcmaenenvt pesynomamel AHAIU3A  IKCMPEMATbHO20 XApAKmepa u O0OYCIO6IEHHOU UM HEOOHOZHAYHOCMU
3a6UCUMOCIU AOCOPOYUOHHBIX KOIDHUYUEHMOE Om NOCMOSHHOU 8peMeHU abcopOyul U 3a8UCUMOCIU UX 3HAYEHUL OM OMHOUIEHUS!
CKBO3HO20 ~CONPOMUGICHUS. U0MAYUU K ee  abCOpOYyuoHHOMY CcOnpomueieHuio. Paccuumanvl MaxcumanbHvle 3HAYEHUs.
K03ghpuyuenmos abcopbyuu u noaAPU3AYUY, A MAKICe NOCMOSHHBIX 8PEMeHU abcopOyuu, Komopwvle COOMEemCmeyiom um, OJis
PA3IUYHBIX 3HAYEHU OMHOWIEHUS] YKA3AHHbIX eblule conpomugnenui. OOOCHO8AHA B03MONCHOCHb UCNONb30BAHUS ONMHOUEHUS
CKB03H020 U AOCOPOYUOHHO20 CONpOMUBNEHU U abCOPOYUOHHOU NOCMOAHHOU 6peMeHU 6 Kayecmee OONOTHUMENbHbIX
OUACHOCMUYECKUX Napamempos OJisi YCMPAaHeHus HeOOHO3HAYHOCMU, CEA3AHHOU C HAIUdueM MaKCuMymos Kodpguyuenmos
abcopbyuu u nonapusayuu. bubn. 15, Tadn. 2, puc. 4.

Kniouegvie cnoea: HepaspylIalOlide MeTOAbI THATHOCTHPOBAHHUS JJIEKTPUYECKOH H30JSUUH, aGCOPOLHOHHBIE MeETOIbI
JMATHOCTUPOBAHUS M30JSIUM, IHATHOCTHYECKHE MNapaMeTpbl H30JSINMH, €MKOCTHONH M OMHYecKMii KO03(UIHEHTHI
adcopouum, K03(ppunueHTH AGCOPOUUM U MOJIAPH3ALMH.

Introduction. To ensure efficient and trouble-free
operation of electrical engineering and electrical power
equipment, periodic or continuous monitoring of its
technical condition is carried out using destructive and
non-destructive electrical methods of control and testing.
Non-destructive  methods  include the use of
electrophysical and dielectric characteristics, their
dependencies on the intensity of the electric field and
external factors or their relative values at different values
of the parameters of the active factors.

To assess the technical condition of electrical
insulation in practice they often use the results of its non-

destructive diagnosis by the values of electrical resistance
of insulation and the characteristics of the absorption
current flowing through the insulation when connected to
DC voltage. These methods are based on the generalized
equivalent dielectric circuit (Fig. 1).

The advantages of the generalized equivalent circuit
of inhomogeneous dielectric include transparency of
interpretation of the physical content of its elements, their
direct connection with physical processes in insulation of
inhomogeneous  dielectrics  which  determine its
performance properties and durability.
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The elements of the generalized equivalent dielectric
circuit include:

e geometric capacitance C, which reflects the
capacitance associated with the rapid processes of
electronic and ionic polarization;

o through resistance R,, i.e. the steady value of the
resistance of the dielectric to the flow of direct current;

e absorption capacitance C, which is responsible for
the slow processes of migratory polarization due to the
accumulation of free charges within the dielectric regions
with different electrophysical properties or in the
electrode regions;

e absorption resistance R, which is introduced to
correctly reflect the inertial properties of migratory
polarization.

R,

1
| I

Fig. 1. Generalized equivalent insulation circuit and elements
of the measurement circuit

In addition, Fig. 1 shows the circuit elements:

e R, — limiting resistance which is introduced into the
measuring circuit to form the exponential charge current
of the geometric capacitance;

e R, — resistance of the sensor to measure the voltage
that corresponds to the absorption current through the
dielectric.

In order for them not to affect the diagnostic results,
the resistance value of these resistors must be
significantly less than the resistance value of the dielectric
leakage.

In the general case, the inhomogeneous dielectric’s
circuit may contain several C, — R, circuits corresponding
to the absorption processes with time constants of
different types of migratory polarization. Note that the
relaxation polarization when using the absorption and
polarization coefficients is not taken into account because
the moments of time at which the absorption current is
measured to calculate the values of these parameters
significantly exceed the time constants of relaxation
processes.

Review of the state of absorption methods for
diagnosing electrical insulation. Absorption diagnostic
methods are recommended as normative for diagnosing
insulation of transformers, synchronous generators,
compensators, collector exciters and AC motors [1].
Modern scientific research of absorption methods and
their use relate to diagnosing the insulation condition of
rotating electric machines [2, 3], low-voltage and high-
voltage cables [4-7], power transformers [8-10].

In technical diagnostics, two types of absorption
coefficients are used — ohmic and capacitive coefficients,
as well as coefficients determined by the ratio of

absorption current values at different points in time, the
method of restored voltage and its modern varieties, and
nonlinearity of absorption and restored voltage
characteristics.

The ohmic absorption coefficient is equal to the ratio
of the values of the absorption current or effective
insulation resistance, measured after 15 and 60 s for
currents or after 60 and 15 s for resistances:

1+ Ry exp(— @)
T

i R
ico  Ris 1+ exp(-——)
Ra Ta

In addition to the ohmic absorption coefficient, they
now use the polarization coefficient k, with the values of
the absorption current reference time of 60 and 600 s, the
dielectric absorption ratio R3y/R;s and the polarization
index R4y/R3, the dielectric discharge coefficient, and the
insulation state coefficient determined by the two, taken
at the initial section of the absorption current at 0.06 and
0.1 s, the charge of the geometric capacitance and the
time interval between samples:

_ 0,06 ~f0,1 _ 0,06 ~lo.1
At-qq 0,049,

ci

The capacitive absorption coefficient is determined
by the ratio of the maximum value of the restored voltage
U,max to the charging voltage Uy:

k, = U’ max _ Ca ) )
Uy Cu+Cq

Restored voltage occurs on the insulation, if after a
full charge it is disconnected from the voltage source,
short-circuited for a short period of time to discharge the
geometric capacity, and then allow the absorption tank to
charge geometric one, the voltage on which will increase
from zero to maximum, and then fall to zero due to the
discharge due to the through resistance.

A variation of the capacitive absorption coefficient
is the dispersion coefficient, which is determined by
charging the insulation capacitance with a short
rectangular pulse of duration 7; of voltage U, and
measuring the voltage U, on it after disconnection from
the voltage source after a time interval 7, >> 7; when the
introduced charge is redistributed between the geometric
and absorption capacitances:

UO ngl_kc.

D= =_&
UO - Ud Ca kc

The use of capacitive and ohmic absorption
coefficients to assess the state of electrical insulation has
significant disadvantages: first, they are integral
characteristics of insulation; secondly, they are
determined by the ratio of the values of several elements
of the equivalent dielectric circuit; third, they do not give
a complete picture of the processes of insulation
degradation. Let's consider these issues in more detail.

As follows from (1), the values of the absorption
coefficient depend on the ratio of through resistance and
absorption resistance and on the absorption constant time
which are integral indicators because they are averaged
over the entire volume of insulation. Therefore, this
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criterion can be used only to assess the general condition
of the insulation, such as more or less uniform moisture or
caused by its aging general deterioration of
electrophysical characteristics and an increase in the
probability of failure.

In addition, all coefficients determined by the ratio
of the two values of the absorption current, as will be
shown below, are extreme values and their criteria can be
inherent in both wet and aged insulation and
homogeneous insulation, in which absorption processes
are very weak.

The capacitive coefficient according to (2) is
characterized by the ratio of geometric and absorption
capacitances, which are also integral characteristics of
insulation, partially characterizes the heterogeneity of
insulation and its growth during aging. However, it in
general does not provide information on the nature of the
resistivity distribution and resistive components of the
equivalent circuit, which are responsible for thermal aging
and thermal breakdown of the dielectric, and also gives an
idea only of the intensity of volume migration or near-
electrode  polarizations  without  specifying its
characteristics, such as time constant of migratory
polarization. In addition, the value U,,,/Uy will depend
on the ratio R,/R, because this ratio determines the
voltage that can occur on the parallel through resistance
R, the geometric capacity C,, and therefore the capacitive
absorption coefficient will be only the limit value for the
ratio Uma/Up.

Further improvements of absorption methods based
on restored voltage are actively considered in the
literature for the purpose of more adequate technical
diagnostics of electrical insulation [11-13]. When using
the method of restored voltage, as diagnostic parameters
of insulation it is proposed to use the ratio of the
maximum value of the restored voltage to the charging
one, the initial rate of increase of the restored voltage, the
time of reaching the maximum value of the restored
voltage, the maximum value of the restored voltage, the
coefficients of nonlinearity of the restored voltage, the
time constant of the self-discharge, but in this article the
method of recharged voltage will not be considered.

Taken into account the prevalence of absorption
methods, most modern domestic and foreign
megohmmeters allow not only to measure the insulation
resistance, but also automatically calculate the absorption
coefficient and record data to calculate the polarization
coefficient. Even more detailed processing of the
absorption curve, including the method of recharge
voltage, is offered in specialized diagnostic systems.

However, it should be noted that with various
proposals for the selection of diagnostic procedures and
parameters and fairly intensive publication of the results of
the use of absorption methods for diagnostic purposes in
domestic and foreign literature, quite serious problems
remain the choice of good condition when using appropriate
diagnostic parameters and interpretation of processes
occurring in isolation, based on changes in specific
diagnostic parameters over time, and at the same time the
results obtained to assess the state of electrical insulation.

The main factor that significantly reduces the
prognostic potential of absorption methods is the

irreparable contradiction between the integral nature of
diagnostic parameters and the local nature of the
breakdown, as a catastrophic process of insulation failure.
Absorption methods can give an idea of the general state
of insulation due to thermal aging and other processes that
lead to the deterioration of the general state of insulation,
but they are not effective for predicting breakdown. The
possibility of breakdown is determined by the
characteristics of the insulation in a very limited volume,
which is hundreds of thousands of parts of the total
volume, and therefore the value of the integral
characteristics is not affected.

Promising in the improvement of absorption
methods are works in which methods of determining the
individual values of the parameters of the equivalent
insulation substitution circuit are considered [14], but
they also do not solve this problem. In addition, the
diagnostic parameters are transient in time, which leads
to additional errors in their use to determine the
technical condition [15].

In addition, even the patterns of change of diagnostic
parameters depending on the values of the parameters of
the equivalent insulation circuit have not been
systematically studied, although this dependence leads to
ambiguity of technical condition criteria and reduces their
prognostic ability. As an example, we can cite the
extremity of the absorption and polarization coefficients,
which, as shown below, will be close to unity also in
highly humid and almost homogeneous insulation.
Therefore, there is a need to eliminate this ambiguity.

The goal of this article is to study the extremity of
ohmic absorption coefficients and to substantiate
additional diagnostic parameters to eliminate the
ambiguity of absorption and polarization coefficients
associated with the presence of a maximum in the
dependencies of these coefficients on the absorption time
constant.

Analysis of the extremity of the absorption
coefficients. We will perform this analysis using a
generalized equivalent circuit of an inhomogeneous
dielectric (see Fig. 1), which is the basis of absorption
methods for diagnosing electrical insulation.

According to the definition, ohmic absorption
coefficients, i.e. absorption coefficients, polarization,
dielectric absorption ratio and polarization index, are
equal to the ratio of the insulation resistances of the
product, measured after time equal to ¢ and f, after
applying a constant voltage [1]:

1+ R—”exp _h
Rl‘l Ra Tq
ky=—-= (3)

R R '
2 14 TMexp _h
Ra Ta

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

We show that all absorption coefficients determined
by the ratio of the two values of the absorption current are
extreme values and their criteria can be inherent in both
wet or aged insulation and homogeneous insulation, in
which the absorption processes are very weak.

Consider in general form expression (3), which
characterizes the absorption coefficients of insulation,
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denoting x = R,/R,, and perform its study on extremes,
using as independent variables the ratio of the through
resistance to the absorption x and the time constant of the
absorption process 7,. The derivative with respect to x of
the expression for the absorption coefficient is equal to

) !
exp| — = |—-exp| - —
dka _ Ta Ta

dx ’ @

even (-]

a _‘a a Ta a

dky _ 7

t t t H+t
2xexp{— 2) + —zzx2 exp(— 1772

According to (4), the extremum condition dk,/dx =0
is satisfied only when x —oc, i.e. at R, /R, —>oc.

From this it follows that dk, /dx is an increasing
function from 1 with saturation by function R, at
R, = const, or a similar function of the ratio R, /R, and has
a one-sided maximum at infinity, the value of which
depends on the absorption constant 7, and the moments of
reference time of the absorption current ¢, and ¢,.

