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Electrical Machines and Apparatus
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V.F. Bolyukh, I.S. Schukin

EXCITATION WITH A SERIESOF PULSES OF A LINEAR PULSE
ELECTRODYNAMIC TYPE CONVERTER OPERATING IN POWER AND HIGH-SPEED
MODES

Purpose. The aim of the article isto increase the efficiency of linear pulse electrodynamic type converter (LPEC) when operating
in high-speed and force modes by reducing the amplitude of the recoil force by exciting its windings with a series of pulses from
the capacitive energy storage (CES). Methodology. Using the LPEC mathematical model, in which the equations describing the
interconnected electrical, magnetic, mechanical and thermal processes are presented in a recursive form, the electrodynamic and
electromechanical characteristics of LPEC are simulated by excitation by a single and a series of pulses from CES sections.
Results. It was found that when a single pulse is excited by an LPEC operating in a high-speed mode, in which the armature
accelerates the actuator, compared with the force mode in which the armature is inhibited, the current amplitude in the windings
decreases by 7.5 %, and the amplitudes of e ectrodynamic force (EDF) — by 21.8 %, impulse values of EDF — by 27.1 %. In this
case, the armature winding with the actuating element accelerates to a speed of 7.1 m/s. When excited by a series of pulses from
the same sections of the CES during LPEC operation in the force mode, the amplitudes of the current pulses and the EDF are
practically unchanged, and when operating in high-speed mode, the amplitudes of the currents and the EDF gradually decrease.
Both in power and in high-speed operating modes, an increase in the number of excitation pulses while conserving the energy of
the CES leads to a decrease in the main indicators of LPEC. But by reducing the amplitude of the EDF, which manifestsitself as
a recoail force, the efficiency of LPEC increases. Originality. It is shown that the excitation of LPEC by a series of pulsesincreases
the efficiency of LPEC when operating in high-speed and power modes, providing a minimum amplitude of the EDF, which
determines the recoil force acting on the inductor winding. Practical value. For LPEC operating in high-speed mode, it is
proposed to reduce the maximum current amplitudes and EDF due to the sequential increase in capacitances of sections of the
CES, forming a series of excitation pulses. For LPEC, operating in force mode, it is advisable to use the same capacities of all
sections of the CES. References 22, figures 9.

Key words: linear pulse electrodynamic type converter, mathematical model, high-speed and for ce operation mode, excitation
by a series of pulses, recoil force, efficiency criterion.

Ipedcmasnena mamemamuuna mMooes JHIIHO20 IMRYILCHOZ0 Repemeoplosaya enekmpoounamiunozo muny (JIIIET), ¢ axii
Ppilienna pi6HAHb, WO ORUCYIOMD 63ACMONO0E' A3AHI eNeKmpuyHni, MazHimHi, MexaniuHi ma mennoei npoyecu, nooaui 6
pexypenmuomy euznaoi. /locnioxnceno enekmpomexaniuni i enekmpoounamiuni xapakmepucmuxu JIIIIET npu pooomi e
WIBUOKICHOMY pedcumi, uio 3a06e3neuye nNPUcKOPEeHHA 00MOMKU AKOPA 3 GUKOHAGUUM eJleMEHNOM, Md 8 CUNI0BOMY pedcuMi npu
3azanvmosaniii 0omomui axopa. Ilokazano, wo npu 30yoxcenni oounounum imnyavcom JIIIET, akuii npaytoe 6 wiuOKicHomy
pedcumi, 6 ROPIGHAHHI 3 CUTLOGUM PEHCUMOM, 8I00YBAEMbCI 3MEHMWEHHS AMNIIMYOU cmpymy 6 oomomxkax Ha 71,5 %, amnaimyou
enexkmpoounamiunux sycuns (EA3) — na 21,8 %, snauenns imnynvcy EJ/[3 — na 27,1 %. Ipu yvomy obmomka saxopsa 3
GUKOHAGUUM eleMEHMOM po32aHiembcs 00 weuokocmi 7,1 mlc. Ipu 36y0xncenni cepieio imnynvcie 6i0 o0nakosux cexuii
emHicnoz0 naxonuuyeaua emeplii (EHE) ma pobomi JIIIIET ¢ cunoeomy pescumi amniuimyou imnynwvcie cmpymy i E/[3
NpPAKmMuy4yHo He3MIHHI, a npu pooomi 68 WEUOKICHOMY pexcumi 6i0Oysacmbvca NOCNIO06HE 3MEHUIEHHA WUX AMAJIIMYO.
3binvuenna Kinokocmi imnynscie 30y0xcennsa npu 3oepescenni enepzii EHE npu3eodums 00 3mMeHuenHA 0CHOGHUX NOKA3HUKIE
JIIIET. Ane 3a paxynox 3menuwienna amnaimyou EJ[3, aka nposasnaemovca sak cuna eiodaui, egpexkmusnicme JIIIIET
3oinvuiyemoca. /na JIIIET, wo npauioc ¢ wiuOKicnomy pexcumi, 3anpoOnoOHO8AHO 3MEHUIEHHA MAKCUMANbHUX AMRIImMYyo0
cmpymy i EJ[3 3a paxynok nocnioosnozo 36inbuiennsn emnocmeii cexyiii EHE, aki gpopmyroms cepii imnynvcie 30y0xncennsn. /ns
JIIIET, wo npauroe 6 cunogomy pexcumi 0OUiibHO UKOPUCHO8Y8amU 00HAK06I emHocmi écix cexuiti EHE. Bion. 22, puc. 9.
Kniouosi cnosa: niniiiHui iMIyJbCcHUN NepeTBOPIOBAY €JIEKTPOAMHAMIYHOIO THIy, MaTeMaTH4YHA MOJeJb, WIBMAKICHUH i
CHJIOBHI pe:KUM po0oTH, 30yKeHHs cepielo iMmyJibceiB, cuila Bigaadi, kpurepiii e)eKTHBHOCTI.

Ilpeocmasnena mamemamuueckas Mmooens JUHENHO20 UMNRYIbCHOZ0 RNpeodpazosamenn INeKMPOOUHAMUYECKOZ0 MUNA
(THIIDT), ¢ komopoii pewienus ypasHeHuil, ORUCHIGAIOUUX 63AUMOCEAZAHHDIE IICKMPUUECKUE, MAZHUMHbLE, MEXAHUYECKUE U
mennogvle npoyeccol, npedcmagnensvl 6 pekyppenmuom guoe. Hccnedosanvl anekmpomexanuieckue u 11eKmpoouHamuiecKue
xapakmepucmuxku JIHIIDT npu pabome 6 crkopocmuom pedxcume, odecneuusaruiem yYcKOpeHue O00MOMKU AKOpA C
UCHOJIHUMENIbHBIM DJIEMEHMOM, U 6 CUN08OM pedcume, Ko20a o0momka akopsa 3amopmoxcena. Ilokazano, umo npu
6030yscoenuu 00unounvim umnynvcom JIUIIIT, pabomarouiezo 6 CKOpocmHuom pexcume, N0 CPAGHEHUIO C CUTOBLIM PEHCUMOM
HPOUCX0OUN YMEHbULCHUE AMIIAUMYObl MOKA 6 00momKax Ha 1,5 %, amnaumyost 2nexkmpodunamuveckux ycunuii (31Y) — na
21,8 %, snauenua umnynvca Y — na 27,1 %. Ilpu 3mom oo6mMomka AKopsa ¢ UCHOTHUMETbHBIM IJIEMEHNOM PA320HAEMCA 00
ckopocmu 1,1 mlc. Ipu 6036ysncoenuu cepueii UMnYIbC068 OM OOUHAKOGHIX CEKUUIL eMKOCMHO020 Hakonumensn Inepeuu (EHD) u
pabome JIHIIIT 6 cunoeom pesxcume amnaumyosvt umnyiabcoé moxa u /Y npakmuuecku HeusmeHHbl, a npu padome 6
CKOPOCHIHOM pedicume npoucxooum nocnedosamenbHoe ymeHovuieHue amnaumyo mokoe u /Y. Yeenuuenue xonuuecmea
UMRYIBbCOB 8030Ydcoenus npu coxpanenuu ynepeuu EHD npusooum k ymenvuienuto ocnoenwvix nokasamenei JINIIIT. Ho 3a
cuem ymenvuienun amnaumyost /1Y, komopasa nposasnsemca Kak cuna omoauu, ygpdpexmuenocme JIHIIIT ysenuuueaemces.
[na JIHTIIT, pabomarouwiezo 6 CKOpOCHHOM pexcume, NPedIoHceH0 YMEHbUIeHUEe MAKCUMANbHBLIX amnaumyd moka u /1Y 3a
cuem nocneoosamensHozo ygenuvenun emxocmeii cexyuit EHJ, gpopmupyrowjux cepuu umnynvcoe 6036ysycoenusn. /[na JIHIIT,
pabomarouiezo 8 cUL060M percume, UenecooOpasHo UCnOAb308aMb 00UHAKOBbIe emKocmu écex cekyuit EHD. bubn. 22, puc. 9.
Kniouesvie cnosa: NHHeWHbI HMIYJbCHBI Npeodpa3oBaTelb 3JeKTPOAUHAMHYECKOr0 THIIA, MaTeMaTH4YecKasi MoJelb,
CKOPOCTHOW M CHJIOBOJ pesknM padoThl, BO30y:KIeHHe cepueii HMITy/IbCOB, CHJIa 0TAa4u, KpuTepnii 3¢pdexTuBHOCTH.

© V.F. Bolyukh, |.S. Schukin
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Introduction. Linear pulse electrodynamic type
converters (LPEC) are widely used to accelerate the
actuator (A) to high speed in a short active section and to
create powerful force pulses on the target with a dlight
movement of the A [1-3]. Such converters operating in
both high-speed and force modes are widely used in many
branches of science and technology as electromechanical
accelerators of A and shock-force devices[4, 5].

As the analysis shows, LPECs have improved force
and speed indicators compared to inductive and
electromagnetic converters which are also widely used for
similar applications[6].

In the induction-type converter, the armature is
made in the form of a single or multi-turn short-circuited
winding, in which current is induced from the inductor
winding. However, due to the phase shift between the
currents in the windings of the inductor and the armature,
in addition to the eectrodynamic forces of repulsion,
parasitic attractive forces aso arise. As a result, the
efficiency of such a converter decreases[7].

An electromagnetic type converter has an armature
made ferromagnetic and an electromagnetic force of
attraction acts on it from the side of the inductor winding.
However, due to the physica properties of a
ferromagnetic, in such a converter electromagnetic
processes are dow in nature with relatively low force
amplitudes. This aso leads to low efficiency of the
electromagnetic type converter, especially when operating
in high-speed mode [8].

LPEC contains a movable armature winding (AW),
which electrodynamically interacts with the stationary
indictor winding (IW) [9, 10]. These windings are usually
connected in series and are excited from a capacitive
energy storage device (CES). Since both windings are
wound  counterclockwise in  magnetic  field,
electrodynamic repulsive forces (EDF) arise between
them. LPEC windings are multi-turn in the form of disks
coaxially mounted opposite each other (Fig. 1).

Fig. 1. LPEC diagram:
1-1W,2-AW,3-A, 4—-stop, 5-CES

In the high-speed mode of operation, under the
influence of the repulsion EDFs, the AW along with the A
axially moves relative to the IW aong the z axis with
speed v,. However, these same EDFs aso affect IW,
which leads to the appearance of the recoil force of the
LPEC. The recoil force negatively affects the functioning
of the converter in many technical objects and systems,

reducing their mechanical reliability. For a number of
applications, for example, riveting, grooving, marking and
other manual percussion instruments, for launch systems,
for example, catapults for unmanned aerial vehicles,
various autonomous starters, and others, the recoil force
negatively affects both the device itself and the operating
personnel [11]. The recoil force is especialy negative in
various measuring devices. For example, in a ballistic
laser gravimeter designed to measure the acceleration of
gravity, an electromechanical catapult is used, which
provides a vertica toss of the A — an angular optical
reflector [12]. This reflector is an integral part of the
measurement system of a Michelson laser interferometer.
The recoil force arising during the tossing of the A causes
autoseismic oscillations, which reduce the accuracy of
measuring gravitational acceleration [13].

Recently, studies of linear pulsed electromechanical
converters have appeared, for the excitation of which
from the CES various shapes of current pulses generated
by electronic devices are used [14]. Of interest is the
excitation of a linear electromechanica induction-type
accelerator with superconducting magnets by a series of
rectangular pulses[15, 16]. This excitation system is used
to recover part of the energy in the power source.

A method of excitation of alinear electromechanical
accelerator of induction type by a series of consecutive
pulses from sections of the CES is known [17]. However,
in this accelerator, each section of the CES is connected
to its section of 1W, which are offset from each other
along the axis of movement of the electrically conductive
armature. However, if the IW is made non-partitioned,
then such a system does not solve the problem of reducing
the recail force.

Thus, a decrease in the amplitude of the EDFs,
manifested in the form of a recoil force, when the LPEC
performs its functions in high-speed and force modes, is
an urgent task.

The goal of the paper is increasing the efficiency
of LPEC when operating in high-speed and force modes
by reducing the amplitude of the recoil force by exciting
its windings with a series of pulses from sections of
the CES.

To excite LPEC from the CES, we use a haf-wave
polar pulse generated by the starting thyristor VS
assuming that its resistance in the forward direction is
negligible and in the opposite direction its conductivity is
equally small. Note that with such an excitation pulse, at
the end of the operating cycle, a part of the energy is
stored in the CES, which allowsits further use [18, 19].

The mathematical model of LPEC. Consider the
mathematical model of LPEC, which uses the lumped
parameters of the active elements — IW and AW. This
model allows to quickly calculate LPEC indicators when
excited by a series of consecutive pulses. To take into
account the interconnected electrical, magnetic,
mechanical and thermal processes, as well as a number of
non-linear dependencies, we present the solutions of the
equations describing these processes in a recursive form.
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In the calculation, the workflow is divided into a number
of numerically small time intervals At = .1 — tc within
which we consider al quantities to be unchanged. With
this approach, linear equations and relations can be used
to determine the excitation current and voltage of the CES
on the calculated time interval At.

Electrical processes in LPEC when excited by a
single current pulse from the CES can be described by the

equation [7]:
dy 1 |
(R + Ry(T))-i + ==+ - [ick =0, uc(0)=Uo, (1)
t Cy 0

where n = 1, 2 are the indices of IW and AW,
respectively; R,, T, are the resistance and temperature of
the n-th winding, respectively; i is the current IW and
AW; C, is the capacity of the CES charged to voltage Uy,
Uc isthe voltage of the CES;

dMlz

ddlf[/ [Li-2M,(2) + |—2] —2' Vy(t) 2
where L, is the inductance of the n-th wmdmg, MlZ(Z) is
the mutual inductance between the IW and the AW
moving along the z axis at speed V..

On a numerically small time interval At we assume
that al functional dependencies are unchanged:
Ri(T1) = Ry, Ro(T2) = Ry, M12(2) = Maa, VL) = V.