For the derivative with respect to 7, we have:

t t t L+t
——lzxexp S ——lzxzexp -T2
T, Ty T4 Tq

dr

Extreme condition dk, /dx = 0 gives two
possibilities. The first one is 7,mx = % and R, /R, —>oc.

t2 exp(—

This equation after simplification has the form

/) l
t exp| — +lhHxexp| —
Ta max Ta max ﬁ

=x=
=1 R,

Thus, each coefficient, which is determined by the
ratio of two values of the absorption current, according to
(5) has a maximum, the position of which is determined
by the values of the absorption time constant 7y, i.¢. the
product of absorption resistance R, and capacitance C,,
through resistance to absorption one ratio R, /R,, as well
as the timing of the values of the absorption current #; and
t,. The position of the maximum will affect the values of
the diagnostic parameters at this point and lead to a
change in the set of values of the parameters of the
equivalent circuit, which correspond to the critical value
of the diagnostic parameter, which complicates the
interpretation of insulation control results.

Analysis of the influence of substitution circuit
parameters on absorption coefficients. Let us consider
in more detail the influence of the parameters of the
generalized equivalent insulation circuit on the absorption
coefficients on the example of the absorption and
polarization coefficients.

In the normative literature [1] when evaluating the
insulation humidity of electrical engineering and electrical
power equipment, as the critical value of the ohmic
absorption coefficient k, = 1.3 is often taken. If %, is less,
the insulation is considered wet. In the general case, the
critical values of k, can be in the range of 1.2 — 1.6. Note
that the accepted interpretation of k, as a criterion for
wetting the material is not entirely accurate due to the
significant dependence of its value on C,, R, and the
absorption constant.

Indeed, the ambiguity in the interpretation of
diagnostic results is due to the fact that the dependence of
the absorption coefficient has a maximum not only on the
absorption constant, but also separately from the
absorption capacitance at a constant value of absorption

)

t h+t
2 j+t2x exp[— -2 j—tl exp(—
Tamax Tamax

[oed-1))

Under such conditions, the insulation cannot be defective,
given that C, < C, and has a finite value. Another option

t H+t
1 J_tl exp(—g]:o
Tamax Tamax

resistance, and from the absorption resistance at a
constant value of absorption capacitance. Therefore, we
note that almost no attention is paid: for homogeneous
insulation with non-blocking electrodes, the absorption
capacitance C,, and hence the absorption time constant z,,
must be close to zero, and the absorption coefficient £,
according to (1) will be close to 1. That is, both for an
ideal dielectric when the absorption time constant is close
to zero due to a small value of the absorption capacitance,
and for a significantly humidified dielectric when a small
value of the absorption constant is due to a small value of
the absorption resistance, the absorption coefficient
k, = 1. This means that the absorption coefficient
dependence on the absorption constant is extreme, which
is indeed the case, as shown in Fig. 2. As can be seen
from Fig. 2, in the region of small values of 7, there is a
rather sharp decrease in the absorption coefficient with
decreasing 7,, and with increasing 7, after the maximum —
its gradual decline.
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Fig. 2. Dependence of the absorption coefficient on the
absorption time constant and the ratio of through resistance to
absorption one. The contours for the values of the absorption

coefficient 1.2 — 1.6 are shown (bottom to top)
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The absorption coefficient k, at 7, = const has a
constant value, as shown by the calculation, only at a
certain ratio of R, and absorption characteristics. As an
example Fig. 2 shows a cross section of the graph by
planes k, = [1.2; 1.3; 1.4; 1.5; 1.6] which corresponds to
the values of k, which are taken as a criterion in assessing
the insulation of electrical engineering and electrical
power equipment.

The extreme values of k, and time constants
corresponding to them are given in Table 1. The
maximum absorption coefficient &, depending on 7, takes
place at a given ratio R, /R, in the range 7, = 7.5 — 33.5 s.
Two values of the absorption time constant z, correspond
to the same value of £k, outside the maximum at
R, /R, = const. For example, at the ratio R, /R, = 1 critical
value k, = 1.3 correspond to the values 7, = 13.1 s and
7, = 59 s, and at R, /R, =10 — values 7, = 4.25 s and
7, =152s.

Table 1
Parameter| R,/R,|0,0001| 0,001 | 0,01 0,1 1 10 | 100 | 1000
32,44 132,345 31,46 |125,88|16,27(10,42| 7,49

k. Tomao S| 32,44
kamax | 1 [1,0005{1,0047|1,0465| 1,42 | 3,98 |18,78|102,09
TS| 234 | 234 | 230 | 226 | 190 | 125 | 65,5| 55

komax | 1 |1,0007( 1,007 | 1,07 | 1,66 | 6,64 |362,9| 2841

Calculations at different ratios of through and
absorption resistances show that the value of the time
constant 7,, which corresponds to the maximum value of
k,, is almost constant at R, /R, <1 and gradually decreases
at R, /R,>1, when the absorption coefficient begins to
increase markedly. As for the polarization coefficient £,
all the qualitative regularities that take place for the
absorption coefficient are preserved, but the quantitative
characteristics are shifted towards larger values (Table 1).
For both coefficients, the maximum value of the
coefficients goes to infinity at R, /R, —oc and zero z,.
At the same time, when the value of R, /R, is zero, the
maximum value of the absorption coefficient takes place
at 7, = 32.46 s, and for the polarization coefficient £, at
7,=234s.

Depending on the through resistance, the absorption
coefficient increases monotonically with saturation from 1
to exp((t, — #©)/7,), where t; and #, are the time of
resistance measurement after voltage application, with
increasing through resistance to infinity. It should be
borne in mind that exp((t, — #)/7,) at t, — #; = const
exponentially decreases with increasing z,, and therefore
the saturation level &, will be quite different at different
absorption resistances, which is shown in Fig. 3, where
the maximum value of the absorption coefficient can
reach 60 at small ratios R, /R, and t, — t; = 60 s.
Theoretically, at larger values of the difference ¢, — ¢, the
maximum value of the absorption coefficient can reach
several hundred.

The critical ratio of leakage resistance to absorption
resistance occurs at certain values of the absorption
constant (Fig. 4), which are also a function of the
resistance ratio R, /R,. Note that the maximum values of
the absorption time constant 7.y, for the polarization
coefficient are much larger compared to its values for the
absorption coefficient in the same range of values R, /R,.

amax

2 45 4 95 0 05 1 15 2 25 3
log (R/R,)
Fig. 3. Dependence of the maximum value of the absorption
coefficient k,, on 1g(R,/R,) at values of a difference of
moments of time of measurement of absorption current
t,—t:0.1, 10, 20, 30, 40, 50, 60 s (bottom to top)

1000

800 1

o
8

Tamaxa S
N
8

20 40 60 80 100
R/R,
Fig. 4. The values of the absorption constant z,,,,, corresponding
to the extremum of the absorption coefficient (bottom),

when ¢, = 30 and #, = 120 s, as well as for the polarization
coefficient (upper curve) depending on R, /R,

Thus, the results of the simulation carried out
confirm the ambiguity of the ohmic absorption coefficient
and the polarization coefficient as diagnostic parameters.
The ambiguity of the dependence of the absorption
coefficients on 7, and the dependence of their values on
the ratio of resistances R, /R, leads to the impossibility of
unambiguous interpretation of the results because the
same value of k, can correspond to material with
satisfactory properties and material with low resistance
levels. Small values of 7, are possible both at small values
of C, characteristic of a qualitative homogeneous
material, and at small values of R, which correspond to
the large microdefectivity of individual regions of this
material.

For large values of 7, which occur at large C, and
R,, the interpretation is the opposite — the material is very
inhomogeneous, but not very defective. In addition to this
ambiguity, it should also be taken into account that at the
same constant value of 7, increase in C, and
corresponding decrease in R, are responsible for
deterioration of material properties, and decrease in C,
and increase in R, — improvement, and without separate
definition of these parameters it is impossible to answer,
in which direction the properties of the material change.
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These considerations confirm that the absorption
coefficients are quite contradictory and difficult to
interpret the results obtained in the process of technical
diagnosis of insulation and that they can be effective if
used to diagnose this type of insulation of this
manufacturer after preliminary tests.

Introduction of an additional diagnostic
parameter to eliminate the ambiguity of the
absorption coefficients. To increase the diagnostic
capacity of the absorption coefficients, which is limited
by the presence of a maximum depending on their
absorption time constant, it is possible to use an
additional diagnostic parameter, in particular the limit
value of the ratio (R, /R,)c-

As follows from Fig. 2, there is the smallest value of
the ratio (R, /R,)., with a further decrease of which the
absorption coefficient will have a value only less than the
criterion at any values of the absorption constant. To find
the limit values of the ratio (R, /R,). it is necessary to
substitute in (3) the criterion value of the absorption
coefficient, which will give the equation of the cross
section profile corresponding to this value, find the value
of the absorption constant

Tamin = —2—1L_ (6)

amin >
n| Kal2
h

corresponding to the minimum absorption coefficient
depending on the resistance ratio R, /R,, and then
calculate (R, /R,).,, substituting 7,,,;, in the equation:

R k,—1
(R_nJ = a . (D
a/er exp[_ tlj _ ka exp(_ tzJ
Tamin Tamin

Calculated by (6), (7) the limit values of the ratio
(R/R,). for different values of the absorption and
polarization coefficients, and the corresponding values of
the absorption time constants corresponding to these
values of the coefficients are given in Table 2.

Table 2

The values of
the absorption | 1,1 | 1,2 13|14 (1,5(1,6]1,7|1,8]1,9] 2,0
coefficient

i (R,/Ry) | 0,22 0,45 10,6910,95(1,21(1,49(1,77(2,06|2,36| 2,67
Tamin, S | 30,4 | 28,7 127,3|26,1|25,1(24,2|23,5(22,8|22,2|21,64
, (R,/R,) 10,145(0,29310,44|0,60(0,75(0,91{1,07(1,23|1,39| 1,55
Tamin S | 225 | 217 |210(205(199 (195|191 (187|183 | 180

If we use the limits values of the absorption or
polarization coefficients and the ratio (R,/R,).- at the same
time, the ambiguity of the diagnosis associated with the
presence of a maximum in the absorption coefficients will
be overcome.

We also give formulas for determining the limit
values of the ratio (R, /R,). depending on the values of
the absorption constant that do not correspond to the
minimum.

For an absorption coefficient equal to 1.3, at
20 s < 1, < 100 s for the limit values (R, /R,)., we can
write a linearized equation

R
(—"j =0,29+0,0141-7,, ®)
cr

a
and for the polarization coefficient equal to 2 in the region
185 s <7, <1250 s accordingly
{ﬁJ =0,215+0,00103-7, . ©)
aser

If the value obtained in the diagnostic test (R, /R,).,
is less than that calculated by (8), (9), the technical
condition of the insulation is not satisfactory.

Note that in this case both (R, /R,).,, and 7, should be
used as diagnostic parameters. The proposed additional
diagnostic parameters are auxiliary, used to eliminate the
ambiguity of the main criterion of the absorption or
polarization coefficient, and can be applied to the most
commonly used critical values of the absorption
coefficient k, = 1.3 and the polarization coefficient k, = 2.
For larger values of the absorption coefficients, it is
possible to calculate (R, /R,)., and 7, by the same
formulas, but they will correspond to the slightly
underestimated limit values of the absorption coefficients.

Conclusions.

It is shown that the absorption and polarization
coefficients are extreme functions of the ratio of through
and absorption resistances, absorption constant time, as
well as absorption capacitance and resistance separately,
which reduces their prognostic capacity and leads to
ambiguous interpretation of diagnostic results.

The possibility of introducing an additional
diagnostic parameter, which is the ratio of through and
absorption resistances (R, /R,)., in the minimum line of
intersection of the dependence k,(z,, R, /R,) with the
plane k, = const, to eliminate the ambiguity associated
with the extremity of absorption coefficients, is justified.
The limit values of the ratio of through and absorption
resistances (R, /R,).. for absorption and polarization
coefficients in the range of values from 1.1 to 2 is
calculated. When obtaining in the process of diagnosing
insulation values of the ratio R, /R, less than the limit
ones, at any values of absorption constant insulation
state will be unsatisfactory.

Formulas for calculating the critical values of the
R, /R, ratio at the values of the absorption time constant in
the range of 20 < 7, < 100 for k, = 1.3 and 85 <, <1250
for the polarization coefficient k, = 2 are proposed, which
together can also be used as auxiliary diagnostic
parameters for these values of the absorption coefficients.
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Optimization of accurate estimation of single diode solar photovoltaic parameters
and extraction of maximum power point under different conditions

Introduction. With the snowballing requirement of renewable resources of energy, solar energy has been an area of key
concern to the increasing demand for electricity. Solar photovoltaic has gotten a considerable amount of consideration from
researchers in recent years. Purpose. For generating nearly realistic curves for the solar cell model it is needed to estimate
unknown parameters with utmost precision. The five unknown parameters include diode-ideality factor, shunt-resistance,
photon-current, diode dark saturation current, and series-resistance. Novelty. The proposed research method hybridizes flower
pollination algorithm with least square method to better estimate the unknown parameters, and produce more realistic curves.
Methodology. The proposed method shows many promising results that are more realistic in nature, as compared to other
methods. Shunt-resistance and series-resistance are considered and diode constant is not neglected in this approach that
previously has been in practice. The values of series-resistance and diode-ideality factor are found using flower pollination
algorithm while shunt-resistance, diode dark saturation current and photon-current are found through least square method.
Results. The combination of these techniques has achieved better results compared to other techniques. The simulation studies
are carried on MATLAB/Simulink. References 34, tables 5, figures 10.

Key words: maximum power point, maximum power point error, genetic algorithm, flower pollination algorithm.