Substituting equation (2) in (1) we obtain:

am . di
[Rl-i- RZ_ZVZ dzlzJ'l +[L1—2M12 + Lz]a—i-

t ©)
+ijidt =0
c .
The solution to equation (3) will be sought in the
form:

i = A exp(agt) + Ay exp(ast) 4

5 05
O,ZS(Qj ! ] are the
E) Cy&

roots of the characteristic equation; A, A, are the arbitrary
constants;

where a5 = —O,Sgi

dMlz
O=R+R
R+ Ry - e
If ©>2 5051, then after a series of

transformations we obtain expressions for arbitrary
constants at time t,;

Uc(ty) +@-ity) + ap1= - '(tk)
Ap=
~exp(al2tha21 0‘12)

Substituting expressions (5) into equation (4), we
obtain the expression for the current in arecurrent form:

_Uc(ty) +0-i(ty)

()

H(tera) = Z(ay—ay) [explary4t) - explap4t)]+
i(ty) ©)
—K2[or, exp(ay 4t) - g explap4t))
a2 - 0!1

The voltage on the CES:
uc(t) +O@-i(t
Uc (txsg) = Lot +0-1(t) [z explaAt) - ag explaz4t)] +
Oy —oq (7)
+E—— 1(t) o) exp(alAt) alz eXp(aZAt)]
Oy —oq
If @<2 5(;61 , then the roots of the characteristic

equation can be represented as:
a1p =6 joy = agexp(j(z£0)), ®)

5
5=050="1; 0= arctg(45@‘2C51 —1)0 ;
5

(o) 0% wy = (=71c5 0250252 f°
Substituting the values of the roots (8) in equation
(6) and taking into account that
2j sin(a4t) = exp(jp4t) - expl(~ jeyt),
we obtain:
(te.1) = op expl- s uc (1) +0-il g
x sin(ay4t)+ ity ) sin(ay 4t — 0)}.
The voltage on the CES in this case:
Uc (tisa) = ~oer *expl- ot fuc (t) + ©-i(ti) ]
x sin(ay At — 0)+i(ty )= sin(w, At — 26)).

where

(10)

If = ZwIEC’l , then § = wp and the current is:
i(teq) = exp(— 5At)At{i (t)s— = 1x

: (11)
x[uc (t) + 0-i(t)]-
The voltage on the CES in this case:
Uc (tks1) = U (tk) =i (t) 55 + ©-i ) [0t +1)x (12)

x exp(— 84t)+i(t, ) (=5 - 0).
The value of the displacement of AW with A
relative to IW can be represented as a recurrence relation:

hy(tc1) = hy (t) +V (t) At + 8- 4t%/(my +my), (16)
where V (ty,1) =V, (ty) + - At/(my, +my) isthe speed of
AW with A;

=f,(z1)- KTVz(tk) 01257y 85D

f (zt)—| (t)

axial EDF between windings; m,, m, are the masses of
AW and A, respectively; h, is the value of displacement
of AW with A; Kt isthe dynamic friction coefficient; y, is
the density of the medium fir movement; £, is the drag
coefficient; Dg, is the outer diameter of A.

When LPEC is operating in force mode, there is
thermal contact between the IW and the AW through an
insulating gasket. The temperature of the n-th LPEC
winding can be described by the recurrence relation [20]:

To(ten) = T2 + (- e H2 )Ry (T(D2 - D2+
+0,257ToDenH n7r + T (ti ) Aa (T)d3 [x

V() ;

12 (z) is the instantaneous value of

(17)

+ﬂaU)J};
daHn

L
% {0,25701nDenH n +2a(T)d3 |

where & = exp —L[O,ZSDenaTn
CnlIn)7n
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As(T) isthe thermal conductivity coefficient of the gasket;
d, is the thickness of the gasket; D¢, D, are the outer and
inner diameters of the n-th winding, respectively; am, C,
are the heat transfer coefficient and heat capacity of the n-
th winding, respectively.

When LPEC is operating in high-speed mode, the
temperature of the n-th winding can be described by the
recurrence relation [20]:

Ta(tien) = Tn(t) 7+ (- 2 )To + 47 %2 (1) %

1 18
Ruartoaniioa-of ' P
where y = exp% 0,254tD g 1nCrt (Th) }/ﬁl}.

To calculate the characteristics and indicators of
LPEC, we use a cyclic action agorithm that allows to
take into account a set of interrelated processes and
various nonlinear dependencies, for example, R\(T,),
M1,(2). Based on the current values obtained at time ty,
the temperatures of the windings T; and T, the
displacement h, and the speed of the AW v,, the mutual
inductance M;, between the windings, etc. are calculated.
The value of the calculation step At is chosen so that it
does not significantly affect the calculation results,
providing with the necessary accuracy.

Theinitia conditions of the mathematical model:
Tn(0) = Ty isthe temperature of the n-th winding;
in(0) = Oisthe current of the Tox n-th winding;

h,(0) = hy isthe distance between IW and AW,
u.(0) = Up isthe CES voltage;
v,(0) = 0 isthe AW speed along the z axis.

The main parameters of LIPET. Let us consider
LPEC, in which IW (n = 1) and AW (n = 2) are made in
the form of two-layer disk coils. IW is wound with a
copper bus bar with cross section of 1.2x5.0 mm?, and
AW is wound with a copper bus bar with cross section of
1.2x2.5 mm? Number of turns of the n-th winding
N, = 60, outer diameter D, = 100 mm, inner diameter
Di, = 8 mm. CES: energy W, = 180 J, voltage Uy, = 300 V.
Theinitia distance between the windingsish, =1 mm.

When LPEC is operating in high-speed mode, we
use A with mass of m, = 0.5 kg, and evauate its
effectiveness with maximum speed v, at minimum recoil
force. When LPEC is operating in the force mode, we
assume that there is no displacement of the AW with the
A (m, = o), and its efficiency will be estimated using the

maximum value of the EDF impulse P, :j f,(zt)dt a

the minimum recoil force.

LPEC excitation by a single pulse is carried out
from the CES with capacitance C; = 4 mF. When
operating in the power mode (Fig. 2), the current
amplitude in the LPEC windings is i, = 1.478 kA, which
leads to the appearance of EDF with amplitude of
f,m = 10.56 kN between the windings. The value of the
EDF impulse at the end of the operating process (1.65 ms)
is P, = 7.88 N's. Note that the temperature rises of the
windings 6, = T, — T, are negligible (¢, = 0.2 °C,
0, =0.7 °C).

LKA u, v FLKN, P N

20
2P,
15 107 ﬁ:: -0-0-0-0-0-00-0
r.f'
L
10 /’—\
5 / \
0 \
0,052,
-5
0 0,5 1,0 1,5 f,ms 20

Fig. 2. Electrodynamic characteristics of LPEC
when operating in force mode

When operating in high-speed mode, the operating
process is delayed up to 2 ms with a decrease in al the
main indicators (Fig. 3). The amplitude of the current in
the windings decreases to i, = 1.375 kA, which leads to a
decrease in the amplitude of the EDF between the
windings to a value of f,, = 8.67 kN. The value of the
EDF impulse at the end of the operating process is
P, = 6.2 N-s. The temperature rises of the windings also
decrease (6, = 0.18 °C, 6, = 0.6 °C). Such achange in the
operating process is due to the movement of AW with A,
which reach maximum speed of v,,, = 7.1 m/s.

i, kA u, Vi £, KNG By, v, mfs

20
15
10+
g;?x
10
/ ﬁk’d : f v,
5 \
A
0 [y,
“%b% 0,052,

-5

0 0,5 1,0 1,5 2.0 ¢, ms 2,5

Fig. 3. Electrodynamic characteristics of LPEC
when operating in high-speed mode
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L PEC excitation by a series of pulsesis carried out
by sequentially connection in time to the terminals a and
b of the sections of the CES. This forms a parallel
connection of the sections of the CES to the converter
windings.

Note that the parallel connection of the sections of
the CES to the IW of alinear pulse induction accelerator
was studied in [21, 22]. However, in these studies, all
sections of the CES are connected to the W
simultaneously.

The total capacity of the sections is egual to
Co = 4 mF. The delay time for connecting the sections
determines the repetition period of the excitation current
pulses. With this method of excitation, the efficiency of
LPEC in force and high-speed modes is evaluated by
dimensionless criteria:

« P, £ x Vg fO
Kp=—etm ;- Yan (19)
fzm PZ mevzm

where 2 P2 V2 are the values of the amplitude and

impulse of the EDF, the speed of the AW with A,
respectively, when excited by a single pulse.

The essence of these criteriais to ensure the greatest
value of the EDF impulse for the force mode, and the
highest speed of the AW with A for the high-speed mode
with minimum amplitude of the EDF which determines
the recoil force. These criteria evaluate the efficiency of
LPEC when excited by a series of pulses with respect to
excitation by asingle pulse.

Figure 4 shows the electrodynamic characteristics of
LPEC when operating in force mode from five identical
sections of the CES connected to the windings in series
with a delay of 0.75 ms. For each excitation pulse, the
current amplitude is practicaly unchanged and is
im = 0.788 kA, which is amost 2 times less than when
excited by a single pulse. The amplitude of the EDF
decreases even more, reaching f,, = 3 kKN. The value of
the EDF impulse at the end of the operating process also
decreases, but to a lesser extent, amounting to
P, = 4.9 N-s. The temperature rises of the windings also
decrease (0, = 0.13 °C, 0, = 0.42 °C). However, the

efficiency criterion of the converter K; increases by

more than 2 times, compared with its excitation by
asingle pulse.

Figure 5 shows the electromechanical characteristics
of LPEC when operating in high-speed mode from five
identical sections of the CES connected to the windingsin
serieswith adelay of 1 ms. A feature of this converterisa
sequential decrease in the amplitudes of the currents i,
and EDF f,,, when connecting sections of the CES. Such a
decrease in these amplitudes is due to the sequential
weakening of the magnetic coupling between the
windings due to the displacement of the AW by an value
of h, In this converter, the largest amplitudes are
observed in the first pulse, amounting to current
im = 0.783 KA, for EDF f,,, = 2.95 kN. The value of the
EDF impulse in this case is P, = 3.34 N's, providing the
speed of the AW with A v, = 3.82 m/s. The temperature

rises of the windings are 6, = 0.11 °C, 6, = 0.37 °C. Thus,
in the high-speed mode, al indicators of LPEC, excited
by a series of five pulses, decrease in comparison with
excitation by a single pulse, but the criterion of converter

efficiency KC increases in this case by 58 %.
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Fig. 4. Electrodynamic characteristics of LPEC
when excited from the same sections of the CES
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Fig. 5. Electromechanical characteristics of LPEC
when excited from the same sections of the CES

To assess the effect of the number of excitation
pulses N; on the LPEC parameters, Fig. 6 is used. Both in
force and in high-speed operation modes, with an increase
in the number of excitation pulses N;, a constant voltage
of the sections of the CES Uy = 300 V and conservation of
their total energy Wp = 180 J, al the main indicators
decrease. These are the amplitudes of the currents i, and
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the EDF f,,, the value of the impulse of the EMF P, and
the speed of the AW with A v,. But due to a stronger
decrease in the amplitude of the EDF f;,, which manifests
itself as the recoil force, from an increase in the number

of excitation pulses, the efficiency criteria of LPEC K,

and KC aso increase.

Ty KA L, KNG Py, N-s: K2 ru.

1 2 3 1
a
i kAL L KNG P Nog Vi, s K T
4

N.,n 5

i

1 2 3 4 N.n 5
b

Fig. 6. Dependence of the performance of LPEC in force (a) and
high-speed (b) modes on the number of excitation pulses

The maximum amplitudes of the current and EDF in
the first pulse of the series for LPEC operating in high-
speed mode can be reduced by sequentially increasing the
capacitance of the sections of the CES while maintaining
their total value Cy = 4 mF.

Figure 7 shows the electromechanical characteristics
of LPEC when operating in high-speed mode and
excitation from five sections of the CES, whose
capacitances linearly increase from 0.4 mF in the first
section to 1.2 mF in the fifth section.

i: kA: ué)kNa hz: mm;, VZam/S

A /fﬁ(
I

AN

Fig. 7. Electromechanical characteristics of LPEC when
operating in high-speed mode and excitation from sections of
the CES, the capacities of which increase linearly

— o]
—

With this excitation, of LPEC operating in high-
speed mode, the maximum current amplitude is observed
not in the first but in the fourth pulse of the series and is
im = 713.9 A, which is lower than when excited from
identical sections of the CES. The maximum amplitude of
the EDF is observed in the third pulse of the series and
amounts to f,, = 2.04 kN. Note that the decrease in the
current amplitude after the fourth pulse of the seriesis due
to the weakening of the magnetic coupling between the
IW and AW. A decrease in the amplitudes of the EDF
after the third pulse of the series is additionally caused by
an increase in the distance between them.

With this method of LPEC excitation, the value of
the EDF impulse is P, = 3.33 N-s, which ensures the
speed of the AW with A v, = 3.81 nm/s.

Figure 8 shows the electrodynamic characteristics of
LPEC during operation in the force mode and excitation
from five sections of the CES, whose capacitances
linearly increase from 0.5 mF in the first section to
1.1 mF in the fifth section. With this excitation of LPEC
operating in the force mode, the maximum current
amplitude arises in the fifth pulse of the series and is
equal to i, = 908 A, which is higher than when excited
from identica sections of the CES. The maximum
amplitude of the EDF also occurs in the fifth pulse of the
series and amounts to f,, = 3.98 kN. The value of the
impulse of EDFisP,=4.98 Ns.
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To assess the effect of the regularity of the
distribution of capacitances in sections of the CES on the
performance of LPEC when operating in high-speed and
force modes, Fig. 9 is used, where the indicator of the
distribution of capacitances in sections of the CES is
used:

K; = 2(Cmax _Cmin)(cmax +Cmin)_l'
where Cin, Cnax @re the capacitances of the first and fifth
sections of the CES, respectively.

Note that at Kéz 0 the capacitances of all five

sections of the CES are the same.
When LPEC is operating in high-speed mode, an

increase in the indicator Ké substantially changes only
the maximum amplitude of the EDF f,, which noticeably
decreases in the interval K; < (0, 1). This affects the

efficiency criterion KC, the maximum value of which
will be at K. = 1 (Cpin = 0.4 MF, Crex = 1.2 mF). If the

indicator K; exceeds 1, the efficiency criterion K;
decreases due to an increase in the amplitude of the EDF
in the last fifth pulse of the series. When LPEC is
operating in force mode, an increase in the indicator KZ
leads to an increase in the maximum amplitude of the
EDF f,,, as aresult of which the efficiency criterion K;

decreases.

Thus, when excitation by a series of pulses from
sections of the CES by reducing the amplitude of the
recoil force, an increase in the efficiency of LPEC is
provided. For a converter operating in high-speed mode, it

is advisable to increase the indicator of the distribution of
capacitances in sections of the CES to a certain value

(K; = 1). For a converter operating in force mode, it is

advisable to use the same capacitances for all sections of
the CES.
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Fig. 9. Dependence of the performance of LPEC in high-speed
(a) and force (b) modes on the indicator of the distribution of
capacitances in sections of the CES

Conclusions.

1. It is shown that when the windings are excited by a
series of pulses from sections of a capacitive energy
storage unit (CES), an increase in the efficiency of a
linear pulse eectrodynamic type converter (LPEC) is
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ensured during operation in high-speed and force modes
due to a decrease in the amplitude of the recoil force.

2. A mathematical model of LPEC is presented, in
which the solutions of the eguations describing the
interconnected electrical, magnetic, mechanical and
thermal processes are presented in arecursive form.

3.1t has been established that at excitation by single-
pulse of LPEC operating in a high-speed mode, compared
with a force mode, the current amplitude in the windings
decreases by 7.5 %, the amplitudes of electrodynamic
forces (EDFs) — by 21.8 %, the value of the EDF impulse
— by 27.1 %. In this case, the armature winding with the
actuating element accelerates to speed of 7.1 m/s.