Bcmyn. 3 oensady na eenuuesny nompedy y GiOHOGNIOBAHUX eHepeeMUUHUX Pecypcax, COHAYHA eHep2is cmana Kuio4oeolo cgepoio
D036 A3aHHs NPOOeMU 3pOCMANHA NONUMY HA eNeKmpoenepeiio. 3a 0CManni poKy COHAYHA (HOMOeNeKMpPUHA MeXHika ompumana
3HauHy yeazy 3 60Ky docrionukie. Mema. /[na cmeoperus maiixce peaniCmudHux Kpueux 01 Mooei COHAYHUX bamapel HeoOXiOHO
OYiHUMU HegIOOMI napamempu 3 MAKCUMAnbHOI0 moyHicmio. I1'ame Hegidomux napamempis ekmouaioms Koegiyicnm ioearbHoOCmi
0i00is, onip wiyHmy, oomoHHuil cmpym, Cmpym memHo20 HacudeHnHs 0iodig i nocrioosnuti onip. Hoeusna. 3anpononosanuii memoo
00CIOAHCEHHSA NOEOHYE AN2OPUMM 3ANUTIEHHS KGIMI6 13 MemoOOM HAUMEHWUX K8a0pamis 0iist Kpaujoi oyinKu HegiooMux napamempie
ma ompumanHs Oitbui peanicmuyHux Kpueux. Memooonozia. 3anpononosanuil. Memoo OeMOHCmpYe 0a2amo nepcneKmueHUX
pesyiomamis, AKi € Oibll PealiCMUYHUMU 3G CE0€EN NPUPOOOI0, NOPIGHAHO 3 [HwUMU Memooamu. Poszenswymo onip wiynma i
nocnioosHull onip, i 6 Yybomy nioxoodi, AKUU pauiuie 3acmoco8yeascs Ha NPaKmMuyi, He HeXMyOms NOCMIlHOI0 Odioda. 3HauenHs:
nocniooeHo2o onopy ma koegiyienma ideanbHocmi 0i00i6 GUHAYAIOMbCS 3a O0NOMO20I0 AN2OPUMMY 3aNULEHHS K8IMOK, Mooi 5K
ONIp WYyHmMY, CMPYM MEeMHO20 HACUYeHHs 0i00i6 | POMOHHUL CIPYM - MemoO0oM Hatimenwux keaopamis. Pesynomamu. Iloconanns

yux Memoodie 3abesneyuno Kpawji pesyivmamu Y NOPIGHAHHI 3

MATLAB/Simulink. Bi6n. 34, Tadn. 5, puc. 10.

iHwumu  memoodamu. Mooentoganns npoeoOUMsvCs Ha

Kniouoei cnosa: mMakcMMajbHa TOYKA IOTY:KHOCTi, MAKCHMAa/JlbHa NOXHOKA TOYKH HNOTYKHOCTI, TéHeTHYHMIl aJrOpUTM,

AJITOPUTM 3aNIUJICHHSA KBIiTOK.

1. Introduction. Electrical energy demand is
increasing day by day due to high consumption by
industries and competition among industrial community
[1]. Also the electrical faults and interconnected power
system make the cost and emission ratio very high [2, 3].
To meet the need of good quality electrical energy, the
research interest in solar cell have increased considerably
to increase the application of solar power [4]. A large
amount of time and money has been invested to
accurately estimate the unknown parameters of solar cell
[5]. There are various methods to accurately estimate
parameters i.e., analytical, numerical and meta-heuristic
methods. In [6, 7] an analytical method is proposed that
relies on the correct placement of the data for the exact
estimation of parameters. So to better optimize and
control the photovoltaic (PV) systems it is imperative to
simulate the P-V characteristics before the installation of
the solar panel [4, 5]. This data is collected from the data-
sheet and characteristic curve of solar cell. Despite having
a number of benefits like accuracy and less computational
time these methods have some demerits as well i.e., in
case if number of unknown parameters are large one can
expect errors in result [8] and a higher computational time
is also required. While in numerical methods, in contrast
to analytical, every sample point from the characteristic
curve of the solar cell is considered. This method
generates better results as compared to the analytical

methods [8, 9]. The numerical-methods, i.e., Gauss Seidel
[6, 10] and Newton-Raphson [11, 12] have been in
frequent use by researchers for the estimation of solar cell
parameters. Although the accuracy of numerical methods
is high but their dependence on accurate initial guesses
has been found very difficult in case of larger number of
unknowns [13, 14]. That can cause a solution to converge
to local-minima rather than a global-minima. So, it is
necessary to solve current optimization challenges [15-17]
to sort out issues in numerical and analytical techniques.
Many meta-heuristic techniques have been proposed
which are genetic algorithm (GA) [18], particle swarm
optimization (PSO) algorithm [19, 20], simulated
annealing (SA) [21], differential algorithm (DA) [22], and
teaching learning algorithm (TLA) [23].

Aforementioned techniques have been proved to be
more efficient in estimating the unknown parameters of
solar cell, as compared to the numerical and analytical
techniques, but these techniques were slow-convergent
and sometimes unable to track accurate characteristics
[8, 9]. Computational time got considerably reduced in
some of these research works either by ignoring shunt
resistance Ry, [24, 25], series resistance R, [26, 27] or by
presuming the ideality factor n of the diode [8]. These
efforts lead to a less-accurate estimation of maximum
power point error (MPPE) [14, 28]. To enhance the
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accuracy, this research works takes in account all the five
electrical model parameters.

Aims and goals. The research work has following
contributions:

1. Series resistance R, and ideality factor V, are
estimated using flower pollination algorithm (FPA).

2. The other 3 remaining parameters, namely shunt
resistance Ry, photon current /,,, and saturation current
1, are estimated using the least square (LS) method. The
LS method helps to improve the FPA.

3. Two different PV cells are opted and used to
examine the performance of the proposed method.
Performance parameters such as maximum power point
(MPP), MPPE and P-V characteristics curve are checked
compared with the existing and proposed method to prove
the effectiveness of proposed method.

The research paper is organized in sections and the
detail is as: Section 2 encompasses the work done related
to this topic which is already published. Section 3
presents the mathematical modelling and objective
function derivation of single-diode cell model. Section 4
contains explanation of proposed technique. In section 5,
the results and discussions about application of technique
on different solar cells will be presented and a comparison
will be made with different works already published.
Section 6 presents the conclusion.

Literature review. From 2006 to 2016, the PV
installations across the globe are increased from 7 GW to
300 GW. The foremost reason for large upsurge in the
installations of PV systems is an increase in costs by the
amount of 2.5 to 3.5 times. The elementary code for the
PV systems is to seizure light of sun with a PV module
and convert it direct into electrical energy. The output for
a PV module, is dependent on the climatical
circumstances i.e., temperature and irradiance, is denoted
with a single-diode-model [14].

The model of single-diode imitates extremely
precise yield characteristics of diverse types of PV cells
and modules for any type climatic circumstances. For the
analysis of PV systems, it is frequently favored over the

contemporaries’ ones because of it having fewer
parameters and fewer complexities in computations
g(V+IR,)
T V+I-R
I=I;-Iy-|e "KT —1|-—F7uw—5, (1)
Ry,

where [; is the current generated by light; I is the reverse
saturation current; ¢ is the elementary charge (1.602-10™ C);
V is the voltage; n is the ideality factor of the diode; K is
the Boltzmann constant (1.38-10% J/K); T is the
temperature; R; is the series resistance; Ry, is the shunt
resistance.

The 5 factors to be defined are: I;, Iy, R, Ry, and n.
In equation (1) 7 is an understood function, such that
I =f(V, I). Therefore, the precise analytic explanation for
I is not feasible and the solution is taken with the help of
iterative methods, 1i.e., Gauss-Seidel and Newton-
Raphson. To devise / = f (V) and to alleviate the process
of solution, numerous explicit expressions of analytical
methods occur in the published work. They employ
calculations for example polynomial, Taylor series, Padé,
and Chebyshev. For the single diode model, the 5

undetermined parameters determine functionality of a PV
module in any climatic circumstances. Two approaches
exist to discover the parameters:
1) with investigational information;
2)from the key-power points
manufacturer’s datasheet.

The highlights in the datasheet has problem that they
can only devise 4 equations alongside 5 parameters to be
resolved. To ease the problem, a discrete n value is
supposed to resolve the 4 equations, but the parameters
acquired may not be appropriate. To design 5™ equation,
De Soto [29] utilized the open-circuit situation at a
temperature which is not according to the standard test
conditions. Although, the final explanation’s vulnerable to
a selected range of a temperature. An enhanced 5"
equation is developed that correlates » and the open
circuit voltage (V,.). The slope di/dV at short circuit
condition is believed to be 5™ equation that is equivalent
to negative inverse of Ry, but it is only valid if Ry, >> Ry
and is mainly applicable for modules of silicon and it
might flunk for solar cells of thin-film solar.
Consequently, the dilemma is there to choose the 5™
equation that achieves the process of solution. This
research presents technique that approximate the 5
unknown parameters of the single-diode model is
produced. Highlight of the method is that the design of
the 5™ equation uses an accurate area under the -V curve
with other 4 equations derived from datasheet values. The
recommended technique deems an /-V set of data of a PV
cell/module as it requires the area under the curve. This
technique also demonstrates an approach for pondering
for 5 parameters’ initial guesses. The recommended
technique gets applied to earlier state few cells like
copper indium gallium selenide, silicon, dye-sensitized
and perovskite.

2. Related works. Many research works have been
published which propose different methods to extract
unknown parameters of solar cells. All the methods have
advantages and merits related to it but they also have
some demerits.

2.1. Numerical methods. The numerical methods
are still in use, but they still depend on initial guesses for
accuracy. If initial guesses are wrong, the solution gets
converged to local minima that is a disadvantage. Gauss
Seidel [6, 10] and Newton-Raphson [11, 12] are the
examples of some numerical methods.

2.2. Meta-heuristic methods. Meta-heuristic
techniques are mostly inspired by nature optimization
problems which give accurate and close to real
optimization results with very small uncertainty
possibilities. Even with slightly wrong initial guesses they
give accurate results. They are more likely to make
solution convergence at global optima, but these methods
can cause the convergence time to be long and iteration to
be large making it a little unfeasible. GA [18], PSO [19],
[20], SA [21], DA [22], and TLA [23] are some meta-
heuristic algorithms.

It is concluded from above discussion that every
technique possesses some merits and demerits related to it
that doesn’t make it to be a perfect choice for parameter
estimation. The proposed technique hybridized both

stated in the
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numerical and meta-heuristic methods to devise a new
reliable and effective method.

3. Mathematical modelling of solar cell and
objective function. Simplicity and accuracy of single
diode model makes it a good choice for considering it to
use for parameter estimation [30, 31], and is shown in
Fig. 1, in which R represents the bulk and metal contact
resistance, R, represents electron holes pairs
recombination, I, is the diode dark saturation current, I, is
output current, /,,, is photon current and ¥ is output

voltage.
+WVi

Iphn

(T lo 3 Reh

Fig. 1. Electrical circuit diagram for single diode model

The relationship between /, and ¥} is given in next
equation:
[VL+10-RSJ
L )| Pl R

X, 2)

I, :Iphn -1

where V; is the diode internal voltage:
q
where S, is the number of cells connected in series.

The parameters that aren’t stated in manufacturer
datasheet and are yet to be determined are: 1, 1s, Ry, Ry,
and V. It is evident from (1), (2) that the characteristic
curve relies on unknown parameters stated earlier. So,
precise and accurate estimation of these unknown
parameters is imperative.

So, the necessary set of equations that are needed for
estimating undetermined parameters are following:
1. [; is obtained by putting load voltage V; = 0 in
Eq. (1) and making a short circuit at the load

B

. I.-R

Iy=Ippy—Ig-|et /o)1 |25 3)
Rsh

2. Following equation is obtained by putting /, = 0 in
Eq. (1) and open circuiting the load terminal of the solar PV

B
Va) _y|-Yoe . )

[h —Id’ e
P Rsh

3. By putting maximum power point voltage V,,, and
maximum power point current /,, in (1):

[V +1 -R.]
mpp " mpp s
[ Z R ¢
Vi mpp " mp, s
[mpp:[phn_ld' € : -1 _R—h' ()
s

4. P-V curve at MPP is obtained by drawing a tangent
parallel to the voltage axis

dP/ vy =0. 6)
After solving (6) we have:
Ao /YL mpp == Lpp [ Vinpp - ™

Using Eq. (1) and (7), the following final equation is
obtained:

( Vmpp+1 mpp'Rs
d

fd 0 Va j_i =0.(8)

Vai Ry,

1

mp, :(V

mp, _[mp 'Rs)'

5. At short circuit condition, the obtained slope:

I, /dVy g, ==1Rg, . ®
6. By solving Eq. (9):
)
S ) Ry R )= 0)
Vai Ry

So, (3), 4), (5), (8), and (10) are needed for
estimating 5 unknown parameters.

The R, and V,; will be used to derive the
characteristic equation for solar P-V curve. FPA is
applied on characteristic equation to estimate the 2
unknowns (R; and V). Since characteristic equation
depends on 2 parameters only so it makes solutions to
convergence faster and accurate.

Following are the steps to derive the proposed
characteristics equation.