4. 1t has been established that at excitation by a series
of pulses from the same sections of the CES during LPEC
operation in the force mode, the amplitudes of the current
pulses and the EDF are practically unchanged, while
when operating in high-speed mode, the amplitudes of the
currents and EDF decrease sequentially. An increase in
the number of excitation pulses while conserving the
energy of the CES leads to a decrease in the main
indicators of LPEC. But due to a decrease in the
amplitude of the EDF, which manifests itself as a recoil
force, the efficiency of LPEC isincreased.

5.For LPEC operating in high-speed mode, a
consistent increase in the capacitances of sections of the
CES, forming a series of excitation pulses, is justified.
For LPEC, operating in force mode, it is advisable to use
the same capacitances of al sections of the CES.
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M. Ben Slimene

PERFORMANCE ANALY SIS OF SIX-PHASE INDUCTION MACHINE-MULTILEVEL
INVERTER WITH ARBITRARY DISPLACEMENT

Purpose. This paper presents a d-q model of six-phase induction machine supplied by a two identical voltage source inverters
suitable for analysis the dynamic steady under balanced operating condition. In the analytical model, the effects of common
mutual leakage inductance between the dual stator have been included. The model has been developed in general reference frame
taking into account of 0°, 30° and 60° displacements between two stator winding sets. The main purpose of thiswork isto conduct
a gquantitative study to show the advantage of supplying the six-phase induction machine by a multilevel inverter. The voltage and
current total harmonic distortion and the torque ripple rate are the main targets. This paper is organized into four sections. After
the introduction, the second section includes development of mathematical models concerning the six-phase induction machine.
The third presents the effect of displacements of 0°, 30 ° and 60 ° between two stator-winding sets, and a comparison of three
cases. After that, we present a comparative study between two, three, five and seven inverter levels when feeding the six-phase
induction machine. For this purpose, simulations were carried out to obtain phase currents and torque ripple rates in steady state.
References 13, tables 2, figures 13.

Key words: six phase induction machine, multiphase electric drives, multiphase machines performance, displacements,
multi-level inverter.

Ilenv. B cmamve npedcmasnena 0-Q modenv wiecmupasnoi ACUHXPOHHOU MAWIUHBL, CHAOHCEHHOU O08YMA UOCHMUYHLIMU
UHBEPMOPAMU UCIMOUHUKA HARPANCEHUA, NPUZOOHBIMU ONA AHANU3A OUHAMUYECKOU YCMOUYUEOCMU NPU COANAHCUPOBAHHDIX
ycnosusax pabomol. B ananumuueckyio mooens 6KIIOUEHO GAUAHUE 00uiell 63AUMHON UHOYKMUBHOCHIU PACCEAHUA MENCOy
0soitnbim cmamopom. Modenwy pazpabomana 6 ooweli cucmeme omcuema c yuemom cmewenuit ha 0°, 30° u 60° mesncoy osymsn
Habopamu o00momok cmamopa. OcHoéHaAn uenb OAHHOU padomvl — RNPOGECMU KOJIUYECMBEHHOE UCC1e006aHUue, Ymoobl
nOKA3aMb NpeuMyuw|ecmeo RUMAHUA WECMUPA3ZHON ACUHXPOHHOU MAWUNHBL MHO20YpPOBHesbM uneepmopom. Oobuwee
2APMOHUYECKOe UCKAMCeHUe HANPANCEHUs, MOKA U NYIbCauus KpPymauiez0 MOMEHMA AGIAIOMCA OCHOGHLIMU UENAMU
uccnedosanus. Cmames cocmoum u3 uemsipex pazoenos. ITocne esedenusn, emopoii pazden codepicum paspabomy
Mamemamuieckux mooeneil NPUMEHUMENbHO K WeCmupasHoil acunxpounoi mawune. B mpemvem pazoene npeocmasneno
enusanue cmewenun na 0°, 30° u 60° mexncoy 0éyma nadopamu o6Momox cmamopa, a makxyce CpasHeHuUe Mpex YKA3AHHBIX
cayuaes. Ilocne 3mozo npedcmasneno cpasHumenvbHoe UCCIE006AHUE 08X, mMpex, HAMU U CEMU YPOGHel UHEepmOopa npu
numanuu wecmudaznol acunXpoHHou mawiunsl. /na IMoii yeau npogedeHo Mooeauposanue ¢ Ueavlo Roay4enus QazHvix

MOKO06 U NYIbCAUUTL KPYMAWE20 MOMEHMA 6 CMayuonapiom cocmosnuu. butn. 13, Tabn. 2, puc. 13.

Kniouesvie cnosa: mecrudasnas

ACHMHXPOHHAas MallluHAa,

MHOFO(l)ﬂliHbIC JJIEKTPONPUBOALI, INPOU3BOAUTEILHOCTDH

MHOFO(l)?lZIHbIX MAallMH, CMELICHHud, MHOFprOBHeBLIﬁ HHBEPTOP.

Introduction. Multi-phase induction machine has
many advantages over conventional three-phase such as
reducing torque pulsation, reducing the stator current per
phase without increasing the voltage per phase, reducing
the rotor harmonic current and higher reliability [1, 2]. In
particular, with loss of one or more of stator winding
excitation sets, a multi-phase induction machine can
continue to be operated with an asymmetrical winding
structure and unbalanced excitation, [1].

By dividing the required power between multiple
phases, higher power levels can be obtained and the limits of
number of machine phases have been removed when
employing voltage source inverter [3]. The use of multi-
phase machines permits to take advantage of additional
degrees of freedom but is likely limited to specialized
applications such as dectric/hybrid vehicles, aerospace
applications, ship propulsion, and high power application [3,
4]. In the literature, a variety of transformations has been
proposed for the analysis for multi-phase induction machine.

T.A. Lipo [5] and G.K. Singh [1, 6, 7] derived a d-q
model for a six-phase machine in dynamic and sinusoidal
steady state; the dot leakage coupling between two stators
winding sets was incorporated into the model. T.A. Lipo
has explained this in detail and has given the technique for
finding the dot reactance. Y. Zhao [8] and M.A. Abbas [2]
have reported the model for six-phase induction machine
supplied by PWM inverter with spatialy phase shifted by
30 electrical degrees and where mutual leakage inductances

are neglected. R.H. Nelson [9] carried out simulation on
three types of six-phase machine using a voltage source
inverter where the dual stators are shifted by 0, 30 and 60
electrical degrees and mutual leakage inductances are
neglected. Nevertheless, there have been studies where the
mutual leakage inductance has been neglected [2, 5, 7-13].

In this paper, an analytical d-q model of six-phase
induction machine has been developed in a genera
reference frame and the effect of mutual |eakage
inductance has been included. The presence of the mutual
leskage impedance between the two stars of induction
generator is due to the fact their windings share the same
dots, and are, therefore, mutually coupled. The mutual
leakage coupling has an important effect on the harmonic
coupling between the two stator winding sets and depends
on the winding pitch and the displacement angle between
the two stator winding sets. Subsequently, the six phase
induction machine (SPIM) is fed by two identical source
inverters taking into account of 0°, 30° and 60°
displacements between two stators winding sets and a
comparison of three cases has been presented.

The purpose of this work is to conduct a
quantitative study to show the advantage of supplying the
six-phase induction machine by a multilevel inverter.

Modeling of six-phase induction machine. More
than three phase windings are housed in the same stator in
a multiphase induction motor and thus the current per
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phase in the motor is reduced. Two sets of three phase
windings are moved by 30° electrical spatially (Fig. 1) in
the most typical of these structures.

Fig. 1. Schematic representation of the SPIM

In the Fig. 2 the common mutual leakage inductance
represents the fact that the two sets of stator windings
occupy the same slots mutually coupled by a component
of leakage flux.

Fig. 2. d-g transformation of the SPIM

The electric equations of stator 1, stator 2 and of
rotor are respectively expressed by:

Vabe,a = [Ra] [ abc,sl]+%[‘” st )
B/abc,SZ]: [RSZ] [I abc,sZ] d [‘//abc 52] 2

dt
B/abc,r ]: [Rsl] [I abe,r ]+E[‘/’abc,r ] ©)

The model is based on Park transformation of athree
phase system of axes (a, b, ¢) a two-phase equivalent
system of axes (d, g) creating the same magneto motive
force. During the application of the d-q transformation
and making the necessary manipulations, the equations
(1) — (3) in d-q become

. dy
Vst = Ralas +

S Way g ; @)

. dy gsl
Vgst = Ralga + q  VaVost) 5)
Voo = i d s2 W. . 6
ds2 = Re2lds2 + AV qs2 s (6)
dygs2
Vgs2 = Reoigso +——— +Way/gs2; (7)
0= Rridr + _W)l//qr ; (8)

0=Ryig + WY gr ©)

where w is speed of rotatlon of the coordinate (d, q)
relative to the rotor; w, is speed of rotation of the
coordinate (d, g) relative to the stator 1.

Equations of flux are

—+ (W, -

¥dst = Lsidst + Lpsids2 + Migy ; (10)
Vsl = Lsiqsl + Lpsiqsz + Miqr X (11)
Wds2 = Lsigs2 + Lpsigss + Migr ; (12)
Wqs2 = Lsigs2 + Lpsigs + Migr ; (13)
Var = Lrigr + Migg + Migso; 149
Yo = Lrigr + Migg +Migsp, (15)
where Ls = Ly = Ly = Ig + lgn + Ly — the cyclic

inductance of the stator; L, = I, + L, — the cyclic
inductance of the rotor; Ly = lsm + L — the cyclic mutual
inductance between stator 1 and stator 2; L, — the mutual
inductance between stator 1, stator 2 and the rotor;
lsn — the mutual |eakage inductance between stator 1 and
stator 2; lg, o — the stator leakage inductance; |, — the
rotor leakage inductance; R; — the stator resistance;
R, —therotor resistance.
The electromagnetic torque can be expressed as

Cem _npt/l[(qslﬂqsz)%’dr dsl+idsz)'//qr]- (16)

The analytical d-model is developed in a general
reference frame and can be used to analyze the behavior
of induction machine in any reference frame (Fig. 3).

| aqs

. W)
W@? |
PO

Fig. 3. d-axis equivalent circuit of a SPIM
in arbitrary reference frame

The state equation of the form:
X =AX+BU,
where
X = [idsl,iqsl,idsz,iqsz,y/dr ,y/qu — state vector;
U= b/dsl,vqsl,vdsz,vqszj —input vector.
After acalculation, we obtain the following matrices

[ a d d
S, o 4 4,
& & Ty =l
— Wa — g o _ m _ ﬁ w i
<l <l <l T
=} d d
I R . Gy @
A= al al a]_Tr al
o o, A 4, g
& & & T
M 0 M 0 1 (W —w
T, M T, M T, B i
e T 0 T -wa-w) T,
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_i . b ; -
=il il
0 1 0 _b
=il =il
1
B=-2 o L1 o (18)
cl &
o _b 1
=il &
0 0 0 0
0 0 0 0
where
U 7 N TS
s o1ls , o1ls , o1ls ,
O-ZLps M dlM dlM
d=[1-— | = ay=R+—=2—, by=-2—-q,
1 [ ol JLr a1 =R T b1 T ]
2 2
1ML ML L
L, L psLs R Rs

Simulation results of the SPIM with arbitrary
displacements. In this section, the simulation results for
the generalized theory of machine is presented. The
dynamic performance behavior of the six-phase machine
was determined, and implemented in Matlab/Simulink
environment. This simulation results are generated in the
Matlab/Simulink  environment  for the machine
performance characteristics. The performance behavior of
the machine was determined using the equivalent circuit.
To observe the behavior of a six-phase induction
machine, the nonlinear mixed model «stator current-rotor
flux», which describes the SPIM, was analyzed and
simulated. The machine used is characterized by a two
poles, 250 V per phase, frequency 50 Hz, and nominal
speed 2880 rpm. Figure 4 shows the block diagram
necessary to undertake the simulation.

Vel — [ . m—
5 B I B
Vst S '
o T vt g | =
'csT
= PARK _1 ias2 . PARK-1 Staror_1
iNvericr_1 Vds2 |
[E— fidr | — .
vasz— 1= ]
Va2 far g, D
vbsz— | - °
- = -
Ves2 PARK_2 g wm T —
L — Cem-wm PARK-2 Staror_2

INVERTER_2 | ya |

Fig. 4. Simulink structural scheme of six-phase induction
machine model

The operating characteristics of the smulation test
machine supplied by two identical voltage source
inverters are illustrated at Fig. 5, 6 for the displacement
angle 0°, 30° and 60° respectively.

The operating is characterized by an unloading start-
up and then inserting the load torque fromt = 1 s. In the
Table 1 presents the torque ripple with different position
of angle between the two stator.

Tablel
Torque ripple with displacement angle

Displacement ACqn, %
0=0° 9.4
a=30° 3.1
a = 60° 9.4
Cem, N-m
40 ‘ ‘ ‘ —displacement 0°

——displacement 30°
—displacement 60°

20
0
-207 Il Il Il I Il ]
0 0.2 0.4 0.6 0.8 1 ts 12
Fig. 5. Characteristic of the electromagnetic torque
Cem, N'm
11 ;

—displacement 0°
—displacement 30°
—displacement 60°

10.5-

10

9.5

1.152 1.154 1.156 1158 4 116

Fig. 6. Zoom on the steady state of electromagnetic torque

Heir it has been clearly shown through results that
by varying displacement from low to high value we can
minimize the total harmonic distortion (THD) of rotor
currents (Fig. 7, 8). The variations in modulation index
also affect the speed of six phase induction motor drive.
There are fluctuations in the starting of rotor currents and
electromagnetic torque.

The performance of a six phase induction motor
operating under supply unbalance displacement (0°, 30°,
60°) show inthe Fig. 7, 8.

i, A

60

—displacement 0°
—displacement 30°
—displacement 60°

50

40 3
30f b
20r b
10} /M
0 L L L L
0 0.2 0.4 0.6 0.8 1 s 12
Fig. 7. Characteristic of rotor current i,
9 i, A
—displacement 0°
—displacement 30°
85 —displacement 60°
i | i Mgl
1 | \
8 il |
i
75
1.15 1.152 1.154 1.156 1.158 t,s 1.16

Fig. 8. Zoom on the steady state of rotor current
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In Fig. 9, 10 we present the effect of the
displacement in the stator current ix. This results
investigates the significance of supply phase shift on the
performance of a six induction motor by applying a novel
phase shift unbalance definition to the negative and
positive sequence components model of the SPIM. The
test results reveal that when both phase angle shift and
voltage magnitude unbalance occur simultaneously the
effect of the phase shift dominates over the effects of the
voltage magnitude unbalance. This study shows that
phase angle unbalance has a severe consequence on six
phase machine performance.

fast, A
30, ‘ ‘

' —displacement 0°
20 displacement 30°

» —displacement 60°
10 7

0

-10 1
2% 02 04 06 08 1¢s 12

Fig. 9. Characteristic of stator current i per phase «A»
iasl A

—displacement 0°

5 displacement 30°

—displacement 60°

-5t \d
1. 16 1. 17 1. 18

1.15

O

119 ts 1.2

Fig. 10. Appearance of current i

Simulation results of the SPIM fed by a
multilevel inverter. We aim, in this section, to compare
the quality of various wave quantities, namely the line to
line voltages, winding currents and electromagnetic
torque.

For each m level inverter, the simulation results will
include the waves previously mentioned and their THD.

The inverters output voltages or winding voltages
are displayed in Fig. 11. The number of levels generated
by each inverter can be easily identified from the
waveforms. The feeding voltages of the motor,
represented in (d, q) axes, are function of the line to line
multilevel inverter voltages shown in Fig. 11. These latter
will be concerned by the following harmonics study.

During the sarting, Fig. 12 shows the
electromagnetic torque oscillating in the first moments.
The transient torque may reach a peak of 5 N-m.
Att=0.5s, aload torque of 3 N-m is applied. Besides,
the impact of the inverter output voltage quality on the
rotor torque is especially visible during the steady state.

In fact, Fig. 12 clearly illustrates that the torque
ripple during steady state period decreases gradually and
progressively as the inverter number of levels increases.
Relative results are resumed in Table 2. It has to be
emphasized that less torque ripple leads to better stability
operation with minimum mechanical noise.

adn [ [ [
Cem, N'm ‘ ‘ ‘
m=3 2ol — - — - — _ ) _______‘Y_______
15

2.0 [ AN A Ty

[0 O

Fig. 12. Electromagnetic torque for m= 3 (a) and m= 7 (b)

In order to compare the quality of electromagnetic
torque, Table 2 details ripple rate of 3 and 7 multilevel
inverter output voltages. It also displays the THD
corresponding to different voltage levelsuptom=7.
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Table2
Torque ripple with inverter levels number

Levelsnumber | Relativetorquerippleratein %
m=3 10.52
m=7 4.96

Figure 13 gives the general shape of the absorbed
current during the transient state. In addition, the steady
state current, its spectral analysis and its THD are detailed.
If the voltage level changes fromm= 3to m= 7, the THD
drops from 4.03 % to 2.12 %. As can be seen, the THD
varies sowly upper to 5 levels.

The stepped voltage waveform is composed by m
levels, which depends on DC sources numbers, such that
m = 2S +1. Thus, whatever is the type of cascaded
multilevel inverter, the output voltage levels number is
awaysodd (3,5, 7, 11, ...).

4 I

sty Tasp, A

Fig. 13. Stator currentS g, o for m= 3, 7 respectively

Conclusion.

This paper demonstrates the stepwise development
of six phase induction machine model to simulate the
starting and dynamic behaviors of six-phase split winding
induction machines fed by multilevel inverter. The free
acceleration characteristics as well as the dynamic
response with level inverter variation were tested on the
simulation and the results were likewise displayed. This
paper also, has investigated the operational impact of
supply phase shift on the performance of six-phase
induction machine. The phase shift unbalance causes a
reduction in motor efficiency, developed torque, and
motor power factor. It also leads to undesirable increase
in reactive power consumption, which increases energy
cost. In the next work we will study the impact of the
sensitivity of the mutual leakage flux of SPIM fed by
multilevel inverter, we will consider three possible cases
where first the mutual leakage flux is suitably modelled,
second it is considered as a self-leakage flux and finally it
istotally ignored.
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MATHEMATICAL MODELLING OF TRANSIENTSIN THE ELECTRIC DRIVE OF THE
SWITCH —THE MAIN EXECUTIVE ELEMENT OF RAILWAY AUTOMATION

Goal. To develop a mathematical and imitation model of the eectric drive of the railroad switch as a two- and three-mass
electromechanical system based on DC and AC motors as the main executive element of railway automation. The modelling is
based on the parameters of the SP-6m switches as the main modification of the executive element of the Ukrainian domestic
railways automation system. Methodology. The authors have presented the mechanical part of the railroad switch as a three-mass
construction scheme with serial connection of elastic masses. Special attention is paid to the character of the movement of the
switch point tongues, when describing them in the form of two- and three- mass kinematic schemes, as well as to the mechanical
state of the traction and connections as nodes, which are most sensitive to the negative effects of some modes of the railroad
switch. Results. A simulation mathematical model of SP-6m switch for AC and DC motors, which allows to study the influence of
various factors, has been developed and tested at the stand of the Automation Laboratory of the Ukrainian State University of
Railway Transport, Kharkiv. The deviation in the basic parameters of the switch trandation process is less than 5 %. Originality.
For the first time a mathematical model of an electric drive of the railroad switch is developed, which takes into account elastic
relations and load characteristics as an object of controlling the speed of movement of switch point tongues. Practical
significance. We have created a mathematical model of the electric drive of the railroad switch which allows to examine the
influence of various factors, including the influence of the environment on the operation of the switch. References 10, table 1,
figures 10.

Key words: electric drive of therailroad switch; electromechanical switch system.

Po3pooneno mamemamuuni mooeni eneKmponpugooy CmpiioUHO20 nepeeody 'y 6u2iadi  060- I MPUMACCOBOI
eNeKMpPOMEXaHiYHUX cucmem Ha OCHOGI 06UZYHI6 NOCMINHO020 I 3MIHHO20 CMpYMY AK OCHOGHO20 GUKOHAGUO20 eleMeHmd
cucmemu agmomamusayii 3aniznuus. Bioxunenns mooenvnux i excnepumenmanbHux nepexionux npouecie 0 napamempie
cmpinounozo nepe6ody CII-6m ne nepesuwyroms 5 %. bion. 10, Tadmn. 1, puc. 10.

Kniouosei cnoea: enekTponpuBoj 3aji3HIYHOI0 CTPLIIOYHOTIO NEPEBOY; €J1eKTPOMEXaHIYHA CHCTEMA CTPLIOYHOIO NEPEBOaY.

Pazpadomansl mamemamuueckue Mooenu IJNEKMPONPUEOOA CMPEIOYHOZ0 Nepesood 6 6ude 08yX- U Mmpexmaccosoil
INEKMPOMEXAHUYECKUX CUCHIEM HA OCHO8e 0guzamesneii ROCMOAHHO20 U NEPEMEHHO020 MOKA KAK 0CHO6HO20 UCHOIHUMETbHO20
JIeMeHma CUCHEMbl AGMOMAMU3AUUN JHCENEe3HBIX 00p02. OmKIoHeHUs MOOENbHBIX U IKCHEPUMEHMATbHBIX HEPEXOOHbIX
npoueccog 0ns napamempog cmpenounozo nepeeoda CIT-m ne npessrmarom 5 %. butn. 10, Ta6n. 1, puc. 10.

Kniouesvlie cnosa: 3eKTPONPUBOJ JKeJIE3HOTOPOIKHOTO CTPEJOYHOr0 MEePeBo/Ia; YIeKTPOMeXaHHYeCKasi CHCTEMA CTPEJI0YHOro
nepeBoya.

Introduction. The introduction of safe high-speed
railway traffic on the main roads of Ukraine in
accordance with the «National Transport Strategy of

frictional connection 4 built in the same block; 5 — the
main shaft with gate gear; 6 — the autoswitch block;
7 — the gate with cam locking mechanism.

Ukraine for the Period up to 2030» directly depends on
the infrastructure and conditions for ensuring traffic
speeds: the condition of the rolling stock, railway track
and automation systems. The main executive element of
the railway automation systems, providing the
throughput, is the turnout switch. Since the mathematical
modelLing of the electric drive (ED) of the switch in
railway transport has not received sufficient attention,
there are practically no models of the electromechanical
system (EMS) of the switch.

The goal of the work is the development of a
mathematical and simulation model of a switch’selectric
drive in the form of a two- and three-mass
electromechanical system based on DC and AC motors as
the main executive element of the railway automation
system.

Research material. A serious problem in the study
of switches electric drives by the method of
mathematical modelling was that in the known models the
load was not taken into account and they were considered
as single-mass electromechanical systems. Switches SP-6,
as well as modifications based on them, are the most
common in the railway transport system of Ukraine. The
main structural elements of the switch are shown in Fig. 1:
1 — the body; 2 — the electric motor; 3 — the reducer with

The design features of the SP-6 switch and the
disadvantages associated with them (the need for periodic
adjustment of the friction protective device, the
complexity of the autoswitch design, the presence of a
technological clearance in the gear transmission of the
gearbox), leads to an increase in the switching time,
accelerated wear of the links of the kinematic system,
which generally affectsrailway traffic safety.

7
3 4 2 1
P At
culolb o7
& SQLLE ¢
: CRS
as P >

Fig. 1. Design of aof type SP-6m
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The indicated disadvantages can be conditionally
divided into mechanical (friction clutch, technological
clearance) and electrical (position sensor, uncontrolled
switching). To study the processes occurring in the
switch’s electric drive, it is proposed to consider it as an
interconnected electromechanical system. Moreover, due
to its design features, to study the effect of clearances
and control methods on the reliability of the switching
process, it is advisable to consider a switch as a multi-
mass electromechanical system that takes into account
the masses of an electric motor, wits and elastic
connections.

For a two-mass electromechanical system (Fig. 2,a),
the first mass J; is the total moment of inertia of the
motor, gearbox and gate. The second mass m, is the total
mass of wits and inter-edge thrust. The working thrust
from the gate to the first blade serves as an eladtic
connection ¢;,. The transformation of the rotary motion of
the motor shaft into the trandlational movement of the
gate is carried out in the gearbox. The model takes into
account the clearances in the kinematic transmission: the
technological clearance ¢, and the clearances |, in the
cotter-pin connections of the thrust attachment with the
gate and the blade. The presence of an interstellar thrust
in a two-mass system means the existence of elastic
connections between the first and second witses.
Therefore, further the authors consider the switch namely
as a three-mass system (Fig. 2,b,c). The main reason for
this approach is that the presence of elastic coupling
elements has a serious impact on the dynamic processes
in the mechanism [1-6], and the two-mass model is
advisable to use for engineering calculations.

Fig. 2. Two-mass calculation scheme of the switch (a); three-
mass cal culation scheme of the switch
with series connection of elastic masses (b);
three-mass cal culation scheme of the switch
with parallel connection of elastic masses (c)

In the calculation scheme with series connection of
elastic masses (Fig. 2,b) of such a system, the first mass,
as before, is made up of the moments of inertia of the
motor shaft and the moment of inertia of the gearbox
reduced to the motor shaft. The second and third masses
are the first and second wits, respectively; the interstitial
thrust acts as an additional elastic connection Cys.

The kinematic diagram of the switch (Fig. 3)
demonstrates that the working rod does not rest directly
on the first wit, but is connected to it from the side of the
second wit through the inter-turn rod. The authors
consider it most expedient to consider the mechanical part
of the switch as a three-mass design scheme with series
connection of elastic masses, where: J; is the moment of
inertia of the motor rotor; J, is the moment of inertia of
the gearbox, reduced to the motor shaft; Js; is the total
moment of inertia of the first mass, My, Fg are the
electromagnetic torque and thrust force of the motor,
respectively; ¢, |, are the technological clearance and
clearance in the tie rods, respectively; Fi,, Fx are the
elagtic forces in the working and inter-shaft rods,
respectively; Fq, Fo are the resistance forces of the first
and second wits, respectively; cio, C3 are the elasticity of
the working and interstellar rods, respectively; S1,, S are
the coefficients of internal viscous friction of the working
and inter-shaft rods, respectively; m,, ms are the second
and third masses, respectively (Fig. 2,b). The
representation of the switch as a four-mass system is
impractical.

Fig. 3. Kinematic diagram of the SP-6m switch

When switching (Fig. 4), the wits 2 and 7, the
connecting (inter-wit) thrust 3, the working thrust 4, the
control 5 and 6 rods of the switch head and fastening parts
move. The force of switching is spent on overcoming: the
resistance of the moved parts along the switching surfaces
1 and the resistance in the hinges.

The force required to overcome the friction of the
moving parts of the switch is determined by the friction
force that occurs during movement. Its value can be
determined as follows. Divide the switch into n equal
elements of length | each. Let qi, Oz, ... g denote the
weight of each element. The weight of the elements will
be different both due to the change in the weight of the
parts of the wits 2 and 7, and due to the presence or
absence of connected rods, switch heads and other
movable parts within the elements.

18 I SSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.4



‘li‘l‘lLl‘l‘l‘l-

e 2\ 1
,Ir‘nilimi\ilii AR AP
T T T
i
Jol e ey
B BT

Fig. 4. Genera view of the mechanism for determining
the effort of switching: 1 — switching surface; 2, 7 — wits;
3 — connecting thrust; 4 —working thrust; 5 —first control rod;
6 — the second control rod

Assuming that the wit lies not on separate pillows,
but on a solid base and the coefficient of friction between
the wit and the base is the same aong the entire length of
the wit and is equa to y, we find the elementary friction
forces:

Fi=y-oq,Fo=y-a,...Fx =y Q. 1)

Moments of elementary forces relative to the root of
the wits:

3
Mi=y - |M2—l//Q2 -, ,Mk—l//Qk7| )

Total moment of friction force:
n 1 n
Mp=> My :E.y/.l > og+30 +...+ (2k— Lok (3)
k=1 k=1

Consequently, the force required to overcome the
frictional forces of the moved parts, applied at a distance
L—a from the root (beginning) of thewit, is

M 1
==y Zoi+3qz+ + (2K -)ak. (4)
L-a 2 -a 5

For approximate calculations of the force F and

assuming that q; = g, = ...= g« = @, we obtain:

1
F== ——->'1+3 2k-1)== —.(5
SV _kl+++( )Zl/lan_()
SincelL = I-nand Q = ¢:n, then
= (6)

where L is the wit length, Q is the tota weight of the
moving parts of the switch.

The coefficient taking into account the influence of
friction forces in the joints is usually taken equal to 1.1
[7]. We determine the calculated effort of switching with
apivot or inlay-onlay mount according to the formula:

1 L L
F=11-y-Q——=055--Q——. (7
1, 4 QL_a t//QL_a (7)

From (7) it follows that the switching force depends
on the weight of the moving parts of the switch, the type
of rails, the place of fixing the switching rods and the
coefficient of friction of the wits on the pillows. All
specified quantities, except for the last, are determinable.

The value of the coefficient of friction can range
from 0.05 to 0.3 and depends on the condition of the
switch, the quality of lubrication of the switch pads, the
cleanliness of the treatment of their surfaces, as well as
the soles of the wit and other factors.

Maintaining the clearances in the kinematic line
(Fig. 5) of the switching within the limits set by the
instructions plays one of the key roles in ensuring the
safety of the switching of wit.

,

\
WARRAS A

Ny

Fig. 5. Clearances in the kinematic line of the switch:
1, 2, 3—at the points of attachment of the rods,
4 —technological clearance

Such a distance for the safe movement of the wheels
of the rolling stock should be nho more than 4 mm [8, 9],
otherwise emergency situations may arise, such as
«cutting the switch», which lead to the derailment of the
rolling stock and the destruction of both the roadbed and
the accompanying infrastructure. Due to the impact
during the development of a technological clearance,
works on friction and unregulated switching speed — the
linkages of the rods gradually break and the clearances
increase. Studies carried out on the railways of Latvia[8]
have shown that the rate of increase in the size of the
clearance is on average 0.05 mm per month (Table 1).

Table 1

Monthly increase in backlash at points of connection of switch thrusts

Connection place

Maximum increace in backlash (mm)|Average increace in backlash (mm)

Connecting inter-wits thrust — shackle 0.07 0.04
Connecting inter-wits thrust — working thrust 0.06 0.04
Working thrust — gate of the electric drive 0.09 0.05
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The design feature of SP-6m switches is the
presence of a 46° technological clearance between the
third and fourth stages of the gearbox (Fig. 4, 5), which
is necessary to facilitate the acceleration of the motor
and its stock of some kinetic energy in order to break the
wits at the beginning of the switching process [7]. The
simulation of the mechanical part of the electric drive is
carried out taking into account the real values of the
clearances and the presence of the force of internal
viscous friction.