The value of 1., is taken from Eq. (4) and is
substituted in (3), (5) to get the expression for /; and 1,
as follows:

V —I1.-R
Ig=(y—x)- 1, +-2—5 =5 (11)
Rsh
V. .-V -1 -R
Lopp =y =2) Iy # =0 =5 (12)
S

where:

[ISC'RSJ [Q] (Vmpp”mpp‘RSJ
Vi v, V.
x=e\ ¥/ —1; y=e U4/ -1; z=¢ di -1.

To find expressions for /; and /,,, in terms of Ry, Ry,
and V,, the value of I, is taken from Eq. (10) and is
substituted in (8), (11), (12) which gives:

Iy = (y_x)'Vdi'RS +VOC_IS'RS ; (13)
Ry, '(1+x)'(Rsh _RS) R
(y—z)Vy Ry Voc =Vinpp ~Lmpp Ry
o ; (14
mpp Rsh'(1+x)'(Rsh_Rs)+ Ry, (14)
Ry +(1+2) 1
bR s —|;as
mp, (mp mpp S)(Rsh'(1+x)'(Rsh—RS)+RshJ’( )

Equations (14), (15) are equated to get Ry;:

R
Ry =Ry +| ——— |x
2'Vmp _Voc

X(Vdi'(y_z)_(l+z)'(Vmp ; (e

1+x

_Impp'Rs)J
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The Ry, can also be derived (13), (14) as follows:

_ Voc'(x_z)""[s Rv '(Z_y)""(VmppJ"[mpp'Rs)'(y_x) X
Ry = s (17)
Isc'(y_z)+[mp '(x_y)

R

The proposed equation is
Eq. (16) and (17), as follows:

derived by using

2.7,

mpp -V

e 1+x

f(Rs Vi ) = I:Rs +

So, (18) can only be used to estimate the values of R,
and Vy. This model has only 2 unknowns instead
5 that makes it converge at a faster rate and generate
accurate results. Equation (18) is a non-linear single-
objective optimization function, and FPA is used to
minimize it. The edge of this thing is that computation
time is reduced number of equations required (five) have
been reduced to 4 for estimating 5 parameters.

4. Proposed technique. The proposed technique
employs FPA and least square method to estimate 5
unknown parameters. FPA is a nature inspired meta-
heuristic optimization algorithm, and least square is a
numerical method. Both the methods are briefly explained
below and depicted in Fig. 2.

Estimation of R;
and V; using FPA

iy

Using R, and Vy;
to estimate Ry,
Loy, and 1; using
least square
method

Fig. 2. Flow chart for proposed technique

4.1. Flower pollination algorithm (FPA). In 2012
Yang proposed a meta-heuristic algorithm called FPA that
is inspired by the process of pollination in flowering
plants [32]. This cross-pollination is considered as global
pollination while self-pollination is considered as local
pollination for the process of evolution. Optimization
capability of FPA is very good and it also has fast
convergence rate. Many research studies have proven
FPA to be better than contemporaries like PSO and GA in
multi-peak test functions [32].

There are 2 ways of pollination in flowering plants,
one is cross pollination and other is self-pollination as
shown in Fig. 3. Birds, bees and insects act as
pollinators in cross-pollination that carry pollens at long
distances so that they cross the gap among flowers and
facilitate in pollen exchange with flowers far away. So,
this heterogeneous pollination in FPA is called global
pollination. The transfer of pollens with flowers around
with help of pollinators i.e., air/wind is called self-
pollination and it is termed as local pollination in FPA.

The decision whether pollination is going to be
cross or self is being dealt by a parameter p called
probability switch. To make the problem easy, it’s
supposed that each plant possesses one flower and every
flower owns only one pollen that is a possible solution
to the problem.

s _(Vdi'(y_z)

(18)

1+x

J_(—(lﬂ)'(”mp —fmpp'Rs)ﬂ—Rsh 0.

Self -pollination from a—
Self-pollination 1
with the same

flower ‘/ A
" /
)

»
»
>

same plant but different

flower /“ T
@ -

/

Y
el

[ Y
@ /®  poliination from ‘
P different plant

Fig. 3. Process of flower pollination

4.1.1. Global pollination. Global pollination is
carried by birds or insects which follow Levy flight
characteristics which means the step size for global
pollination obeys Levy distribution. Global pollination is
described mathematically as:

X = xtay L -x): (9)
where X, represents the best individual solution in the

iterations happened so far; X! is the /" generation

1
solution (current generation); X l-t+l is the (#1)"
generation solution (next generation); L represents the
intensity of global pollination that is the step size of
pollen movement; y is a scaling factor that controls step
size.

The mathematical description of Levy distribution is
as follows:

2 -r(ﬂ)-sin[’g”] |

: 5
S1+l

L= (S >> 80> 0), (20)

Vs
where I'(1) represents the standard gamma function;
S is Levy flight step size; S° is the minimum step size;
Ais a constant (4 = 1.5).

The S is generated by use of technique in [28] as
follows:

U
S :W;for U ~ N(0,0'z) Vo~ N(O,l), e2)

$2 _ 1+ A)-sin(2-7/2)
B -1

{5

where U and V obey the Gaussian distribution [32].
4.1.2. Local pollination. Local pollination happens
between nearby plants and is done by abiotic sources like

(22)
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wind. The mathematical representation of local
pollination is:
X :Xl-’+g-(X;—X}C) e~U(0,1);  (23)

where X, Z-HI is the single solution generated at (#+1)"
generation; X j and X, represent the /™ and k™ individual

solutions respectively in the /" generation, and & represents
the local pollination coefficient which is uniformly
distributed in [0, 1].

4.1.3. Switching probability. Among global and
local pollination, the decisive factor is called switch of
probability that is represented by p. In [32], it has been
proved that when p = 0.8, it gives good results. How p
decides is given as:

Global Pollination,

Local Pollination,

r<p;

Pollination Mode = .
otherwise,

where 7 € [0, 1].

The fitness evaluation of FPA is calculated as

Fitness = fit(X), (24)

where X is an individual solution in the population, and
the ¢ represents the abstract expression of the optimization
problem. It is to be noted that for different optimization
problems, the mathematical expressions could be
different.

The flowchart of FPA is shown in Fig. 4.

E:) Initialization Random pollen | N| Calculate Fitness E>
of parameters E> generation  [¥| wvalues of Pollens

Find Pbest
and Gbest

——— ™ cach
If P >rand iteration (t)
NO {/YES

Global Local
Pollination Pollination

@ t=t+1

Find Best Solution as set it as
starting point

U

Update Gbest and Pmax

Start

Fig. 4. Flowchart of FPA

4.2. Least square method. The LS method [33] is
an important numerical method which is used to obtain a
regression line or a line that best-suits for a provided
pattern. It’s defined with an equation that contains
particular parameters. It’s mostly utilized in evaluation
and regression. When used in regression, known as a
standard approach for the approximation of set of
equations that contains more number of equations than the
number of unknowns.

The LS in fact explains the solution for the
minimization of the sum of squares of deviations or the
errors in the result of each equation, and finds the formula
for sum of squares of errors, which facilitates to look for
the fluctuations and wvariations in observed or
experimental data.

The LS is mostly utilized in data fitting. The result
which best-fits is expected to reduce the sum of squared
errors or residuals that are differences between the
observed/experimental values, and corresponding fitted
value given in the model.

4.2.1. Least square method graph. For linear
regression, the straight line is a best fitting line, as shown
in the Fig. 5.

-0 0 in n ] 40 50 B0

Fig. 5. Linear regression — line of best fit

The given data points are aimed to be minimized
using the technique of reducing residuals or offsets of
each data point from the straight line. Surface,
polynomial, and hyperplane problems often use vertical
offset. While in common practices, perpendicular offsets
are utilized as shown in Fig. 6.

Vertical Offsets Perpendicular Offsets
Fig. 6. Method of reducing offsets

5. Results and discussion. Two solar cell models
are considered from [34], and are mentioned in Table 1, 2.
Using values from tables, parameters are estimated using
proposed technique and are compared with recently
published research works to prove the efficiency.

Table 1
STM-640-36-Manufacturer’s datasheet

Datasheet parameters variables|STM-640-36
P, W 25.47
Vips V 16.98
Lyp, mA 1.50
Voer V 21.02
I, mA 1.663
S,, Units 36
T,°C 51
Table 2
JP-270-M60-Manufacturer’s datasheet
Datasheet parameters variables|JP-270-M60
P, W 269.948
Vips V 31.10
L,,,, mA 8.68
Voer V 38.60
I, mA 9.20
S, UNItS 60
T,°C 25

5.1. Estimation of P-V characteristic curve with
LS, GA, LS hybrid with GA and proposed method is
represented in Table 3, 4.
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Table 3 @ 2w ; Pover vs Voltage (STH40-36) ‘
Estimated parameters of STM-640-36 L e |
with LS, GA, LS hybrid with GA and proposed method 7 \\
e i
Name . . // \
of the Paran;)eters Least ?enf:t}llc LS' }}11ybr1d Proposed sl P - \\ J
solar tp e square | algorithm | with GA method L - \
estimated (LS) (GA) [31] _
cell L _ \ i
- \
Ly mA | 1.6634 | 1.6637 1.664 1.6642 L | ‘ | )
o 5 10 5 E) v,V =
© I, mA  |1.1225¢°|9.8541-107 [ 9.0122:107 {9.0081-10
A a
g R,Q 02704 | 023695 | 0.2254 0.235 ———
? P, W STM-640-36
s Ry, Q 504.234 | 502.9223 | 488.2172 484 » e
E 2
2 Vi Vo | 14891 | 14678 1.4582 2356 o \“ ]
A, W - 1.57636 1.5781 oL \\ ]
\
Table4 \
Estimated parameters of JP-270-M60 ok \ i
with LS, GA, LS hybrid with GA and proposed method \\
Hs \ -
\
Name Parameters Least Genetic | LS hybrid \
of the b leorith ith Proposed 0 ‘ ‘ ‘ ‘
solar tp e square algorithm | with GA method o 5 0 [ » AR
cell estimated (LS) (GA) [31] b
LimmA | 91987 | 9.2003 9.1974 | 9.1976 Fig. 8. Solar cell STM-640-36:
o LomA  1.0259-10°| 1.194010° | 1.0110.10° | 1.013.10° (a) P-V curve of LS-GA; (b) P-V curve of proposed method
= .
S R, Q 03142 | 030985 03043 | 0.09095 Figure 7 shows that out of JP-270-M60 of 270 W,
q Ry, © 9100.1 9137.8 9192.9 9198 and LS-GA was able to extract 269.7 W of power where
- Var V 1.6844 1.69706 1.684 2.3 proposed approach succeeded to extract 269.8 W that
A4, W - 1.0906032 | 1.0307 surpasses the LS-GA proving it to be the better in terms

Using these results from Table 3, 4, the P-V
characteristics curve are obtained and are shown in Fig. 7-10.

It is clear from the P-V curves that the proposed
approach is much closer to the MPP as compared to the
other contemporary methods. Evaluation of parameters
show that more realistic curves are produced using the
proposed method in comparison to other methods. So, it is
conclude that the proposed method produces way better
results as compared to contemporary methods.

P, W Powar vs Voltage-{JP-270-M60}
300 T T X311
Y. 2697
',/-""'-\
60 e \ o
-
T \
20 \ 4
- - A\
e \
e \
80 |
=
- \
>
100~ // \ .
-
//’ 4
50 o \
- \
o=l ol I I I I I I \
o 5 10 15 = % 3 ),V 0
a
P,W Power vs Voltage-(JP-270-60)
T T T
00~ X:3085° 1
Y:2608
|
s V,V @

Fig. 7. Solar cell JP-270-M60:
(a) P-V curve of LS-GA; (b) P-V curve of proposed method

of parameter extraction.

Figure 8 shows that out of STM-640-36 of 25.47 W,
and LS-GA extracted 25.45 W while proposed method
extracted 25.46 W.

Figures 9, 10 show the comparative analysis of both
Fig. 7, 8 to prove the effectiveness of proposed scheme.

L8-6A and Proposed
Wb W Power s Volage (P 27180 :
—
— gt
w0
y
s
X309
Y268
——
o 150~ B
s
vzer
0
©
. I I I I I I I
0 5 [ [ P 5 » s V,V «

Fig. 9. JP-270-60 comparison between LS-GA and proposed method

L5-GA and Proposed
L) Power vs Voltage {STM-640-34)
T T

——Proposed|
—sa

Fig. 10. STM-640-36 comparison between LS-GA and proposed method

5.2. Estimation of P-}J maximum power point
error with proposed, SA and Newton-Raphson and

Electrical Engineering & Electromechanics, 2021, no. 6

51



least square method. MPPE is defined as the measured
difference between the rated power P, and the
calculated power. This MPPE for different techniques
have been summarized in Table 5. It is observed from
Table 5 that the MPPE for the proposed method is least
among all as compared to other methods.

Table 5
Comparison of MPP, MPPE between LS, GA, LS-GA
and proposed method
Parameter Methods JP-270-M60 | STM-640-36
Pooess W 269.948 25.47
LS 269.4701 25.4251
P W GA 269.6605 25.4391
e LS-GA 269.7208 25.4585
Proposed 269.8 25.46
LS 0.17703 0.17628
GA 0.10650 0.12131
MPPE LS-GA 0.08416 0.04515
Proposed 0.0548 0.000392

6. Conclusions.

In this paper, characteristic equation in terms series
resistance and diode-ideality factor are derived. Flower
pollination algorithm is utilized on characteristic equation
to estimate series resistance and diode-ideality factor.
Least square method is utilized to estimate the remaining
parameters such as shunt-resistance, photon-current, and
diode dark saturation current. For the purpose of
simulations and validations, 2 different solar cell models
are considered. P-V curves and maximum power point
error are calculated using proposed technique. Solar panel
of 270 W, hybrid least square and genetic algorithm was
able to extract 269.7 W of power where proposed
approach succeeded to extract 269.8 W that surpasses the
hybrid least square and genetic algorithm proving it to be
the better in terms of parameter extraction. Shunt and
series resistances are considered and are not neglected
in this approach that previously has been in practice.
Also the number of equations is reduced that brings the
edge of less computation burden. This will help producers
and consumers in acquiring efficient solar panels that will
increase electricity output and better revenue. This
research for solar cell/panel can be utilized in energy
storage system of distribution static compensator
to efficiently improve the power quality in distribution
system.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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S.A. Khan, T. Mahmood, K.S. Awan

A nature based novel maximum power point tracking algorithm
for partial shading conditions

Introduction. The huge demand of green energy over past few decades have drawn the interest of scientists and researchers. Solar
energy is the most abundant and easily available source but there have been so many problems with its optimum extraction of output.
The factors affecting the maximum power point tracking of PV systems are input irradiance, temperature, load etc. The variations in
irradiance level lead to partial shading that causes reduction in performance by not letting system to operate at maximum power
point. Many methods have been proposed in literature to optimize the performance of PV systems but each method has shortcomings
that have failed all of them. The actual problem occurs when partial shading is very strong, this is where most of the methods totally
fail. So proposed work addresses this issue and solves it to the fullest. The novelty in the proposed work is that it introduces a new
nature-based algorithm that works on the principle of plant propagation. It is a natural optimization technique that plants follow to
survive and propagate in different environmental conditions. The proposed method efficiently tracks the global peak under all
shading conditions and is simple to implement with high accuracy and tracking speed. Purpose. Building an algorithm that can track
global peak of photovoltaic systems under all shading conditions and extracts the maximum possible power from the system, and is
simple and easy to implement. Methods. The method is implemented in MATLAB / Simulink on an electrical model that uses a PV
array model. Different shadings are applied to check for the results. Results. The results have shown that for different photovoltaic
configurations the algorithm performs very good under uniform and partial shadings conditions. Its accuracy, tracking efficiency
and tracking time has increased reasonably. Practical value. The project can be very beneficial to people as it enhances the
performances of PV systems that can make them self-sufficient in electrical energy, focuses on sustainable development and reduces
pollution. This way it can have huge impact on human life. References 40, tables 5, figures 18.

Key words: renewable energy, partial shading conditions, maximum power point, global maximum power point, local
maximum power point, seeds, runners.

Bcemyn. Benuuesnuii nonum na 3eieny emepeilo 3a oCMAaHHi Kinbka O0ecsamuiimes npusepnys ysazy uenux ma oocnionuxis. Consuna
eHepeisl € Haubinbw nowupeHum i OOCMYNHUM OJCePenoM, ate Mano micye Oydxce bazamo npobiem 3 ONMUMATLHUM OMPUMAHHAM
6UpoONEeHol enepeil. @akmopamu, wo enIUBAIOMb HA BIOCMENCEHHS MOYKU MAKCUMATIbHOT NOMY’CHOCIE (DOMOETEKMPUYHUX CUCTEM, €
6XIOHA OCGIMIeHICb, MeMnepamypa, HABAHMANCEHHS Md iH. SMIHU Pi6Hs 0CGIMIEHOCMI NPU3B00AMb 00 YACKOBO20 3AMEMHEHHS, SKe
BUKTIUKAE 3HUNCEHHS NPOOYKMUBHOCMI, He 00380AI0YU CUCEMI Npayoeamu Ha MaKCUMAbHil mouyi nomyxcHocmi. Y nimepamypi
OY10 3anpoOnoHO8ano bazamo memoodie 018 onmumizayii pobomu GomoereKmpuyHUX CUCeM, ane KOHCeH Memoo MA€e HeOOMiKU, 5Ki
cmpumyloms ix euxopucmanis. Peanvni npobiemu sunuxaioms, KOIu 4acmkoge 3amemHeHHs 0ydice CUbHe; came 8 YbOoMy BUNAOKY
binvuicms Memooie OeMoHCmpyIomy cgoi Haubinbwi nedoriku. Omoice, 3anpononosana poboma npucesyena yiti npobnemi ma supiuye
it nognoro mipor. Hoeusna sanpononosanoi pobomu nonsicac 6 momy, wjo 80HA 3aNPOBAOICYE HOBUI NPUPOOHULL ANCOPUMM, WO
npayioe 3a NPUHYUNOM DOSMHOJICEHHS pocauH. Lle npupoonuii memoo onmumizayii, AKoMmy cRiOyiomb pOCIUHU, WOO SuUlCUMU |
DO3MHONCYSAMUCS. 8 PISHUX YMOBAX HABKOAUUIHBO2O Cepedosuiya. 3anponoHosanuti Memoo eheKmueHo 6i0cmedcye enobanbHuil niK 3a
6CiX YMOB 3ameMHeHHs, € NPOCMUM Y peanizayii 3 UcoKolo moynicmio ma wieuoxicmio giocmedicennsn. Mema. Ilobyoosa aneopummy,
AKULl Modce gidcmedicysamu enoOANbHI NiKY (HOMOeNeKmpuuHUX CUCmeM Npu 6CIX YMOBAX 3AMIHEHHA MA SUOLIAMU 3 CUCTEMU
MAKCUMATILHO MOXMCTIUEY NOMYAHCHICG, € npocmum i neekum y peanizayii. Memoou. Memoo peanizoeanuii y MATLAB/Simulink na
eleKMPUYHItl MOOeNi, AKA BUKOPUCTOBYE MOOeTb (POMOeNIeKMPUUHUX eneMeHmis. [l nepesipku pe3yibmamis 3acmoco8yromovCs pisHi
s3amemnenns. Pesynemamu. Pesynomamu noxaszaau, wo 015 piznux gpomoenexmpuunux Kongieypayii areopumm oyoice 006pe npayioc 6
yMosax pienomMipHo20 ma uacmkosozo samemuenns. Hoeo mounicmv, egexmusHicmo eidcmedicenns ma uac 6i0CMedICeHHs. 3HAUHO
soinbwunucy.  Ilpakmuuna yinuicme. [poekm moodice Oymu Oyoce KOPUCHUM, OCKUIbKU 6IH NOKPAWYE XAPAKMEPUCTIUKU
pomoeneKmpuuHUX cucmem, wo Modice 3pooumu ix camoooCmamHimy 8 enekmpoenepeemuyi, KOHYEeHMPYEMbCsL HA CMAIOMY PO3SUNKY
ma ckopouye 3a6pyonents 008K Takum YUHOM, ye MOodice Mamuy 6elude3Hull gnaue Ha scumms moouny. bion. 40, Tabm. 5, puc. 18.
Kniouogi cnosa: BiTHOBJIIOBaHA eHepris, YMOBH YacTKOBOr0 3aTeMHEHHsl, TOUKA MAKCHMAaJbHOI MOTY:KHOCTI, r100ajbHa
TOYKA MAKCHMAJIBHOI MOTYKHOCTI, JIOKATbHA TOYKA MAKCHMAJILHOI OTYKHOCTI, HACIHHS, TATOHHU.

1. Introduction. Immense use of electronic greenhouse source and technologically expanding in its

appliances in this era [1], rapid consumption of fossil
fuels [2], atmospheric issues, and energy crisis [3] have
attracted wide attention toward usage and exploration of
renewable energy (RE). But, these sources have the
disadvantage of limited storage of the energy and tapping
of power. Due to the lacking of storage mechanism, there
is a high need for extraction of this abundant energy,
especially during day-time [1]. The high yield from these
RE sources is obtained only when researchers are able to
enhance the efficiencies in both outstanding parameters
like conversion and energy storage. The photovoltaic
(PV) energy is abundantly available source among RE
sources because it is universal, it is easily and freely
available, eco-friendly, has less operational and
maintenance cost, it is economically attractive for longer
duration of time, driving an increasing load with

material usage, and is noiseless [1, 3]. PV systems have
been in high demand over the past decade with its total
global installation amount of more than 500 GW [4].
Clean electrical energy can be obtained form solar energy
using PV arrays. PV arrays are made by making parallel
and series combination of PV modules and that make a
basic part of PV systems. The PV array has a high
nonlinear relation between output current and voltage and
it depends mainly on atmospheric conditions like
temperature and irradiance. Under uniform conditions the
P-V curve contains one peak while multiple peaks appear
when in partial shading conditions (PSCs) that includes
local peaks (LMPPs) and a global peak (GMPP) [2].
However, the main hinderance for PV panels have been
their low energy efficiency because of nonlinearity
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in I-V behavior that has its dependence on atmospheric
conditions [3]. Solar PV systems are being controlled
with many maximum power point tracking (MPPT)
techniques to optimize the output power of PV array.
Furthermore, there are many internal and external factors
affecting the output efficiency of PV system such as solar
irradiation, series and parallel resistance, internal
temperature, diode factor, load, PV array surface, shadow,
dirt, and so on. For improving efficiency of system, it is
imperative to have an MPPT that can improve converter
output power efficiency and tracking speed [5]. The
output power mainly depends on the parameters like cell
temperature (7), irradiation (G) and load connected to it
[1]. We know that MPPT matches the operating point and
it is usually mounted between PV arrays and converters as
shown in Fig. 1.

Bls

Fig. 1. Solar PV system with MPPT mechanism

Temperature and irradiance levels are utilized by
MPPT methods to harvest optimum power from PV
system and to determine the output characteristics.
Unfortunately, there is a negative effect of non-linear
behavior of irradiance and temperature on PV system’s
efficiency. Due to these reasons, when irradiance is
varying the I-V and P-V curves of PV system get multiple
peaks on them that are referred as LMPPs and a GMPP.
This condition is shown in Fig. 2, 3 [5].

Fig. 2. PV array
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Fig. 3. Shading over a PV array (@) uniform shading (b, ¢)
partial shading

Many MPPTs have been suggested to optimize the
PV system’s performance, but the confusion occurs when
one has to pick one technique for a particular PV system
as each method has their merits and demerits [5].
Generally the evaluation criteria for performance of
MPPT techniques include accuracy of tracking and a
response that is stable at steady and transient state [6]. To

make a successful MPPT technique to work on PV arrays,
it’s imperative for it to operate at GMPP not LMPP and it
should work under varying irradiance conditions [2].

This manuscript is divided into sections as: section 2
describes other MPPT techniques in literature. Section 3
presents the proposed technique, section 4 presents the
simulation studies and discussion, and section 5 gives the
concluding remarks.

2. Literature review. The work [7] presented a two-
step method that is based on the GMPP tracking that tracks
more effectively than Particle Swarm Optimization (PSO)
in PSCs. But the problem with it is that this is a complex
algorithm that makes use of three different methods to
look for GMPP and for sudden changes. In [8] C. Huang
proposed a technique that tracks the MPP at a faster speed
based on a natural cubic-spline-based prediction model
and it is incorporated into the iterative search process. The
iterative processes are computationally burdening and also
since the proposed method is a model-free algorithm that
has a demerit that the environmental dynamics can’t be
judged with it. R.F. Coelho et al. in [9] presented a new
method that proposes an MPPT sensor that is temperature
based and from the aspect of design it is very
sophisticated. This method works on the fact that the
voltage of module depends directly on the surface
temperature of PV panel. But because of dependence on
temperature the effects of irradiation changes and load
changes get ignored and ultimately attaining MPPT gets
affected. N. Karami et al. in [10] described at least 40
methods that include advanced classical methods for
example three-point weight comparison method, parasitic
comparison, method, intelligent, and optimized
techniques. The methods are not effective enough to be
used in all the conditions.