The total elastic-viscous force is determined as:

0, if signAl =signAv and | Ry, [>| R |;
27 R+ Frp, if signal

. )
=signAv and | Ry, [€] Fpp |,
where F1, = ¢io-Fy(l) isthe elastic force; Fy; = B124V-F(l)
is the viscous friction force; Fi(I) and Fy(I) are the
nonlinear functions:

0 at |A||<AI3
Al |
R =a -2 o A1 A3, 9
1(1) ) 2 9
Al+ 21 at Al <—%
0 at [al < 23.
Fa() = A (10)
1 a |AI|> 3

In the three-mass model (Flg. 2,b), the elastic-
viscous force Fxs is determined in a similar way.

The implementation of the mathematical model was
made in the environment for creating engineering
applications Simulink of the MATLAB code. The model
was created block by block, in full accordance with the
calculation schemes (Fig. 2): motor block, reducer block,
block of the first wit, block of the second wit. Clearances
— technological one and two clearances in the joints
reduced to the fastening of the first and second rail are
marked with separate bloks.

The numerical values of the moments of inertia of
the gear stages are calculated based on their weight and

dimensions. For modelling, mechanical parameters of the
working and connecting thrusts are also required —
rigidities and viscous friction coefficients ¢y, f12, Cos, Bos,
respectively. The thrust is a metal rod, the deformation of
which occurs along the longitudinal axis:

d 2
{3
B2 (11)

C2=Cx3= I

where F is the modulus of elasticity for steel; d is the
thrust diameter nuamerp Taru; | isthe thrust length.

The rigidity of the working thrust in the model is
taken to be equal to the rigidity of the direct connecting
thrust due to the fact that these thrusts have the same
length and diameter. On the basis of the research results
[10Q], the value of the internal viscous friction coefficient
is taken within the limits 1.10%...1-10".

At present, schemes with both a DC motor (DCM)
and an induction motor (IM) are widely used. Due to the
possibility of powering the frequency converter (FC) both
with DC directly from an autonomous voltage inverter
and with AC of arectifier, the system under development
can be integrated into a switch control circuit based on
both DCM, for example, sequential excitation motors of
the types MSP-0,1, MSP-0,15 and MSP-0,25, which are
widely used in Ukraine, and also IM.

Figure 6 shows a block diagram of a three-mass
model of a switch with various configurations of a drive
motor — DCM and IM.

The equations that describe the electromagnetic and
electromechanical processes in the DCM of sequential
excitation have the form:

M,

dv

DCM
U, .
IM

u=(Ly +LV) +(ra+r\,)|+ea
do
J—=M
" d— (12)
e=k-o o,
My =K-i-d,
pN . .
where k =—— isthe design factor.
27a
V,(lost)
1 V;(2ost)

Fig. 6. Block diagram of athree-mass model of a switch with serial connection of masses
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The model presented in this paper demonstrates
ways of replacing the eectric drive of a switch from a
DCM to an IM with frequency control. As a solution, we
propose a mathematical model of a switch based on a
structural diagram (Fig. 6), where instead of a DCM/IM
block, a FC-IM block is used. An induction motor is a
nonlinear multidimensional object with a rather complex
structure, therefore, the mathematical description and
modelling of an electric drive with an IM differs from the
given system of equations (12) for DCM. The equivalent
circuit of the IM in the electric driveis shown in Fig. 7.

X, R X}
O e D
I R —
1

I [ Ryx /s

i,

Fig. 7. Phase equivalent circuit of an induction motor

In the mathematical description of the IM, the
adopted coordinate system, in which the mathematical
description of the object is performed, and the
configuration of the model, which depends on the content
of the input and output signals of the model, the structure
of the control system, and on the characteristics of the
motor power source, are of great importance.

The basis for modelling of the configuration of an
electric drive in this study was a coordinate system
oriented along the rotor flux linkage. When carrying out
the simulation, the following assumptions were made: the
stator and rotor of a three-phase induction motor have
symmetrical windings, the air gap is the same aong the
entire circumference of the rotor, the magnetic field in the
air gap is sinusoidally distributed, the axes of the stator
and rotor windings do not coincide, forming an arbitrary
angle. To move from a mathematical description of
harmonic signals in multiphase coordinates to a
mathematical description in orthogonal two-phase
coordinates, the concept of a generalized vector is used:

i=§(iA+a-iB+a2-iC), (13)

where a=e 3, a?=e¢ 3 are the vectors taking into

account the spatial displacement of the windings;
ip=lmcosat,ig = I, cos(wt —2?”), ic =l pcos(wt +2?”)

is the three-phase symmetrical system of stator currents.
Substituting the values of instantaneous currents into
equation (13), we find a mathematical description of the
spatial vector of the stator current:
2 2 or. i
ig=—Ipn(cosat+e 3 cos(wt— L) +e 3 x
3 3 (14)

x cos(et +2—;r)) = e

Thus, for a coordinate system rotating at an arbitrary
speed, the following system of equations can be written:

L 4
USZRs|s+ S

+jo¥s;

. dy
UR:RR|R+ R

+ (o — o )¥R;

TS = LSiS + LmiR; (15)
TR = Lm|S+ LRiR;

M :gka'MOd('//RXis);

399m v _wm

dt
where @ = pwp; p is the number of pole pairs in the
machine; J isthe moment of inertia of the rotor.

For a squirrel-cage motor, the vectors ¥, ¥k differ
from each other due to the presence of scattering of the
stator and rotor windings. In this regard, the following is
true for them:

qlsz(Lm"‘le)'i.S"'Lmi.R; (16)
Yr=(Lm+Ly) igr+Lnis,
where L, is the main leakage inductance; Ly, L, are the
leakage inductance of windings.
Here, for the inductances of the stator Lg and rotor
windings L we have:

Ls=(Lm+Lg);
Lr =(Lm+ L)

When constructing real systems of an AC electric
drive, coordinate converters are almost alwaysincluded in
the control system, which are necessary to recalculate real
three-phase variables into two-phase model variables and
vice versa. For the coordinate system «, S, the direct
transformation is as follows:

J3 1. 43

iA:ia,iB:—Eia +7iﬂ1ic :_Eia_7iﬂ’(18)

17

and the opposite one:
ig—ic
5

For modelling, the parameters of the SP-6m switch
as the main modification of the executive element of the
automation system for the domestic railways of Ukraine
weretaken astheinitial data.

For further work with the simulation model, an
assessment of its adequacy to the real object was carried
out. For this, at the laboratory of the Ukrainian State
University of Rallway Transport, a Siemens FC was
connected to the SP-6 drive and started with a rated load
up to arated speed according to a given tachogram. The
results of the experiment on the stand (a) and on the
model (b) are shown in Fig. 8. Analysis of the graphs
allows to conclude that the operation of the model and the
real object is identical, since the discrepancy in the
coordinates of the current and speed is less than 5 %.

The obtained results of modelling of the operation of
an electric switching drive with an AC motor are shown
inFig. 9.

iy, =ip ig= (19)
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Fig. 8. Oscillogram of movement of the switching drive:
a — obtained on Siemens equipment;
b — mathematical model

S, M/65; Mgy, N-m; @, $/0.03

16

N

b

Fig. 9. Oscillograms of transients for a three-mass structure with
series connection of masses: a - angular speed, displacement and
torque of the IM; b — force and speed

The occurrence of oscillations in the kinematic line
of the switch is confirmed by studies of the state of the
switching surfaces, where wave-like traces are visible,

which are formed as a result of eastic oscillations of the
wits in the process of their switching (Fig. 10).

Fig. 10. State of the switching surfaces

The characteristic mats present on both pillows
indicate the emerging elastic vibrations in both thrusts and
lead to the vibrations of both wits, which confirms the
need to consider the electric drive of the switch as athree-
mass EMS. The depth and width of undulating
formations, according to the observations of the service
personnel, depends on the presence and magnitude of
«backlashes» in the kinematic line of the switch.

Conclusions. For the first time, a mathematical and
simulation model of an electric switching drive has been
developed in the form of a two- and three-mass
electromechanical system based on DC and AC motors
as the main executive element of the automation system
of Ukrainian railways. The initial data of the most
common turnout switch SP-6m were taken as the object
of modelling. The necessity of taking into account, when
modelling an electromechanical system of a switch, the
size of the clearances and the dynamics of their change
in order to take into account the processes taking place
in the mechanical subsystem, is shown. The spread of
the deviation values of the main coordinates of the
electric switching drive during transients, obtained by
the method of simulation and experimentally, does not
exceed 5 %.
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B.l. Kuznetsov, T.B. Nikitina, 1.VV. Bovdui

SIMPLIFIED MATHEMATICAL MODEL OF GROUP OF OVERHEAD POWER LINES
MAGNETIC FIELD

Aim. The method for design of simplified mathematical model of the group of overhead power lines magnetic field allowing to
reduce the number of conductors which are taken into account in the model and field and allowing to reduce the sensitivity of the
model to plant parameters uncertainty is developed. Methodology. The method based on the multi-criteria game decision, in
which the payoff vector is calculated on the basis of the Maxwell equations quasi-stationary approximation solutions. The game
decision based on the stochastic particles multiswarm optimization algorithms. The implementation of the method is carried out
when determining the number, configuration, spatial arrangement and currents in conductors based on simplified mathematical
model of the group of overhead power line magnetic field in a given space area. Results. Computer simulation and field
experimental research results of simplified mathematical model on the example of the group of four overhead power lines
magnetic field including 21 conductors where based on the developed simplified mathematical model of the magnetic field, the
number of conductors taken into account in the model is reduced to 6, and the modeling error does not exceed 4 %. Originality.
For the first time the method for design of simplified mathematical model of the group of overhead power lines magnetic field
based on the stochastic particles multiswarm optimization algorithms, which allows to significantly ssimplify the simulation by
reducing the number of conductors that are taken into account in the model and to reduce the sensitivity of the model to plant
parameters uncertainty, and at the same time limit the modeling error at the engineering level to 5-10 %. Practical value.
Practical recommendations on reasonable choice of the minimal number, configuration, spatial arrangement and currents in
conductorsfor the simplified mathematical model of the group of overhead power line magnetic field. References 32, figures 6.
Key words: overhead power lines, magnetic field, simplified mathematical model, computer simulation, field experimental
research.

Llens. Paspaboman memoo nocmpoeHus ynpoueHHol Mamemamuyeckoil Mooeau MazHUMHO20 NOJiA ZPYRNbl 6030YUIHBIX TUHUIL
IneKmponepeoau, NO360JANOULUI YMEHbULUND KOJUYECHI80 NPOBOOHUKOE, KOMOPbIe yUUMbIEAIOMCA 6 MOOeU 014 CHUNCEHUA
YYECMEUMEIbHOCIU MO0e/IU K HeonpeodeieHHoCmU napamempos oovekma ynpaenenus. Memooonozus. Memoo ocnosan Ha
pewienuu MHOZOKPUMEPUATIbHOI CIMOXACMUYECKOI UZpPbl, 8 KOMOPOU 6eKMOPHbLIL GblUZPbIUL GLINUCAAEMCA HA OCHOGAHUU
pewenuil ypasuenuii Maxceenna 6 Kea3ucmayuoHapuom npuonuxcenuu. Pewienue uzpvl Haxooumcesa Ha 0CHOGe ANZOPUMMOE
CHIOXACMUYECKOU MYTbMUAZEHMHON Onmumu3quuu mynomupoem uacmuy. Peanuszauyus memooa ocywecmensnemcesa npu
onpedenenuu Koau4ecmea, KOHGuaypauuu, npOCMPAHCHIGEHHO20 PACHON0MCEHUA U MOKOE 6 NPOBOOHUKAX HA OCHOGe
YRPOULEHHOII MAMEMAMUYECKOll MOOEIU MAZHUMHO20 NOJIA ZPYRNbL 6030YUIHBIX TUHUIL ITIEKMPOnepeoayu é 3a0aHHOI odracmu
npocmpancmea. Pesynomamut. Ilpugooamca pezynomamopl KOMRbIOMEPHOZ0 MOOETUPOBAHUA U NOTEEHIX IKCHEPUMEHMATLHBIX
uccneo0osanuii Ha4 npumepe ZPYnnol U3 Yemblpex 6030YUIHBIX JIUHUIL INeKmponepedauu, cooeprcauieii 21npoeoonux, 20e na
OCHOBe pa3padomanHoil YnpoujyeHHO MAMmeMamuieckKoil mooenu MAZHUMHO20 NOJIA KOJUYECHE0 YUUmbléaemovlx 6 mooenu
npPoBOOHUK0E ymeHbuieno 00 6, a nozpewinocmes modenuposanus npu Imom ne npesstuaem 4 %. Opuzunanvnocms. Bnepevie
pazpaboman mMemoo NOCMPOEHUA YRPOUICHHOU MAMEMAMUYECKOU MOO0enU MAZHUMHOZ0 NONA ZPYRRbL 6030YUIHbIX JTUHUIL
INeKmponepedauu Ha OCHOBe AIZOPUMMOE CHOXACMUYECKOU MYNbMUAZEHMHON ORMUMUZAYUL MYTbMUPOEM Yacmuy,
NO360AOWUIL  CYULECHIGEHHO YNPOCMUMb MOOEAUPOGAHUEe 34 CYem YMEHbUIeHUA KOJIUYeCnea npoB0OHUKOE, KOmopble
YUUmMbBIGAIOMCA 6 MOOeNU OnA CHUNCEHUA UYECHIGUMEIbHOCU MOO0elU K HeOnpeoeieHHOCmI Rnapamempos o00vekma
YRpaenenus, U npu IMOM O2PAHUYUMb NOZPEUIHOCHb MOOenuposanus Ha uncenepnom ypoene 5-10 %. Ilpakmuueckasn
uennocmy. Ilpugooamca npakmuueckue peKOMeHOAUUU NO O0OOCHOGAHHOMY 6bIOOPY MUHUMAILHO20 KOAUYecmea,
Konguzypayuu, npocmpancmeeHHO20 PACNOJIONHCEHUA U MOKO08 6 HPOBOOHUKAX YRPOU{EHHOU MamemMamuueckou mooenu
MAZHUMHO20 NOJIA, CO30A6AEeMO020 ZPYRNOI 6030YUIHbIX TUHUIL INeKmponepedauu. bubdn. 32, puc. 6.

Kniouesvie cnosa: BO3AyHMIHAS JHHUS JJIEKTPoONepeNayd, MAarHMTHOe II0Jle, YNPOILIEHHAsi MaTeMaTHYecKas MoJelb,
KOMITLIOTEPHOE MO/JeIHPOBAHMHE, IT0JIeBbIe IKCIIEPHMEHTAIbHBIE HCCJIeTOBAHMUS.

Introduction. The World Health Organization stated
that exposure to extremely low frequency magnetic field
(MF) at power frequencies 50-60 Hz could lead to an
increased incidence of cancer. This leads to modern world
trends on dricter sanitary standards for the power
frequency MF. In particular, in Ukraine the reference level
is 0.5 uT for living space [1]. Many of overhead power
lines (OPL) often pass in the residentiad aress and
generated a MF, the level of which often exceeds Ukraine
sanitary standards, that poses athreat to public health [2, 3].

Ukraine's electricity networks are characterized by
high density, and especially near high-voltage power e N, .
substations. There is usually a group of overhead OPL, in Fig. 1. Group of high voltage power lines
the immediate vicinity of which can be located residential
buildings. As an example in Fig. 1 is shown a photograph
of the location of 4 group of OPL including 21
conductors, generating MF, the magnetic flux density
level of which must be reduced in the considered space. © B.I. Kuznetsov, T.B. Nikitina, 1.VV. Bovdui

S

Active contour shielding methods are most
economical for securing sanitary standards [3]. The
systems of active shielding (SAS) synthesis method
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developed in [4-9]. In SAS usually use simultaneous open
loop and closed loop control — two degree of freedom
system [10-14].