Perturb and Observe (P&O) algorithm is among
classical algorithms which uses slope of PV curve to
extract the maximum power from the PV panel, but there
are oscillations around MPP in the output of the P&O
algorithm [11]. The work in [12] presented a method that
changes the perturbation steps during transient operation
by utilizing a fixed scaling factor with Incremental
Conductance (IC) to solve the problems occurred in P&O
algorithm. It removes the oscillations that occur around
MPP and increases the efficiency. The method still is
comparatively more time consuming and hard to
implement. In [13] the authors designed an MPPT method
that is called delta P&O in which a variable step size is
advised to enhance MPP Tracking but oscillations around
MPP are still there that causes power fluctuations at
steady state. The paper [14] proposed an MPPT technique
that perturbs the voltage and the duty cycle but still isn’t
effective in PSCs and has oscillations around MPP. In
[15] another hybrid technique of P&O was proposed that
hybridized fuzzy logic with P&O. The performance
analysis of the technique has shown some overshoots and
oscillations at output. The article [16] proposed a
technique that lacks the current-sensor and where PV
voltage and cell temperature is measured and from where
PV current can be calculated using a look up table [17].
However, this technique is complex and is unreliable
because of difficulties in temperature calculation and
accuracy in model.
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The paper [5] reviewed nearly all necessary and in-
stream methods that have been tried to extract MPP under
shading conditions. In the category for uniform shading it
mentioned some online and offline methods. In online
methods, P&O method [18], IC method [19], Hill
Climbing (HC) method [20], Beta () method [21],
Current Sweep (CS) method [22], Constant Current (CC)
method [23], Curve Fitting (CF) method [24], Pilot Cell
(PC) method [25], Lookup Table (LT) method [26], Load
Voltage and Load Current (LV & LC) maximization
method [27], and PV output senseless (PVOS) method
[28]. All the techniques used for uniform shading have
oscillations around MPP which decreases the power and
also they can’t perform under partial shading conditions.
For non-uniform shading conditions, there are many
hybrid techniques that have been proposed to serve the
purpose of GMPP tracking that include Perturb &
Observe with Genetic Algorithm (P&O-GA) [29] &
Perturb & Observe with Particle Swarm Optimization
(P&O-PSO) [30], Incremental Conductance with Particle
Swarm Optimization (INC-PSO) [31], Hybrid Grey Wolf
Optimization with Fuzzy Logic Controller (GWO-FLC)
[32], Hill Climbing with Adaptive Neuro-Fuzzy Inference
System (HC-ANFIS) [33], Modified Hill-Climbing with
Fuzzy Logic Control (MHCL-FLC) [34], Improved
Artificial Neural Network with Particle Swarm
Optimization (IANN-PSO) [35], and Incremental
Conductance with Simple Moving voltage Average (INC-
SMVA) [36]. The above mentioned methods have been
effective in dealing with uniform shading conditions but
when shading is strong they fail to track GMPP and stuck
at local peaks. The research work [37] proposed Flower
Pollination algorithm (FPA) for GMPP tracking in PSCs
and [38] utilized FPA and hybridized it with Opposition
based Learning (FPA-OBL) that has a great potential of
performing under partial shading conditions but this
technique gets complicated when implementation is done
as it involves a machine learning technique as well.

All above mentioned methods have been effective to
some extent to track MPP in uniform shading and GMPP
in non-uniform shading conditions but still there is a need
of more work and exploration to increase the efficiency
and output. The diversity in algorithms is always better as
it gives number of choices to adopt a technique on the
basis of their merits and demerits. This paper proposes a
novel nature inspired algorithm that has been in use for
some other scientific purposes [39] but has never been
utilized in MPPT. In this paper it has been used for
GMPP tracking under uniform and PSCs.

The aim of the paper is development of an
algorithm that can track global maximum power point of
photovoltaic systems under all shading conditions and
extracts the maximum possible power from the system,
and is simple and easy to implement.

This research work advises a new technique to attain
GMPP of PV arrays in PSCs. The algorithm is naturally
inspired by the process of plant propagation specifically
the strawberry plant propagation. The proposed technique
is a single algorithm and is easily to implement with less
parameters, and its approximation strength is so strong
that it catches GMPP even in hardest of the irradiance
changes. The simulation studies are carried in MATLAB /

Simulink and are compared to other frequently used
MPPT algorithms.

3. Proposed technique.

The survival approach of strawberry plant through
an adapted propagation strategy:

The plant of strawberry [39] lies in Rose family
category. The industry of strawberry fruit started from
Paris in the 17th century with its European type. Amedee-
Francois Frezier (mathematician and engineer) was hired
for drawing South America’s Map, when returned from
Chile in 1714, brought Chilean type of strawberry plant
that has a bigger size fruit. The modern plant is a result of
different crossings and evolution.

A. Propagation Strategy

The pure plants generally propagate using seeds, but
the most modern hybrid species are infertile that they
can’t propagate using seeds so they use runners. The
runners work in this way: the parent plant send runners or
root that when they touch ground, they grow roots from
where daughter plants grow. The runners are produced on
a principle that follows a reaction to stimuli, for example
a stronger plant will grow a concentration of small plants
around it but a weaker plant will grow small number of
plant but at a longer distance. That means stronger plant
which is at a good atmospheric condition i.e., light and
humidity, sends short runners but a weak plant which
isn’t at a good atmospheric condition sends runners less in
number but longer in length to look for a good
atmospheric condition for its survival. The runners are
sent in all directions but more runners are sent towards a
better spot. This happens because of what we call tropism
or a response of growth to a stimulus [40].

B. Assumptions from Observations

Keeping in view the observations made above, it is
supposed that the plant in order to flourish in an
atmospheric  condition, goes through a survival
optimization problem and those who can solve it they
survive. The inspiration got from this survival of plant
makes us use this approach as an optimization tools that
looks for good solutions to an objective function in a
solution space and gives best values in the end.

C. Designing an Optimization Problem from
Strawberry Plant’s Survival Strategy

Let’s say the problem to be optimized is:

f(x)=max 7, (1)

xeS
where x represents a point in search space S.

The job of survival optimization is to look for the
finest position x in the domain S that can provide the
finest growth f{x) for the daughter generation.

The Algorithm Strawberry Plant Propagation (SPPA)

The algorithms who search for global optimization
usually have two characteristics i.e., concentration and
exploration. In concentration, the algorithm searches
locally and converges at a local optimum while in
exploration it avoids local optimum and goes for global
optimum solution. Both these characteristics are
conflicting and a successful algorithm will have a balance
between them. In strawberry propagation, concentration is
implemented by sending short runners in large number to
search for good solutions and diversification is
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implemented when fewer runners are sent that are longer
in length as compared to the solutions that are not at good
spot. The pseudo code of algorithm is presented in Fig. 4.

Require: objective f{x), x € R*
Generate a population P={p; .1 =1, ..m}
541
for g+ 1 to g,
do
compute N; = f{p), ¥V p,e P
sort P in descending order of N
create new population ¢
foreachpi;i=1,_,m
do {best m only}
I; «— set of runners where both the size of the
set and the distance for each runner (individually) is
proportional to the fitness N
¢+ & U r; {append to population; death occurs by
omission above}
end for
P+ ¢ {new population}
end for
return P, the population of solutions

Fig. 4. The plant propagation algorithm (PPA)

Similar too many other algorithms in nature, SPPA
also need some variables, functions and initial values. For
SPPA they are a fitness function, population size, number
of generations, number of runners and distance if each
runner.

The algorithm works on the basis of population of
shoots where every shoot in a population is a
representative of a solution in the S. Every shoot is
supposed that it has grown a root that is similar as the
evaluation of an objective function. Every shoot sends out
runners to explore S. The number of shoots is denoted by
a variable m in the algorithm.

The SPPA is naturally iteration based and at each
generation, all shoots send out runner. There is a
parameter g, that gives a termination criteria on the
basis of which it is decided that how many times to send
out runners.

Solutions are sorted based on their fitness values.
The fitness value of runners is dependent on objective
function’s values, but the real relation among values of
objective function and fitness could be modified for a
specific problem. However, the SPPA believes that
fix) € [0, 1]; if it doesn’t, the equations are needed to be
modified that are utilized to decide the numbers of
runners and the distance for each. Presented below are
some case studies and the actual fitness functions for
each case will be presented along with the problem
statements.

The number of runners and the distance each runs
are determined by the functions that are presented below.
The functions have a requirement that the fitness must lie
in the range (0, 1). The mapping of fitness value, f(x), is
done to satisfy the following equation:

N(x) = (tanh(4-fix) — 2) + 1). 2)

Figure 5 depicts the effect of mapping function. The
necessity of this mapping is described below. This
mapping facilitates with a way of finding even more
better solutions over less-good ones.

08

06

04

0.2 r

0 0.2 0.4 0.6 0.8 1

0

Fig. 5. Effects of mapping function that is used to convert fitness
values from [0; 1] to (0; 1) and emphasizing more better
solutions

The numbers of runners that are produced are
proportional to fitness values. The function used by
default is:

1, = [Amax . N; . 7], 3)
where n, represents the numbers of runners generated for
the solution i in the present population; n,,, gives the max
number of runners to be generated; N; represents the
fitness, that is mapped (using (2)), of solution i, and
r € [0, 1] is a random number for every solution in every
generation.

Fitness mapping function and ceiling operator when
combined make sure that at least one runner is generated
by each single solution, and even for the solutions that
least in the fittests, and ones that have fi{(x) = 0.
The ny,x number of runners is generated by fittest
solutions. And for different studies here, n,.x is kept
nmax = 5. The distance travelled by every runner obeys a
same principle. That distance is described as:

d.;=2-(1-N)-(r—0.5), 4
where 7 is the search space dimension.

For j = 1,..,n each d,; belongs from (-1, 1). It is
made sure by the fitness mapping function that the best
solutions will possess the capacity to throw runners out at
a distance > 0 even if fi(x) = 1. The distance computed
will be utilized to renew the solution i on the basis of the
bounds on x;:

X' =x+ (bj— a)d,,. 5)

The values of x*j are managed in such a way that it is
made sure that the newly created points are within the
limits [a;, b;].

4. Simulations, results and discussions. The electrical
model used for simulations is shown in Fig. 6 and values
of components are listed in Table 1. The PV module used
is SunPower SPR-305E-WHT-D and its characteristics
are shown in Table 2, 3.

Ll D
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Fig. 6. Electrical circuit for simulation studies
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Table 1
Values of electrical components used for simulations

Components Symbols Values
Capacitor 1 Cl 1x10° F
Capacitor 2 Cc2 1x10° F
Inductor L1 10x10° H
Resistor R variable Q
Table 2
Characteristic parameters of SunPower SPR-305E-WHT-D
Parameters Symbols| Values
Max power Pypp 305 W
Open circuit voltage Voc 642V
Short circuit current Isc 596 A
Current at Py, Typp 5.58 A
Voltage at Py Virp 547V
Temp. coefficient of current /. K; 0.06 %/K
Temp. coefficient of voltage V,.| K, |-0.173 V/K
No. of cells per module Ng 96
Table 3
Boost converter’s parameters
Parameters Symbols| Values
Device on state resistance Roy 1102 Q
Snubber resistance Rg 1x10°Q
Snubber capacitance Cs inf F
Forward voltages [device V}, diode V]| V¢ [0,0]V
Diode forward voltage Via 1107V
Current source snubber resistance Ry, inf Q

The configurations of PV arrays used are 1slp, 2slp
and 3slp as shown in Fig. 7. The simulation results for
conﬁgurations are elaborated separately below.

[Temperaturc-|
Tempenmre - Tempemlure
Irddld“LL
[ Temperature]

(Temperaturd |
Fig. 7. PV arrays configurations: (a) 1slp; (b) 2slp; (c) 3s1p

[Irradiance |
Tem eramre

The simulations done on above configuration are
discussed here as:

Configuration Islip.

Since 1slp has only one PV module in it so it can
have only uniform shading conditions as in the Fig. 7 is
shown. The characteristic curves and power extraction
curves us1ng proposed technique for 1slp are at 100 and
500 W/m? shown in Fig. 8, 9. For 1000 W/m® the rated
power is 300.88204 W and power extracted using PPA is
300.88054 W which is 99.99 % efficient in this case.

While for 500 W/m? the rated power is 148.77592 W
and extracted power using PPA is 148.67529 W which
has an efficiency of 99.93 %. The MPP tracking ability of
PPA is very high in uniform shading conditions as it is
seen from above discussed results.

Configuration 2sl1p.
Figures 10-13 show output results of 2slp

configurations under different shading patterns. Figure 10
shows rated curves, and output power curve of 2slp
at 1000, 1000 W/m>. The rated power is 605.64547 W
and power extracted using PPA is 605.14782 W with
efﬁc1ency of 99.91 %. Figure 11 shows curves for 1000,
500 W/m* where rated power is 324.38211 W while that
extracted using PPA is 323.75138 W, which has an
efficiency of 99.8 %. This was partial shading conditions
where shading at two PV panels was different that makes
shift the MPP and PPA quite accurately tracked MPP

Figure 12 shows curves for 500, 500 W/m? that has
rated power of 301.27333 W while extracted power is
301.04306 W with efficiency of 99.92 %. Similarly,
Fig. 13 also shows graphs for rated power and extracted
power at 200, 100 W/m®. The rated power in that case is
61.74939 W and extracted power is 61.26584 W with
efficiency of 99.21 %.

Configuration 3s1p.

Figures 14-18 present characteristic curves and
output curves for 3slp at different shading patterns
Figure 14 shows curves for 1000, 1000, 1000 W/m” where
rated power is 912.51031 W while extracted power is
912.16287 W that has an efficiency of 99.95 %.

Figure 15 shows curves for 1000, 750, 500 W/m®
where rated power is 496.11087 W and extracted power is
495.49489 W that has an efficiency of 99.87 %.

Figure 16 shows curves for 1000, 750, 750 W/m’
where rated power 705.90873 W and extracted power is
705.52431 W with 99.94 % efficiency.

Figure 17 shows curves for 1000, 500, 500 W/m’
where rated power is 474.246 W and extracted output
power is 474.19434 W with efficiency of 99.98 %.