The initial data for the synthesis of the SAS are the
parameters of the transmission lines (working currents,
geometry and number of wires, location of the
transmission lines relative to the protected space) and the
dimensions of the shielding space and magnetic flux
density sanitary standards level, which should be achieved
as aresult of shielding [15-22].

The complexity of the synthesis problem solving of
SAS is determined by the number of OPL conductors.
Naturally, taking into account all OPL conductors that
generated MF in the shielding zone, the task of
synthesizing the SAE is complicated.

Therefore, it is relevant the approach to synthesis of
SAS, which makes it possible to simplify the solution to
the synthesis problem by taking into account a smaller
number of wiresin comparison with the original problem.

In this approach, the problem of approximating of
the initial MF measured as a result of experimenta
studies with the help of severa wires is solved.
Depending on the required accuracy of approximation, the
number of wires taken into account can be reduced to six,
three or even two wires, which can significantly simplify
the solution to the problem of synthesis of SAS.

The SAS plant parameters are known uncertainty
[22-28]. In this case, the main uncertainty in the synthesis
of this SASisthe variation of the bus currents in different
OPL, which leads not only to a change in the magnetic
flux density level, but also to a change in the position of
the space-time characteristics (STC) of the MF in the
shielding space due to the relative redistribution of the
vertical and horizontal components of the magnetic flux
density vector generated by various power lines.
Therefore, the such simplified mathematical model of the
initial magnetic field must be robust [22-28].

The goal of this paper is to develop the method for
designing of mathematical model of the group of overhead
power lines magnetic field, which alows to significantly
smplify the simulation and a the same time limit the
modeling error at the engineering level of 5-10 %.

Problem statement. Let us first consider the initial
mathematical model of a magnetic field generated by
group of OPL. In the future, we will call this model
accurate. Consider the group of OPL consisting of K
OPL. Each K OPL consists from Ly wires. At first, we
conduct experimental research of the magnetic flux
density level both in the shielding space and near the
power transmission line. Based on the obtained data, we
solve the problem of identifying currents in initial OPL
wires, at which the sum of the squared errors of the
measured and model values of the magnetic flux density
at given pointsis minimized.

Based on the calculated current wires levels we set
the instantaneous current value |, (t) at timetin I, wirein
k OPL in the following form

i (t) = A sin(et + gy ). D

Consider the Iy wire of any rather complex
configuration with an instantaneous current value I,(t) at
timet in the form of n vector elementary segments AL; of

sufficiently short length. Then the total magnetic flux
density vector By(Q;, l(t)) at the considered point Q,
generated by n elementary segments of a I, wire with an
instantaneous current value I(t) can be determined [2, 3]
on the basis of a quasistationary solution of the Maxwell
equation in the following form

n
B (Q). () = 20k S xR )
“ 5 R
where 4 is the vacuum permeability, AL, — vector
differential element at the direction of current; R; — vector
whose magnitude | R|is the distance from the source to
the observation point Q.
Then the total magnetic flux density vector B(Q;, I (t))
at the point Q;, generated by al L, wiresby all K OPL can
be represented as follows

K Ly
BQj, 1 )= > Bu(Qj i), 3)
k=1 I=1
where the vector of instantaneous currents I (t) at time t of
al Ly wires of adl K OPL is introduced, whose
components are instantaneous current value I (t) at time t
of I, wire.

We introduce the vector X of the required
parameters, the components of which are the number,
configuration, spatial arrangement and currents in
conductors of overhead power lines for the simplified
mathematical model of the initial magnetic field.

Then for simplified mathematical model the total
magnetic flux density vector By(Q, lwi(t)) at the same
point Q;, generated by al Ly, wires of model can be
represented as follows

K Ly
BM(ijxaIM(t)):z ZBMH(QJ',X,... @
k=1 1=1

e Pk (),

in which the total magnetic flux density vector
Bui(Qi, Imi(t)) at the considered point Q,, generated by n
elementary segments of a |y wire of model with an
instantaneous current value Iy (t) can be determined [13]
on the basis of a quasistationary solution of the Maxwell
equation coherently (1).

The vector of instantaneous model currents Iy(t) at
time t of al Ly wires of model is introduced, whose
components are instantaneous current value Iy(t) at time
t of Iy wire.

Consider the magnetic flux density vector
E(Q;, X, Iu(t), I(t)) of error between the initial magnetic
flux density vector B(Q;, I(t)) and magnetic flux density
vector By(Q,, Iw(t)) of approximate mathematical model at
the considered points Q at time t

E(Qj, X, Im (1), 1(1) =B(Qj,1 (1) ~...
~.=Bm (Qj, X, Iy (1))

To estimate the ssimplified mathematical model error
we calculate the effective value E(Q, X) of the error
vector E(Q;, X, Iu(t), 1(t)) by numerically integrating the
squared modulus of the error vector over the time interval
T = 20 ms of the period of the magnetic flux density
vector change

®)
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T
E(Q,x)zg\/%ﬂE(Q,x,lM(t),l(t),t)|2dt. 6)
0

Method or designing. In the designing of the
simplified mathematical model (3), the mathematical
model of the original MF (2) is known inaccurately
[19, 20]. In particular, currents in current conductors that
have daily, weekly, seasonal variations are approximately
known. Therefore, we introduce a vector & of the
uncertainty parameters from their nominal values used in
the design of the approximate mathematical model. Then
the problem of design of the robust approximate the
mathematical model is reduced to the determination of
such a vector X of the required parameters, the
components of which are the number, configuration,
spatial arrangement and currents in conductors of
overhead power lines for the approximate robust
mathematical model of the initial magnetic field and the
vector of uncertainty parameters &, at which the maximum
value of the magnetic field induction at selected points P,
of the considered space P assumes a minimum value for
the required parameter vector X, but the maximum value
for the vector of uncertainty parameters 6 so that

X" =arg min max max E(X,8,Q,). (7)
XeX ded QeQ

This technique corresponds to the standard approach
to the design of robust systems for the worst-case [29],
when the uncertainty parameters 6 lead to the greatest
deterioration of the approximated model accuracy.

The problem (7) can formulated in the form of the
following multi objective game [30-32] with vector
payoff

E(X,0)=[E(X,8,Q). E(X,5,Q,)...

E(X,0,Q0)

the components of which E(X, &, Q) are the error between
the initial magnetic flux density and magnetic flux density
of approximate mathematical model in the m points Q; of
the space under consideration.

In the multi-objective game (8), the first player isthe
parameter vector of the approximate mathematical model
X and its strategy is the minimization of the vector payoff
and the second player is a vector & of uncertainty
parameters and the strategy of this player is maximization
of the same vector payoff [32].

Note that the components of the vector payoff (2)
are nonlinear functions of the required parameters vectors
X and & are calculated on the basis of the Maxwell
equations solutions in the quasi-stationary approximation
[2, 3].

To find the multi-criterion games decision from
Pareto-optimal decisions [30] taking into account the
preference relations [31], we used specia nonlinear
algorithms of stochastic multi-agent optimization [32].

Computer simulation results. Consider the results
of designing of the simplified mathematical model of a
magnetic field generated by group of OPL including 21
conductors. In Fig. 2 are shown layout of group OPL and
shielding space. The initial MF in the shielding space
generated by two double-circuit 110 kv OPL (OPL-1 and

®)

OPL-2), atwo-circuit 330 kV OPL (OPL-3) and a single-
circuit 330 kV OPL (OPL-4).

Fig. 2. Layout of group OPL and shielding space

In Figure 3 are shown the isolines of magnetic flux
density, calculated for the nominal currents of group of
OPL.

m

Fig. 3. Theisolines of magnetic flux density, calculated
for the nominal currents of group of OPL

Modeling of the magnetic flux density created by
individual OPL in the shielding space carried out. The
currents in the wires of al OPL were assumed to be the
same and equal to 500 A. In Fig. 4 are shown the results
of calculations of the distribution of the magnetic flux
density in the shielding space during operation: a) only
one OPL-4; b) during the operation of two OPL-3 and
OPL-4; ¢) during operation of three OPL-2, OPL-3 and
OPL-4; and d) during operation of four OPL-1, OPL-2,
OPL-3 and OPL-4.

Based on the analysis of the dependencies are shown
in Figure 4 shows that as the OPL is removed from the
shielding space, the magnetic flux density level of
generated by this OPL in the shielding space decreases.

However, in the case under consideration, the
nominal currentsin the OPL-3 and OPL-4 are 2000 A, but
the nominal currents in OPL-1 and OPL-2 are 1000 A.
Therefore, despite the fact that OPL-3 and OPL-4 are
removed from the shielding space at a greater distance
than OPL-1 and OPL-2, the influence of OPL-4 and,
especialy, OPL-3 on the magnetic flux density level in
the shielding space can be significant.

Depending on the required accuracy of
approximation robust mathematical model the number of
power transmission wires taken into account can be
reduced to six, three or even two wires. By dint of
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approximation robust mathematical model in which only
two current wires are taken into account, it is possible to
simulate only weakly polarized field, in which the space-
time characteristic is a strongly elongated ellipse. If the
space-time characteristic of the initial magnetic field is
close to a circle, then the minimum number of wires
istwo.
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Fig. 4. The magnetic flux dendty distribution in the shielding
space during operation:
a) only one OPL-4;
b) both OPL-3 and OPL-4;
c) OPL-2, OPL-3 and OPL-4;
d) al OPL-1, OPL-2, OPL-3 and OPL-4

Experimental research. Experimental research of
the magnetic field generated by these group of OPL in the
shielding space, in which it is necessary to reduce the MF
level to sanitary standards, are shown that the values of
magnetic flux density calculated at the nominal values of
power line currents and measured values are very
different.

Therefore, initialy, based on experimental research
of magnetic flux density generated by currents in 21
conductors of the 4 group of OPL were determined. For
these currents, the original accurate model of MF (2) is
constructed. The approximated model (3) was designing
for this accurate model. The simplified model include 6
conductors.

In Fig. 5 are shown the isolines of magnetic flux
density of simplified model of the magnetic field
generated by group of OPL.

Fig. 5. Theisolines of magnetic flux density of approximated
model of the magnetic field generated by group of power lines

In Figure 6 are shown the dependences of the
magnetic flux density of 1) simplified model and
2) measured values. A comparison of the results of
modeling and experimental research of the distribution of
magnetic flux density values in the shielding space
showed that the error between such an simplified model
and experimental measured values of the magnetic flux
density level does not exceed 4 %.
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Fig. 6. The dependences of the magnetic flux density of
1 — approximated model and 2 — measured values
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In addition, this simplified model use for the
synthesis of SAS. Results of comparison of modeling and
experimental research confirms the possibility of active
shielding of the initial MF in the shielding space with the
shielding factor more than 4.

In conclusion, we note that designing of simplified
mathematical model of the initiadl magnetic field is
equivalent to synthesis of system of active shielding of
magnetic  fiedld. When designing of simplified
mathematical model, it is necessary to determine the
number, configuration, spatial arrangement and currents
in conductors of overhead power lines for the simplified
mathematical model of the initial magnetic field. This is
the vector game solution.

When synthesis of system of active shielding of
magnetic field, it is also necessary to determine the
number, configuration, spatial arrangement and shielding
coils currents, and the control systems parameters. Thisis
a so the vector game solution.

The components of the game vector payoff in the
design of the approximate mathematical model are errors
between the magnetic flux density level of the initial and
approximated moles. And the components of the game
vector payoff in the design of the of system of active
shielding of magnetic field are the errors of screening of
the initial magnetic field by the screening coils of the
system of active shielding of magnetic field.

Therefore, when calculating the components of the
game vector gain for designing of simplified
mathematical model, it is enough to change the sign in the
expression for to calculate the components of the game
vector payoff in the design of the system of active
shielding of magnetic field.

Therefore, from the point of view of the
mathematical statement of the problems of designing of
simplified mathematical model and synthesis of robust
system of active shielding of magnetic field are tasks of
approximating of the initial magnetic field. However,
when designing of the simplified mathematical model, the
wires are located in the zone of the power transmission
line, but when designing the system of active shielding of
magnetic field, the shielding coils are located near the
shielding space.

Conclusions.

1. For the first time the method of design of simplified
mathematical model of the group of overhead power lines
magnetic field which can significantly simplify the
simulation and at the same time limit the modeling error
at the engineering level of 5-10 % is develop. The method
based on reducing the number of conductors that are
taken into account in the model and on reducing the
sensitivity of the model to plant parameters uncertainty.
Depending on the required accuracy of simplified
mathematical model the number of power transmission
wires taken into account can be reduced to six, four, three
or even two.

2. The design of simplified mathematical model based
on multi-criteria stochastic game decision, which is
caculated by multiswarm stochastic  multi-agent
optimization from Pareto-optimal solutions. Multi-criteria
game vector payoff is calculated based on the Maxwell
equations solution. The number, configuration, spatial

arrangement and currents in conductors of overhead
power lines for the ssimplified mathematical model and
resulting magnetic flux density value in the shielding
space are determined by the simplified model designing.

3.The results of computer modeling and field
experimental studies on an example of a group of four
overhead power lines containing 21 conductors confirm
the correctness of the developed simplified mathematical
model and the possibility of reducing the number of
conductors taken into account in the model to 6 while
limiting the modeling error to level of 4 %.

4. 1t shown, that it is equivalent from the point of view
of the mathematical statement the problems of designing
of simplified mathematical model and synthesis of system
of active shielding of magnetic field are tasks of
approximating of the initial magnetic field.
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RESEARCH OF ARC FURNACE ELECTRICAL MODE WITH A FUZZY CONTROL
MODEL

Goal. The purpose of the paper isto increase the efficiency of arc steelmaking furnace (ASF) operating modes control basing on
the improvement of arc lengths control model. Method. The control model is based on the fuzzy set theory, and the structural
modelling methodology is used to study the dynamics indices. Results. The structural scheme of a furnace arc lengths fuzzy
control system and the electrical mode (EM) coordinate control dynamics parameters values in response to the deterministic and
random arc lengths fluctuations were obtained. Scientific novelty. For the first time, a fuzzy model of an EM mismatch signal
generation with operational adaptation to its current state in each phase was developed, which enabled by-phase independent
control of arc lengths and improved energy efficiency. Practical value. Dynamic accuracy of EM coordinates stabilization at the
setpoint level isimproved, in particular the arc currents dispersion is reduced, which leads to a corresponding power loss decrease
in arc furnace short network, an increase of the furnace productivity, as well as to an improvement of the electromagnetic
compatibility of the arc furnace and power supply network. References 17, figures 7.

Key words: ar ¢ steelmaking furnace, electric mode, fuzzy control, autonomy, dispersion.

3anpononosano neuimkuii 3axon kepysanns enexmpuunum pexcumom (EP) oyzoeoi cmanennasunvnoi neui (JCIT). Cmeopeno
cmpykmypny Simulink-uoodens cucmemu rkepysanns EP na ocnogi neuimkozo 3axony. Ilposedeno Kkomn' iomepHi 00cniodcenns
ounamixu pezyniosanns xoopounam EP 0yz06o0i neui /JCII-200 3 euxopucmanuam ougpepenyiiinozo ma newimkozo 3aKomie
Kepyeanna. Pesynomamu 0ocniosycens nokazanu, ujo npu UKOPUCMAHHI HEYiMKO20 3AKOHY 3MEHUYIOMbCA OUCNEPCIA CMPYMie
O0yz i numomi eumpamu eneKmpoenepzii ma 3pocmace npooyKkmuenicmeo dy2o6oi neui. bion. 17, puc.7.

Knrouosi crosa: 1yropa crajielNIaBUIIbHA MiY, eJIeKTPUYHHUI PeKUM, HediTKe peryJloBaHHs, ABTOHOMHICTh, AMCHepCis.

Ilpeonosicen neuemxuit 3axon ynpaeienus nexmpuueckum pexcumom (IP) oyzoeou cmanennasunvhoii neuu (JCII).
Paspabomano cmpykmypuyio Simulink-modens cucmemsr ynpasnenus IP na ocnosée neuemkozo 3axona. Ilposedenvi
KOMNbIOMEPHbIE UCCIe008AHUSA OUHAMUKU peyauposanus Koopounam 3DP oyzoeou neuu JICII-200 ¢ ucnonvzosanuem
oughpepenyuanvnozo u newemkozo 3aKonoe ynpasnenusn. Pesynomamul uccnedosanuii noxkazanu, umo npu uUcnoab306anuu
HeuemkKoz0 3aKOHA YMEHbUWIAIOMCA OUCHEPCUA MOKOE 0y2 YOeabHblil pPaAcxod INeKMpPOoIHEPUU U  YeeauduUeaemcs
npou3seooumensnocms 0y2060i neuu. bubn. 17 puc.7.

Kniouesvie cnosa: nyroBasi cTajlellIaBWIbHAsi Me4b, JJIEKTPUYECKHil PeKMM, HeYeTKOe peryjupoBaHHe, ABTOHOMHOCTb,

Aucrepcus.

Introduction. Technological processes of the
electrometallurgical industry are characterized by the
consumption of significant amounts of electricity. Its
main electrotechnological units are arc steelmaking
furnaces (ASFs), in which high-alloy steels and precision
aloys are smelted mainly from scrap metal.

The electrical mode (EM) of the ASF isformed by a
set of coordinates such as voltage, current and power of
the system of three-phase arcs, and is characterized by
transient random and phase-asymmetric nature of the
change. The main reason for such a complex nature of the
change of EM coordinates is the continuous during
melting action of intense random parametric perturbations
in the power supply circuit of three-phase arcs without
zero conductor and fluctuations of arc lengths, the
statistical characteristics of which change during melting
in a wide range as well as the imperfection of automatic
control systems (ACS).

One of the subsystems in the hierarchical structure
of modern ACS of the EM of arc furnaces is a subsystem
for adjusting the position of the electrodes. Its main task
isthe qualitative stabilization of the EM coordinates at the
level of the set optimal values, which are operatively
formed at the highest level of the hierarchy of the ACS of
the EM, and the integral assessment of the quality of their
operation is the variance of the EM coordinates and first
of al arc currents[1-3].

Scientific problem definition and substantiation
of its urgency. Qualitative stabilization of EM

coordinates by a lower-level subsystem makes it possible
to improve indices of energy efficiency and
electromagnetic compatibility and, in addition, further
enhances the effectiveness of the implementation of
optimal control strategies. Therefore, the task of
developing solutions to improve the quality of
stabilization of EM coordinates of the ASF at the level of
setpoints, and especially for powerful and superpowerful
furnaces, is important and relevant, as it will
comprehensively improve energy efficiency and
electromagnetic compatibility of ASFs and power supply
networks.

Review of literature sour ces. Most modern systems
of automatic control (SAC) of the position of the
electrodes of the ASF are electromechanica or
electrohydraulic regulators of arc power, such as APJIM-
T or APJIT, respectively [1-5].

These SAC positions of the electrodes use mainly
four models of control signal generation for electrode
movement: differential and impedance models and
control models by the deviation of voltage and arc
current from the specified values [4, 5]. Under the
control model (law) we understand the mathematical
model of the formation of the EM mismatch signal,
which the SAC transforms into the corresponding
movements of the electrodes. Each of these models has
certain advantages and disadvantages in the regulation
of perturbationsin different states of the EM.
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The results of the study of dynamics indicators using
different laws in the double-circuit structure of the ACS
of the electric mode of the ASF are presented in [6, 7]. In
such a structure, the laws of control of the EM are
particularly pronounced. From the results obtained in [6,
7] it follows that the control laws significantly affect the
indices of dynamics, energy efficiency and
electromagnetic compatibility in both single- and double-
circuit structures of ASF EM ACS. They show that the
optimization parameters of the mismatch signal
generation models are the dependence of the mismatch
signal formation U,(U,, 1,) and its coefficients, as well as
the dependence of the artificial external characteristic |
1a(U,) of the double-circuit ASF EM ACS.

Most of the existing arc power regulators in single-
circuit ACS operate on a differential model of EM
mismatch signal formation [4, 5]:

UrUga la)=aUz-b-l,, 1)
where a, b are the constant coefficients that set the
constant values of arc voltage, current and power; U,, |,
are the current values of arc voltage and current; U, is the
signal of the mismatch of the electric mode.

Using model (1), reliable arc ignition is performed in
the modes of arc breaks (ABs) and short circuits (SCs),
i.e. adequate implementation of extreme perturbations of
the EM and close to them is performed. But under the
action of small and medium deviations of arc lengths, the
mismatch signal according to this model does not always
adequately correspond to the real arc length — the state of
the EM in this phase. The reason for this is the use of arc
current in the model of differential law (1), because the
phase current under the current three-phase power supply
of three-phase arcs without neutral conductor is
determined not only by the arc length (voltage) of this
phase, but depends on arc lengths.

This shortcoming is emphasized in [8, 9]. These
works indicate that the use of arc currents in electrode
motion control models leads to a violation of the
autonomy of the phase channels of regulating the lengths
(voltages, currents, powers) of arcs.

Known regulation of the EM by the deviation of the
arc voltage from the specified value (voltage model)

Ur1(Ua)=k-(Ua-Uge), 2
where U, 1(U,) is the dependence of the EM mismatch
signal; k isthe gain of the regulator; U, « is the setting of
the regulator by arc voltage [4, 5].

According to this law, perfect regulation is obtained
in the modes of small and medium deviations of arc
lengths, but in extreme perturbations of the EM due to the
displacement of the zero point of the arc voltage vector,
the dynamics of electrode motion in arc ignition modes
deteriorates.

Some EM regulators from Siemens and Danieli use
variants of the impedance control law, according to which
the arc lengths are adjusted at deviating the full phase
impedance from the set value (adaptive impedance
regulator) [10-12]. However, when calculating the phase
impedances, phase currents are also used, which, for the
reasons indicated above, does not make it possible to fully
obtain the phase-by-phase autonomy of the arc length
regulation process.

In [12, 13], an improved hydraulic drive of the
mechanism of movement of the electrodes (MME) with a
servovalve with a nonlinear control characteristic and an
adaptive nonlinear model of phase impedance
stabilization is considered. In [8, 11, 14] the regulation
according to the nonlinear model of the admittance is
considered. These papers emphasize that such models are
easer to set up and have improved dynamic
characteristics compared to other EM regulators. But
these modelsin the vicinity of the point of agiven EM are
sensitive to the action of perturbations of other phases,
which a priori negatively affects the dynamic accuracy of
stabilization of the coordinates of the EM.

The analysis of other modern technical solutions for
EM SAC shows that the improvement of the model of
mismatch signal U, formation in the function of which the
signals U/? of electrode motion control are formed, is an
effective factor and an important and urgent task in
improving ASF energy efficiency indices.

The goal of this work is to increase the efficiency
of control of the operation modes of the arc steelmaking
furnace on the basis of improving the model of regulation
of arc lengths.

Substantiation of the research direction. The
process of EM control and control of ASF coordinates
in the conditions of transient random perturbations
actions takes place in the conditions of incomplete
information about change of parameters of elements and
coordinates of electric circuit of three-phase arcs of the
ASF, because it is impossible to realize exact operative
on-line operational control. Therefore, given the
complexity of processes in the power circuit and their
mathematical description, the presence of uncertainties
in control, it is appropriate for control tasks for ASF
EM to use intelligent methods, including the use of
fuzzy control models, because indicated features and
nature of processes in the ASF correspond to the
peculiarities of application and functioning of fuzzy
control models[15].

The main results of the investigations. From the
above it follows that the main attention of the study
should be paid to improving the systems of SAC of arc
lengths.

Figue 1 shows a block diagram of an
electromechanical power regulator of arc powers type
APJIM-T, on the basis of which the proposed system of
fuzzy adaptive control of the lengths of the arcs of the
ASF is based.

The three-phase system of arcs of a ASF (AF) is fed
from a secondary winding of the furnace transformer FT
with phase voltage U,y. The electric mode in the given
SAC of the ATIM-T regulator is regulated by the
differential law, and the mismatch signal U,(U,, I) of the
EM is formed in the BC comparison block according to
model (1). The current values of the arc voltage U, and
the arc current |, are generated at the outputs of the
sensors of arc voltage VS and arc current CS,
respectively. At the output of the CSFB control signal
generating block as a function of the mismatch signal U,
taking into account the insensitivity zone, SAC gain for
raising and lowering the electrodes, restrictions on the
maximum speed of raising and lowering the electrodes,
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the electrode movement control signal U/?isformed. The
electric drive of the EM, which in the APJIM-T-12
controller is represented by a reversible system «thyristor
converter — DC motor» (ED TC-M), and the mechanism
of movement of the electrode (MME) type «gear-rail»
transform the control signal U.? into the corresponding
movements of the electrode +4l, in the direction of
elimination of disturbances.

e
U2pf
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j(’z I :
S 74
o U (=]
“{ CSFB —/TL/_ nBC|
@ VS Ma
i
Uk @ +a
| ED To-M [P~ MME = AR
al N B

Fig. 1. Functional block diagram of the SAC
of arc lengths of the ASF

Figure 2 shows the natural external characteristic
1(U,) and the dependence of the arc power P,(U,) of the
arc steelmaking furnace JICII-200. This figure also shows
the points of the steady state mode of the furnace
AU st L) and of the set power of the arcs
B(U,set, Puset), Where U, = 198.3 V; |, = 43.97 A;
P.<t = 8.72 MW are the settings for arc voltage, current
and power, respectively.

Fig. 2. External characteristic 1,(U,) and power characteristic
P,(U,) of arcs of the arc furnace JICIT-200 and membership
function w(U,) of the linguistic variable «arc voltage»

The main task of ASF EM SAC is to reduce the
dispersion of EM coordinates during melting, i.e. to
maximize the operating time of the furnace in the modes
around the operating point A of the furnace, then the
values of al energy efficiency indices will approach the
maximum, and the variance of EM coordinates is
minimized.

To do this, instead of model (1), in the BC
comparison block it is proposed to use a control model

adaptive to the change of EM states, which combines a
model of a modified differentia law based on the
principles of fuzzy logic

UroWUala)=a-Ug-b-(Ia-1ast) ©)
and the voltage law (2).

With such a solution in the on-line mode active in
each phase, the law of control U, (U, |5) is established
which corresponds to the current state of the EM in this
phase. EM states in phases are identified by the phase arc
voltage, because the voltage a the arc column
unambiguously and linearly depends on its length
Us=a + Bl where a, S are the anode-cathode voltage
drops at the arc column; I, is the length of the arc.
Operational control of the arc voltage U, is proposed to be
performed by a device that operates on the basis of neural
network identification technologies [16]. The above
correspondence of voltages on arcs to states of EM
(lengths of arcs) is described by shown in Fig. 3
membership functions «(U,). It is proposed to change the
control laws (calculation models U,(U,, 1)) in phases
according to the fuzzy Takagi-Sugeno model.

During the control process, three EM states are
identified: the mode of operational short circuit and close
to it (these are short arcs), rational modes (medium arcs)
as modes around the operating point of furnace A, and the
mode of arc break and closeto it (long arcs) .

The range of low voltages (these are short arcs) in
the model of the fuzzy output system Takagi-Sugeno is
described by the term low (this is the state of short circuit
or close modes), medium — medium, and long — high
(these are states of AB or close) to him) (Fig. 2). The
terms of the linguistically variable U, are presented by
membership functions of type gauss2mf.

In the states of the EM in the vicinity of the
operating point A, the mismatch signal is calculated
according to the voltage law (2), because it alows to
implement autonomous (phase-independent) regulation of
arc lengths. This increases the dynamic accuracy of the
stabilization of the EM coordinates at the level of the
settings.

In the states of the EM arising under the influence of
extreme perturbations — SC, AB or close to them, active
for the formation of the mismatch signal U,(U,, 1) an
improved differentia law (3) is established, which, in
contrast to the voltage one (2), better implements arc
ignition processes.

Figure 3 shows the developed block diagram of the
BC comparison block (Fig. 1), which implements in each
phase of regulation a fuzzy adaptive to the state of the EM
model the formation of the mismatch signal

UrUa la) =(1-k(Uy))-U; 1(Ug) + @
+k(Ua) U 2(Ug 1)

The presented block diagram illustrates the
implementation of the proposed fuzzy adaptive to the
states of the EM model (4) for calculating the mismatch
signal U,(U,, 1,) of the EM. As afunction of thissignal in
the CSFB block (Fig. 1) the electrode motion control
signal U.?isformed.
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Fuzzy adaptation of the control process is realized
by the fuzzy inference system FIS, which operates on the
basis of the Takagi-Sugeno model (Fig. 3).

I Lvet |
| I
L‘}| -3 |
I
U I =T o
FIS

Upr=Hu (G - Uaser)
t:::: Eo_

Fig. 3. Block diagram of the BC with adaptive to changing
the states of the EM fuzzy model of the formation
of the mismatch signal

The input linguistic variable for FIS is the current
value of the arc voltage U,. For its operative processing in
the FIS block the following base of rules of fuzzy
products isimplemented:

1 ifUgelow then k=1 [1 ;
2. if U emedium then k=0 [1 ; (5)
3.if U, ehigh then k=1 [1 .

The above agorithmic and parametric degrees of

freedom of the FIS fuzzy inference system correspond to
shown in Fig. 4 dependence k(U,).

1
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Fig. 4. Dependence k(U,) of fuzzy inference system FIS

In the process of implementation of EM disturbances
in block 1 (Fig. 3), a mismatch signal is continuously
formed according to the voltage deviation law U, 1(U,) (2)
and according to the modified differential law U, 5(U,, I5)
(3) in block 2. These mismatch signals in blocks 3 and 4
are multiplied by 1k and k, respectively, and then in the
adder 5 in accordance with model (4) U, (U, o) is
calculated. From the proposed fuzzy control model (4) it
follows that at point A of the given mode the mismatch
Sgnal Ur(Ua.set, |a.set) =0.

In the modes of action of extreme perturbations, the
control of electrode motion is performed according to the
differential law (k = 1), according to which the control of
electrode movements effective for reliable ignition of arcs
isrealized.

In the modes close to the given Eb (k = 0) — around
the point 4(U, . 1, s) the control of the motion of the
electrodes is realized according to the law of deviation of
the arc voltage (2). This results in autonomous phase-by-
phase control of the electrode movement.

The study of the efficiency of the developed fuzzy
adaptive to EM states model of arc length control is
performed on the three-phase in the instantaneous
coordinates the Simulink model of SAC of the position of
the electrodes of the arc furnace JICIT-200 [6, 17]. This
model is accepted as the basic one. It studied the
dynamics of EM SAC with power regulator APJIM-T-12
used on this furnace. Subsequently, in the comparison
block of this Simulink model the fuzzy law (4) of
formation of the mismatch signal is realized (Fig. 3). On
such Simulink model the dynamics of regulation of
coordinates of EM is investigated with use of the
proposed fuzzy model of regulation of lengths of arcs.

For adequate reproduction in Simulink models of
states and dynamics of regulation of EM coordinates in
different technological stages of melting, they provide the
possibility of realization of models of dynamic volt-
ampere characteristics (DVAC) of arcs u,(iz) and models
of generating random processes of disturbances fi5(t) by
the lengths of the arcs.