Figure 18 shows curves for 500, 500, 500 W/m?
where rated power 451.81051 W and extracted power is
451.16105 W which has an efficiency of 99.85 %.
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Fig. 8. 1s1p at irradiance of 1000 W/m?>:

(a) — characteristic P-V curve;

(b) — characteristic I-V curve;

(c) — power extracted using proposed method
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Fig. 9. 1s1p at irradiance of 500 W/m?:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c)— power extracted using proposed method
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Fig. 10. 2s1p at irradiance of 1000, 1000 W/m®:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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Fig. 11. 2s1p at irradiance of 1000, 500 W/m®:

(a) — characteristic P-V curve; (b)— characteristic I-V curve; (c)— power extracted using proposed method
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Fig. 12. 2slp at irradiance of 500, 500 W/m?:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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Fig. 13. 2slp at irradiance of 200, 100 W/m?:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method
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Fig. 17. 3slp at irradiance of 1000, 500, 500 W/m®:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method

00

Fig. 18: 3slp at irradiance of 500, 500, 500 W/m?:
(a) — characteristic P-V curve; (b) — characteristic I-V curve; (c) — power extracted using proposed method

Comparison to other techniques. The most
commonly used MPPT algorithms are P&O, HC, IC,
PSO, GA, FPA, etc. The algorithms are effective for
uniform and weak shading pattern but they fail to track
MPP when shading is strong. The FPA-OBL is another
technique used for strong shading that has very good MPP
tracking ability. The proposed PPA also performs very
good under all shading conditions. The simulation results
have shown its effectiveness in all shadings. In Table 4
one can see that under strong shading conditions the

Table 4
Detailed description of results for all configurations
Shading Rated Extracted Efficiency,
Config.| patterns, | power, t,s o
W/m> W power, W %
1sl 1000 300.882 | 300.880 |0.6822| 99.99
P s00  [148.775 | 148675 [0.6771] 99.93
1000, 1000| 605.645 | 605.147 [0.67725] 9991
21 1000, 500 | 324.382 | 323.751 |0.6771 99.80
P 500,500 | 301.273 | 301.043 [0.67905| 99.92
200,100 | 61.7493 | 61.2658 |0.6892 | 99.21
1000,
1000, 1000 912.510 | 912.162 [0.67835| 99.96
100506(?50’ 496.110 | 495.494 |0.67855| 99.87
1000, 750,
3slp 750 705.908 | 705.524 [0.6783| 99.94
100506300’ 474246 | 474.194 |0.6786| 99.98
50(;’0%00’ 451.810 | 451.161 |0.6787 | 99.85

efficiency of PPA has been 99.8 % that is the sign of its
effectiveness. It is simple and has high MPP tracking and
short tracking time. It doesn’t have oscillations around
MPP. The efficiency of PPA is 99 % in all the cases
which makes it very effective and a good choice among
other popular methods.

Table 5 shows the brief comparison of techniques.

Comparison of Proposed technique with P&O, HC, IC anzagifi
Algorithm Osactiﬁggns to lolc::lnritlllagxima Complexity
P&O Yes Yes Complex
HC Yes Yes Complex
IC Yes Yes Complex
FPA No No Less complex
SPPA No No Less complex

5. Conclusions.

The paper presented a novel technique for maximum
power point tracking that is based on the plant
propagation technique.

The technique is effective in all type of shading
conditions i.e., uniform, weak and strong.

It is a simple, less complex and fast converging
technique with lesser number of parameters that has an
edge of being easily computable technique as compared to
its contemporary techniques.

The simulation studies are carried on MATLAB /
Simulink and results are promising in all shading
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conditions especially in strong shading conditions. The
output efficiency is 99 % plus in all cases and has a
tracking time less than 0.7 s in all cases.

Conflict of interest. The authors declare that they
have no conflicts of interest.
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A power quality enhanced for the wind turbine with sensorless direct power control
under different input voltage conditions

Introduction. The quality of electrical energy is essential during disturbances, at the level of power electronic devices will suffer
serious operating problems causing dangerous damage. Aim. A new approach to direct power control without grid voltage sensor
improves the quality and control of instantaneous active and reactive power converters. Methodology. First, the technique without
network voltage sensor with a direct power control based on a switching table, which is a classic approach, is discussed and its
performance is analyzed under increasing and decreasing load. In addition, the performance of the proposed technique is also
analyzed under the same circumstances and their performance is compared. Originality. The new method consists of a nonlinear
grid voltage modulated controller and a conventional controller which guarantees very good results in a polluted network. The
proposed method is verified using MATLAB/Simulink. Results. The simulation results under different input voltage conditions show
that the proposed method not only has good tracking performance in active and reactive power, but also reduces the current total
harmonic distortion to 1.9 %, which is good lower than the requirement for network operation. References 17, tables 2, figures 11.
Key words: direct power control, virtual flux, grid voltage modulated, constant switching frequency.

Bcemyn. Axicms enexmpoenepeii mae asxciuse sHauenus nio yac 300i8, Ha Pi6Hi CUTOBUX eNeKMPOHHUX NPUCMpoig Oy0ymb mamu micye
cepliosHi  npobnemu  excniyamayii, wo SUKIUKAIms HebesneyHi nouwikooxcenna. Mema. Hoeuil nioxio 0o npamoeo KepyeéawHs
nomyaicHicmio 6e3 damuuxa Hanpyau mepexnci NoKpaujye sAKiCmv ma KOHMpOb Nepemeoprosadic MUmmegoi akmueHoi ma peaxmueHoi
nomyacnocmi. Memooonozin. Cnouamky 0620680piocmucsi Memoouka 6e3 0amyuxa Hanpyeu Mepedict 3 nPaMuM KepyBaHHAM HOMYIHCHICMIO
Ha OCHOGI MAOIUYL NEPEMUKAHHS, WO € KIACUYHUM NIOXOOOM, MA AHAWIBYEMbCA U020 NPOOYKMUBHICb NPU 30UTbUIeHHT MA 3MEHUEHHT
Hasanmaoicenns. Kpim moeo, eghexmugnicmb 3anponoHo6anoi Memoouku MAaKodiC auamizyemvCcs 3d Mux e 0OCMmasuH, i ixXHs
npooykmugnicme nopigHioemucs. Opuzinanvuicme. Hosuil Memoo ckiaoacmuvca 3 HeNiHilHO20 MePeXce6020 KOHMpoaepa 3 MOOYIAYIEIO
Hanpyeu i 36UNAiHO20 KOHMPOAEpad, AKULL 2apaHmye Oydce XOopowd pesyivbmamu 6 3a0pyOHeHill Mmepedxci. 3anponoHoeanuil mMemoo
nepegipsacmucs 3a 0onomoeoio MATLAB/Simulink. Pe3ynomamu. Pe3yivmamu MoOet08aHHA 3 PI3HUX YMOB 6XIOHOT Hanpyau noKasyoms,
WO 3anpoNOHOBANUL MEMOO He MINbKU MAE XOPOULi XapaKmepucmuky 8i0Cmedicens akmueHoi ma peakmueHoi ROmys4CHOCHI, ane makodic
suusrcye nomounuti THD 0o 1,9 %, wo 3uauno nudicue, Hidxe gumoeu 0ns pobomu mepeici.. bion. 17, tadm. 2, puc. 11.

Kniouoei cnosa: npsime KepyBaHHsl IOTYKHICTIO, BIpTyaJIbHUIl NOTIK, MOAYJIsiLisi HANPYTH Mepe:Ki, NOCTiliHA 4YacToTa

nepeMHKAHHS.

1. Introduction. Grid-connected converters are
widely used in the application of smart grids, Flexible
Alternating Current Transmission Systems (FACTS) and
renewable energy sources (e.g., wind and solar) and
various control methods have been investigated so that
converters improve their performance [1].

Many studies have focused on the advanced control
of the functioning of renewable energies that have been
proposed with the same main objective which is the
power quality which focuses on an almost sinusoidal
input current waveform with a higher power factor and
regardless of the input condition whether balanced or
distorted but their different principles.

The instantaneous power theory proposed by
Japanese researchers [2] is inspired by the Direct Torque
Control (DTC) proposed for asynchronous motors [3].
The Direct Power Control (DPC) strategy has received a
lot of attention from researchers in recent years due to its
many benefits. They have shown that the use of DPC in
various converters and applications whether it be matrix
[4] or Voltage Source Converter (VSC) at two and three
levels based on Fuzzy-Q-Learning algorithm is applied
[5] or on active filters [6] is more advantageous.

A DPC switching table has been formulated in
which the appropriate switching states are selected from a
predefined optimal switching table based on the digitized
signals of the instantaneous errors between the
commanded and estimated values of active and reactive
power extracted by a hysteresis controller and the angular
position of the voltage at the terminals of the converter
thus guarantees a decoupled control of the powers and
good dynamic performance [7].

However, the varying switching frequency results in
broadband harmonic spectra, which complicates the
design of line filters. To solve the downshift associated
with variable frequency operation, various DPC
algorithms have been developed for constant switching
frequency. One can find various publications studies on
how to fix the switching frequency of the DPC. The
authors [8] suggest to associate the principle of the DPC
with a vector modulation Space Vector Modulation
(SVM) in order to obtain a switching frequency constant
without the use of a switching table. Other authors [9]
combine other technique with DPC to improve the result
even more by using Sliding-Mode Control (SMC) it
allows to obtain a stabilization response faster than that of
the PI controller and a greater robustness. Backstepping
improves transient performance [10]. The SVM
modulation based on a predictive controller was
developed in [11] and even the new method proposed by
[12], called Multiple Switching Tables (MST-DPC),
performs a real-time selection of the most suitable
switching table among four alternatives depending on the
operating conditions of the device.

The performance of conventional DPC under
unbalanced and/or distorted input voltages deteriorates
when this occurs. In recent years, researchers are
increasingly interested in control methods to improve the
performance of DPC strategies under unbalanced grid
voltage conditions. Most solutions to improve the
performance of three-phase Pulse Width Modulation
(PWM) rectifiers are based on the extraction of the
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positive/negative  voltage/current  sequences. These
solutions are complicated and difficult to implement for
real-time applications since they require a great deal of
computation.

In Virtual Flux-based (VF) methods, the VF space
vector is obtained by integrating the voltage space vector.
The use of a pure integrator induces a shift of the direct
current in the estimated VF in order to remedy this
drawback. Several methods of practical implementation
of VF estimation have been proposed, with the aim of
avoiding saturation of the estimated signals. This
integration is generally performed via a First Order Low
Pass (FLOP) filter to avoid the saturation and DC drift
problems associated with pure integrators [13]. The DPC
Control Based Virtual Flux (VF-DPC) uses the detected
AC line currents and the estimated VF to calculate the
input powers. However, FLOP filters lead to amplitude
and phase errors. Although these errors can be minimized
by reducing the cut-off frequency of the filter, this
reduction leads to a reduction in the passband of the filter
and therefore to a degradation of its dynamics. And for
that, the authors [14, 15] propose a second order
generalized integrator (SOGI) estimator exploiting the
concept of virtual flow. Recent research in [16] presents a
combination of two cascade filters to achieve a VF-based
timing scheme, to ensure that the gate currents emulate
the desirable sine waveform even when the supply voltage
is unbalanced and/or harmonized.

Although the Grid Voltage Modulated Direct Power
Control (GVM-DPC) is first introduced in [17], the main
contribution of this paper is the proposal for an
improvement in the technique using VF incorporated in a
DPC scheme (GVM-DPC), for a three-phase PWM
rectifier in our case. The results of the simulation of VF-
GVM-DPC are compared with GVM-DPC under a
polluted network which gives better performance than the
classical method. The VF algorithm has an open loop
structure and uses the fundamental orthogonal output
signals which are obtained directly from the estimation of
the fundamental active and reactive powers. This method
provides quasi-sinusoidal input current waveform under
different input voltage condition and achieves good
stability, improves the performance of GVM-DPC.

The goal of the paper is the mathematical analysis
and the numerical implementation of an improved method
of grid voltage modulated based on direct power control
for three phase pulse width modulation rectifiers.

The rest of the paper is organized as follows. In
Section 2 the system modeling and the design of the
GVM-DPC controls are presented. Section 3 shows the
simulation results using MATLAB/Simulink. Finally,
conclusions are given in the last Section 4.

2. Virtual flux grid voltage modulated direct
power control.

2.1. Modeling VSC.

Figure 1 shows a simplified circuit of a two-level
VSC connected to the grid with an LR filter all of these
are considered ideal switches. The DC side could be
connected to renewable energy sources or energy storage
systems with a capacitor C and even at transmission scale
High Voltage DC.

********************

*****

WIND TURBINE
CGENERATOR

o
11
'5-‘
—
-

'
VOLTAGE |
SENIOR

Fig. 1. Representation of a VSC connected to wind turbine
generator

The relationship among the VSC output voltages,
the grid voltages, and the output currents in the stationary
reference frame by using the Clark transformation can be
expressed as:

ga>

U,=R-i, +L-dl—"‘+V
dt
di (M
. lp
Uﬁ =R'lﬁ +L'?+Vgﬁ°
where U, and Uy indicate the VSC output voltage; i, and
iz indicate the output currents; V,, and Vg indicate the
grid voltage in of frame, and L and R are the filter
inductance and resistance, respectively.
2.2. Modeling VF.
The concept of VF is based on the voltage integral
and can be applied as an estimation method for voltage-
sensor-less control of VSCs:

di
W5 = [Ugpdt = I[R-iaﬁ +L-dif+ Vgaﬁjdt . ()

where W5 is the estimated VF.

The use of the proposed Dual Virtual Flux Phase
Locked Loop (DVF-PLL), based on the cascade of two
adaptive filters illustrated in Fig. 2, is an optimized
solution.

I

i V

MM = ~ 1

. > =

I >T@iTE R
| RESISTANCE 4\
| COMPENSATION VIRTUAL FLUX

Vu ESTIMATION

1g 4 >“ >°z‘ g )% = I
RESISTANCE  /p
COMPENSATION

SEQUENCE
SEPARATION

Fig. 2. The diagram of the proposed Dual Virtual Flux estimator

The DVF-PLL filter function is based on the
estimated voltage and measurements current. First, the
voltage reference signals are expressed in the stationary
reference frame (of). Then the resistive voltage drop
included in the model is subtracted. The latter is shifted in
phase (90°) and gains unity for the fundamental frequency
used to estimate the VF components with the second-
order-low-pass filters. The estimated components of the
VF are separated in positive and negative sequences with
the same transfer function as that used for the estimation
of the VF components. By using the estimated VF
components in the stationary reference frame, the flux
angles can be estimated by using a conventional PLL. The
cutoff frequency is equal to 50 Hz and only the positive
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sequence is used to ensure adequate operation under
faulty network conditions [16].

2.3 Fuzzy Controller for PLL. To have good PLL
control performance, especially in case of wvoltage
disturbance variation and load disturbance the PI
controller will be replaced by a fuzzy controller. The
schematic diagram of this control is given in Fig. 3.

Fig. 3. The PLL fuzzy control

The fuzzy regulator uses two inputs. He first input is
the error between the reference and the measured value of
the quadratic voltage V. The second one represents the
variation of this error.

NL NM NS ZE PS PM PL

—

-8 -6 -4 -2 0 2 4 6 8
Input variable "Ev"

N Z P

0.5

n 1 n I T 1 n 1 n
-1 08 -06 04 -02 0 02 04 06 08 1
Input variable "dEv"

a

These two signals are expressed by:
e= Vqref (n)— Vq (n),
Ae = e(n)— e(n - 1), ’
where e and Ae are the error of the quadratic voltage and
its variation of the error.

For fuzzification, we used triangular membership
functions for the error. We chose the seven fuzzy sets: NL
(negative large), NM (negative middle), NS (negative
small), ZE (zero), PS (positive small), PM (positive
middle), PL (positive large). The rate of change AFw
includes 3 fuzzy subsets, it is not necessary to subdivide
it, because it is changing quickly in DPC. Output
membership KP and KI, both contain four fuzzy subsets

as shown in Fig. 4. There are total of 21 rules as listed in
Table 1.

3)

Y4 S M L
1
0.5
1 1.5 2 2.5 3 3.5 4 4.5 5
Output variable "Kp"
Z S M L
1
0.5
0 . N
0.005 0.01 0.015 0.02
Output variable "Ki"

Fig. 4. The fuzzy membership functions of input (a) and output (b) variables

Table 1
Fuzzy rules
KP Eow

KI| NL NM NS | ZE | PS PM PL

L M S M S M L

AE | N Z S M L M S Z

L M L Z L M L

AE | Z Z S M L M S Z

L M L Z L M L

AE | P Z M L L L M Z
24 Modeling DPC. Line current and VF

components are used in power calculations. It should be
noted that electrical resistance is included in the
estimation process VF, they can be calculated by the
following expressions:
P:w'(\ya'iﬁ_qjﬂ'ial 4
0=0-(W, iy +Wy-ip) @
where P is the estimate active power; Q is the estimate
reactive power;  is the angular frequency of the grid
fundamental wave; ¥, W i, ip are respectively the
virtual flow and the currents in the reference af.
By deriving (3) with respect to time, instantaneous
variations in active and reactive power dP/d¢ and dQ/dt

respectively can be expressed as a function of variations
in network voltage and output current as follows:

P . d¥, dip ~ d¥ di
—_—=1pn: + — \P .
d Fa e e P
do . d¥, .
e Y d P
If we consider a non-distorted grid, the following
relationship could be obtained

d:’a oy,
! ©6)
&,
— ) =w- S
dr @

where @ = 2-m:f is the angular frequency of the grid
voltage and f'is the frequency of the grid voltage.

By substituting (4) in (5), the state-space model of
the active and reactive powers is obtained as follows:

dpP
E:_g.P_a).QjL%.(a).(\pa.Uﬁ+\lfﬁ-Ua)—‘I’§)(7)
(ii_?:w.p_g.Q+%~(‘Pa ~Uﬂ +‘Ifﬁ-Ua),
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where
2_ 2 2 2
Yy =0 ~(‘1’a +‘Pﬂ)
2.5 Grid voltage modulated direct power control.
As mentioned in point (6), our main idea is to decouple

the outputs from the inputs. The definition of the control

inputs of the GVM is given as follows:
vp=w-(Vy Uy —¥p-Ug) -
UQ :a)~(‘1’a 'Ua +\P,3Uﬂ)

The space-state model of the active and reactive
powers becomes again as follows:

P R 1 5

- = P—w-O+—- —-¥

o Predr (UP g) o)
do R 1
—~==w-P—-——0+—- .

G et

A controller is designed to let the active and reactive
powers track their references. Define errors of the active
and reactive powers as follows:

P
! (10)

eg =Orer —0;
where P, and O, are the active and reactive power

references, respectively.

2
Up=Y;+R-P+L-0-O+ L-vp ;

Feedforward Feedback an
Up=co L PrRO+ Lvg .
Feedforward Feedback

where Up and Uy, are the new control inputs; vp and v, are
the feedback control inputs.

If the feedback control inputs are designed as
follows:

t
8p=For +Kp-ep+Kp 'IéP(t)d’+KP sgn(ep )
g (12)
&:Q = Qref +KQ -eQ +KQ JEQ(t)dt-i-KQ -sgn(te
0

where &p and ﬁQ are the new control inputs; K» and Ky

are controller gains.
If we consider a non-distorted grid, the following
relationship could be obtained

W (t) B ¥, -sin(ay -1+ 6,)] [ 4
e fm e o
with

1 +6,)
t+6,)|’

th

s1n
Z= Z{‘I’ cos(
where W, is the magnitude of the n" term; w, its
pulsation; 6, its initial phase; 4y and By are, respectively,
the DC offsets of ¥, ; and ¥y ; ¥, is the magnitude of
fundamental components of the ¥,; and Wp,.
While the fundamental VF value is expressed as
follows:

(14)

¥, (1) B ¥, -sin(ay -1 +6;)

LI’ﬁ(l‘) - \Pl-cos(a)l-t+¢91) ’
where W), @ and 6, is the magnitude components,
pulsation and initial phase of fundamental.

Based on the grid voltage (13), the GVM inputs can
be represented as follows:

Up] ., [sin(@-t+6) —cos(w-1+6,)
|:UQ:|_\P8|:cos(a).t+91) 51n(a).t+6;1):| . (15)

The original control inputs can be calculated as
follows:

¥, Up-¥g- UQ

U, = \I’é
(16)
¥y Up—Y, Up
Up= g2
g

Figure 5 shows the block diagram of the proposed
method.

ia i 1o

5 8, 8 8¢ 8 5§

VDC
S
Virtual Flux S
Fig. 02 5 SVM
U 1
W |y Te L
Pu—>  Power Calc. Inverse GVM
Qrat— eq. 04 eq.16
5 I
e €
Feedback W Feedforward
eq.12 _ eq.12
Yo

e
Fig. 5. Structure of VF-GVM-DPC controller

3. Simulation results. In order to provide a
complete comparison work, the classical control and the
proposed method are exposed to disturbed voltages which
are implemented with the help of MATLAB / Simulink
software. In a first step, a voltage unbalance and injection
of the 7™ order harmonic are created and included in
phase A at a cost of 20 %. Then, harmonics 5 and 7 with
an amplitude of 20 % is applied. A voltage unbalance of
20 % and a 5™ order harmonic of 20 % are created and
included in phase A. Finally, which is the worst case that
can occur with mains voltages, an asymmetrical
disturbance with harmonics 5 and 7 with an amplitude of
20 % is applied. We define the power fluctuation and the
total harmonic distortion (THD) factor of input current as
comparative criteria to demonstrate the superiority of the
proposed strategy using simulation results. During all
simulations, the Q,, is kept at zero to ensure the
functioning of the Unit Power Factor, which is an
indispensable criterion.

The two compared methods are simulated under
conditions shown in Fig. 6.

The following simulation results are obtained using
the values of the parameters given in Table 2.
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0.4 0.42 0.44 . 0.46 0.48 0.5 0.5 0.52 0.54 d 0.56 0.58 0.6
Fig. 6. The different voltage source condition applied to the rectifier:
(a) — unbalanced and harmonic 7 to 20 %; (b) —harmonic 5 and 7 to 20 %;
(c) —unbalanced and harmonic 5 to 20 %; (d) — harmonic 5 and 7 to 20 % asymmetric;
Table 2
System parameters used in simulation
Parameters Symbol| Values Parameters Symbol| Values Parameters Symbol| Values
The resistance of reactors R 0.56 Q |DC-bus capacitor C  |1100 pF|Switching frequency | Fy, [7500 Hz
Load resistance RL | 68.6 Q |The line-to-line AC voltage E 85V |DC-bus voltage VDC | 180V
Inductance of reactors L [19.5 mH|Frequency F 50 Hz |Sampling period Ts 20 pus

Figure 7 shows the results for GVM-DPC:

o (a) — the bus voltage curve; phase A;

o (b) — the grid current;

e (c) —the estimated voltages U,;

©
3

¢ (e) —the active P and reactive Q powers.
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Figure 8 shows the results for VF-GVM-DPC:

025 03 035 04 045 0s

Fig. 7. The simulation results GVM-DPC

o (a)— the bus voltage curve; phase A;

e (b) — the grid current;

e (c¢) —the estimated virtual flux ¥,;

055 .S os

o (e) —the active P and reactive Q powers.

o (d) — the superimposition current i and voltage V in

o (d) — the superposition current i and the voltage V in
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The distribution of Fig. 7 is the same as that of Fig. 8.
We can see in Fig. 7 the GVM-DPC which leads to
fluctuations in the voltage curve of the bus. In addition,
the grid current is affected by disturbed grid voltage
conditions, with a high THD rate, which reduces the
accuracy of the estimates of active and reactive power as
can be seen in Fig. 7. In addition, the DC bus seriously
oscillates around 5 V and the system does not operate
under a unit power factor which is a very important
criterion during our comparison.

On the other hand, we can see in Fig. 8§ VF-GVM-
DPC which gives us the current and the voltage are in
phase. Although there are still some low order harmonics,
we can observe that they have a limited influence
compared to that of Fig. 7. The oscillations of the vector
component of the estimated flux are sinusoidal and out of
phase without disturbance and fluctuation.

Figure 9 shows the bus voltage stabilizers at about
minus 2 V and the system is operating at unity power
factor.
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Fig. 9. System parameters influence on the evolution
of the DC bus voltage: R (a); L (b)
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t
0.45 05 0.55 s 06

Fig. 8. The simulation result VF-GVM-DPC

Figure 10 shows the difference between the
application of an SRF-PLL and a PLL which operates on
the basis of a fuzzy logic controller to detect the
fundamental frequency positive sequence component of
the mains voltage in unbalanced and distorted conditions
as well as fast and smooth tracking.

53

SRF-PLL
FUZZY-PLL

52

Q
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Frequency (Hz)
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N
©
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P P TP PP
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Fig. 10. The difference between Synchronous Reference Frame
based Phase Locked Loop and proposed fuzzy-PLL

From Fig. 11 we can note that the THD rate of the
network current has been improved compared to
traditional control while respecting the standard of the
electrical network. To highlight the contribution of the
oscillatory terms, first of all, the results of the proposed
control structure are shown in Fig. 2. The design and
optimization process were carried out in the same manner
as the procedure presented above. This result expressly
shows how the components of the low order harmonics
(5 and 7) with symmetrical and asymmetrical fault of the
network voltage affect the network current. To summarize
the results, Fig. 11 below presents an analysis based on
the current THD of the VF-GVM-DPC strategies studied
in this article.
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Fig. 11. Fast Fourier Transform analysis showing THD
in source current of the proposed method:
a) ideal network voltage conditions;
b) unbalance and injection of the 7th order harmonic;
¢) injection harmonics 5 and 7;
d) an asymmetrical disturbance with harmonics 5;
e) an asymmetrical disturbance with harmonics 5 and 7

4. Conclusions.

This paper presented the mathematical analysis and
the numerical implementation of an improved method of
Grid Voltage Modulated based on Direct Power Control
or we introduced them for three phase rectifiers. The main
objectives of the proposed control strategy are to obtain
sinusoidal input currents under different input voltage
conditions and to maintain the DC bus voltage at the level
required as part of the improvement of the wind chain.

In these situations, harmonic components appear on
the grid voltage, which causes distortion and current
imbalance if the power reference is kept constant.
However, the use of the proposed Virtual Flux-Grid
Voltage Modulated method has the same control structure
as the classic Grid Voltage Modulated, except for the use
of virtual flux instead of voltages, which results in the
optimization of the cost, since the voltage sensors will not
be used, which is based on the principle of disturbance
rejection, makes it possible to obtain an input current of
low THD compared to the conventional method.

The proposed control method could offer many
advantages and allows to obtain good performances with a
THD of 1.7 % under ideal conditions and during
disturbances it varies between 2.06 % to 2.81 % which
respects the standard, without forgetting with a load lower
calculation, without it being necessary to specify the power
calculation term, nor to extract the positive / negative
voltage sequence. We can therefore say that this control
method is able to improve the quality of the input current.
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