For this purpose in Simulink models the possibility
of redization of three models of DVAC is provided:
linear u,(t) = Ry(t)i4(t), nonlinear based on the arctangent
function

Uy (t) = 2- Egy-arctan(k - i, (1)) 7,
and nonlinear based on the Cassie differential equation

2
dga(t) (ua(®) |
0 (07 o0y

where gy(t), Ry(t) are the instantaneous arc conductivity
and resistance; E,, is the counter-EMF of the arc;
Uy(t), ia(t) are the instantaneous arc voltage and current, 6,
is the arc time constant, which characterizes its thermal
inertia

In Simulink models of EM SAC 3 generators of
independent random processes with variable parameters
of their stochastic characteristics are realized. In the
process of computer research, random processes are
generated that differed in frequency spectrum and
amplitude characteristics, and which correspond to the
processes of perturbations acting at the technological
stages of melting wells in the charge, collapse of the
charge and oxidation of the melt in the arc furnace
JICTI-200.

Computer studies of the dynamics of arc length
control are performed when implementing in the Simulink
model of EM SAC of the differential law (1) of the
mismatch signal formation used in the regulator APJIM-
T-12 arc furnace JICII-200, and using the proposed fuzzy
law U, (U, 12) (4). In order to correctly compare the
dynamics of both laws, the studies are performed under
the action of the same redlizations of deterministic and
random perturbations that correspond to the studied stage
of melting.

Based on the results of comparative analysis of the
dynamics indices of regulation of EM coordinates using
both laws of regulation of arc lengths, conclusions are
drawn about the effectiveness of the proposed fuzzy
model (4) in comparison with the differential one (1).

Figure 5 shows the time dependencies of the
voltages and currents of the arcs of the furnace JICII-200
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obtained on Simulink models during the implementation
of the sequence of deterministic perturbations, namely,
the symmetric three-phase operational short circuit
t € 05-1.75 s, single-phase short circuit in phase C
t € 1.75-2.8 s and close to the arc break in phases A and
Bt e 284 s by differential (1) and fuzzy (4) control
models.

400 I : ' I I
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I I I | | | |
] 0.5 1 1.5 2 25 3 as ts 4
400 F T T
v Ua (phase A)
300 H — — — Ua (phase B)
.......... Ua [phase C)

s L la (phase A)
— — — la (phase B}
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Fig. 5. Time dependencies of voltages and currents of arcs
of furnace JICII-200 in the regulation of deterministic
perturbations: a, b —fuzzy model (4),
¢, d —differential model (1)

Three-phase  symmetrical operational SC is
implemented by both models U,(U,, 1) equally, because
in this mode there are no interactions of phase loads.
Analysis of the obtained processes Uy(t) (j = 4,8,C) a
implementation of asymmetric deterministic perturbations
shows that in fuzzy model (4) the arc length is regulated
only in those phases where arc length deviations have
occurred. The movements of the electrodes in the phases
where there is no perturbation are minimal. They occur
only in the first moments of extreme perturbations, when
the differentia law (1) is used to ignite the arcs. In the
differentidl model (1) of regulation (APJIM-T-12
regulator) the movements of the electrodes in certain
states of the EM are wrong, they do not aways
correspond to the phase states of the EM.

These conclusions are also confirmed by the analysis
of time dependencies of phase signals of mismatch U;(t)

and speeds ¢j(t) of motors of movement of electrodes at
implementation of the same determined perturbations
which are shown in Fig. 6.
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Fig. 6. Time dependencies of mismatch signals U,;(t) and speeds
a(t) of MME motors of electrodes with fuzzy (4) (a, b) and

differential (1) (c, d) models of arc length control

Shown in Fig. 5, 6 dynamic processes of regulation
of deterministic perturbations in such a «pure» formin the
melting interval are rare. Therefore, their research and
analysis are conducted only as testing to confirm the
correct operation of the designed system of fuzzy
derivation of FIS in the structure of the EM SAC. For
completeness of their analysis, we note that the regulation
time of the investigated deterministic perturbations when
using the fuzzy model (4) of the BC comparison block is
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10-20 % less than using the differential one (1). The
phase-average integral quadratic estimation of the quality

|sq=_[§(Ta_|a(t))2dt of regulation of these

perturbations in the interval t € [0, 4] s improved by
8.6 %. The value of this estimate is proportiona to the
reduction of power lossesin ashort network of the ASF.

The obtained values show the increase of the control
speed, the improvement of the dynamic accuracy of the
stabilization of the EM coordinates and the improvement
of the energy efficiency of the ASF in the regulation of
deterministic perturbations by the fuzzy model (4)
of the BP.

However, it is possible to obtain an integrated
estimation of the efficiency of the proposed fuzzy model
of arc length regulation only on the examples of phase-
asymmetric random perturbations regulation by arc
lengths, which are the main perturbations in the melting
processin the ASF.

For this purpose, computer simulations of the modes
of control of random perturbations at stationary intervals
T. = 180-240 s and their changes for different
technological stages of melting using both control models
are performed. Figure 7 shows obtained on Simulink
models the fragments t € 0-30 s of these processes of
regulation of EM coordinates using the developed fuzzy
model (4) (Fig. 7,b, Fig. 7,c) and according to the
differentia law (1) (APAM-T-12 regulator) (Fig. 7,d,
Fig. 7,e) of the JICII-200 furnace. The perturbation
processes fy(t) (Fig. 7,a) corresponded to the stage of
charge collapse.

This figure shows the processes of change of
voltages U,,(t) and currents 1,(t) of phase A arcs.
Analysis of the processes | ,j(t) obtained in these computer
experiments shows that the dispersion of arc currents
using a fuzzy (4) control model amounted to:
D, = 1683kA% D, =159.3kA% D, = 181.2KA?

and by the differentil model D, = 2363 kA%
D), =235.1kA% D = 2199 kA” The average phase

dispersion of arc currents for these control models is:
Disz = 169.6 kA% D, g = 203.3 kA?, respectively, and
the average phase reduction of the dispersion of arc
currents AD, = 33.7 kA? or 45 % of the maximum
possible dispersion of arc currents.

Studies of the dynamics of arc current regulation at
other technological stages of melting, i.e. under the action
of random perturbations with other amplitude and
frequency characteristics, show that the dispersion of arc
currents using the proposed fuzzy control model
decreased by 3-7.5 %.

According to the known results of researches, at the
obtained estimation of decrease in dispersion of currents
of arcs by 3-7.5 %, arc furnace productivity increases by
4-5 %, and specific electricity consumption decreases by
3-4 %. For the superpowerful JICII-200 furnace it gives
essential improvement of indicators of
electrotechnological efficiency.

In the future it is planned to investigate the influence
on the dynamics indices of other algorithmic and
parametric degrees of freedom of the FIS fuzzy derivation

system model on the dynamics of EM coordinate control
and on the energy efficiency indices of the arc furnace.

Fig. 7. Time dependencies of perturbations f, 4(t) (a),
voltages U, 4(t), I, a(t) of arcs when using fuzzy (4) (b, c)
and differential (1) (d, €) models of arc length adjustment

Conclusions.

1. The proposed fuzzy model of EM mismatch signal
generation with operative adaptation to its current state in
each phase in comparison with known control models
allows to implement phase-by-phase autonomous
regulation of arc lengths and increase control efficiency of
the ASF operation modes.

2. The possibility of readlization of phase-by-phase
autonomous implementation of deterministic and random
EM perturbations in the range of average arc lengths
using the proposed fuzzy model is confirmed, which
allows to reduce in average by phases at different melting
stages to decrease the dispersion of the ASF arc currents
by 3-7.5 % and on this basis to increase the productivity
of the ASF by 4-5 %, as well as to reduce the specific
consumption of electricity by 3-4 %.
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ANALYSISOF CHARACTERISTICSAND POSSIBILITIESOF HIGH-VOLTAGE
ELECTRICAL ENGINEERING COMPLEX SCIENTIFIC-&-RESEARCH
PLANNING-&-DESIGN INSTITUTE «MOLNIYA» OF NTU «KHPI»

FOR THE TESTSOF OBJECTSOF ENERGY, ARMAMENT, AVIATION

AND SPACE-ROCKET TECHNIQUE ON ELECTRIC SAFETY AND
ELECTROMAGNETIC COMPATIBILITY

Purpose. Implementation of analysis of basic technical descriptions and new possibilities of separate electric options of unique
high-voltage electrical engineering complex Scientific-&-Research Planning-&-Design Institute «Molniya» of NTU «KhPI»,
intended for testing objects of industrial energy (IE) on electric safety, action on them of standard storm and interconnect pulses
of voltage (current), and also objects of armament and military technique (OAMT), aviation (AT) and space-rocket (SRT)
technique on electromagnetic compatibility (EMC) and resistibility at direct action on them of the rationed pulses of current of
artificial lightning and row of no-spread temporal functions of pulses of current (high-voltage). Methodology. Basis of the applied
electrical engineering, electroenergy and electromechanics, electrophysics bases of technique of high-voltage and large pulse
currents, bases of the applied instrument-making, high-voltage measuring technique and standardization. Results. Description of
basic technical descriptions and new possibilities of component parts of unique high-voltage electrical engineering complex
Scientific-& -Research Planning-&-Design I nstitute «Molniya» of NTU «KhPl», intended for testing different objects of IE on
electric safety, their resistibility to direct (indirect) action of standard aperiodic storm and interconnect pulses of voltage (current),
and also OAMT, AT and SRT on EMC and resistibility to lightning at a direct action on them of the rationed pulses of current of
artificial lightning. It is shown that these tests can be conducted in accordance with the requirements of normative documents of
the USA of SAE ARP 5412: 2013, SAE ARP 5414: 2013, SAE ARP 5416: 2013, RTCA DO-160G: 2011, military Standards of the
USA of MIL-STD-464C: 2010, MIL-STD-461G: 2015, Standards of NATO AECTP-500: 2016, AECTP-250: 2014, International
Standards of 1EC 62305-1: 2010, |IEC 61024-1: 1990 and intergovernmental Standard GOST 1516.2-97 on the domestic high-
voltage options of type of U TOM-1, GTM-10/350, GKIN-2, TI-CS115 (NCS08), TI1-CS116 (NCS09), G-NCS10, MV 1000 and I1K-
1U with the rationed descriptions. Examples and results of tests of row of technical objects are resulted on indicated high-voltage
little- and heavy-current electric options. Originality. First in a complex kind basic technical descriptions and proof-of-concept
possihilities of unique high-voltage electrical equipment of Scientific-&-Research Planning-&-Design Institute «Molniya» of
NTU «KhPI» are presented, being in Ukraine head organization in area of development, creation and practical application of the
indicated high-voltage technique in behalf of domestic industries of |IE, airplane and rocket production, and also defense
industries of industry. Practical value. Application of the described domestic high-voltage proof-of-concept electrical equipment
at tests on electric safety, EMC and resistibility to lightning of different objects of |E, OAMT, AT and SRT will be instrumental in
the increase of reliability of their functioning in the conditions of striking (destabilizing) action on them of powerful
electromagnetic hindrances of natural and artificial origin. References 39, tables 9, figures 30.

Key words: high-voltage generator s of voltage and current pulses, objects of industrial energy, armament, aviation and space-
rocket technique, standards of tests, results of tests of technical objects on electric safety, electromagnetic compatibility and
resistibility to lightning.

Bukonanuii aunaniz O0CHO6HUX MEXHIYHUX XAPAKMEPUCHMUK | HOBUX MOMCIUGOCHMEN CKIA008UX HUACMUH YHIKATbHOZ0
6UCOK0801bIMHO020 enekmpomexHiunozo komnaexkcy HAIKI «Monnia» HTY «XIII», npusnauenozo 01a nposedeHH:A
6UNPOOYBanL 00’ €KMi6 NPOMUCTIOB0T eHepzemuKU HA eleKmpodesneKy, ix cmiiikicms 00 Oif cmanoapmuux anepioouyHux
2po3oeux i Komymauiunux imnynvcie nanpyzu (cmpymy), a maxoxyc 00’ €kmie 030poeHns I GiliCbKO8OI mexHiKu, agiauiitnoi i
DAKemHO-KOCMIYHOI mexHiKu Ha e1eKmpPOoMazHimuy cymicHicmo i O1ucKagkocmiiikicms npu npamii Oii HA HUX HOPMOBANHUX
imnynscie cmpymy wmyunoi onuckaexu. Ilokazano, wo 0amni eunpody8annsa ModCymob HPOBOOUMUCA GIONOBIOHO 00 BUMO2
nopmamuenux ooxymenmie CLIIA SAE ARP 5412: 2013, SAE ARP 5414: 2013, SAE ARP 5416: 2013, RTCA DO-160G: 2011,
giiicvkosux cmanoapmie CIIIA MIL-STD-464C: 2010, MIL-STD-461G: 2015, cmanoapmie HATO AECTP-500: 2016, AECTP-
250: 2014, misncnapoonux cmanoapmis | EC 62305-1: 2010, | EC 61024-1: 1990 i misrcoeparcasnozo cmanoapmy I'OCT 1516.2-97
HA OpUZIHATILHUX GIMYUSHAHUX GUCOK080NbMHUX ycmanoskax YHTOM-1, I'TM-10/350, TKHH-2, T1-CS115 (NCS08), TI-
CS116 (NCS09), G-NCS10, MB 1000 i HK-1Y 3 nopmosanumu xapaxmepucmuxamu. Ilpusedeni npuxnadu i pesyromamu
eunpooysans pady mexniunux 00 €Kmie¢ HA 8KA3AHUX GUCOKOGOJILIMHUX CNAOKO- | CUNbHOCHMPYMHUX €NeKmpOoyCmAaHOBKAX.
Bi6u. 39, Tabmn. 9, puc. 30.

Kniouogi crosa. BUCOKOBOJIBTHI TeHepaTopH iMIyJIbCiB HANPYTH i ¢cTPyMy, 00’ €KTH NPOMHCJIOBOI €HEPreTHKH, 030POEHHS,
aBianiiiHol i pakeTHO-KOCMIYHOI TeXHiKH, CTaHAAPTH BHNPOOYBaHb, pe3yJbTaTH BHNPOOYBAaHb TEXHiYHHUX 00 €KTIB Ha
eJ1eKTpode3neKy, eJIeKTPOMATrHiTHY CyMICHICTD i 01MCKaBKOCTIHKICTD.

Buinonnen ananu3 ocHOGHLIX MEXHUYECKUX XAPAKMEPUCMUK U HOBBIX 603MOMCHOCHEN COCHIAGHBLIX YACHell YHUKAIbHOZO0
6bICOKO080bMHO20 Inekmpomexnuueckozo komnnexca HUIIKU «Monnua» HTY «XITH», npeonaznauennozo 011 nposedeHus
ucnolmanuii  00bEKmMoe NPOMBIUIAEHHON IHEPeMUKU HA INEKmMPOOEe3OnaACHOCb, UX CMOUKOCMb K 6030eiicmeulo
CMAHOGPMHBIX ANEPUOOUHECKUX ZPO306LIX U KOMMYMAWUOHHBLIX UMHRYIbC08 Hanpsdicenus (Moxa), a makdice 00beKmos
600pYIHCEHUA U 60CHHOU MEXHUKU, A6UAUUOHHOI U PAKEMHO-KOCMUYECKOI MEXHUKU HA INEKMPOMAZHUMHYIO COEMECHUMOCID
U MOJIHUECMOIIKOCIb NPU NPAMOM OelicCEUU HA HUX HOPMUDPOBAHHBLIX UMNYIbCO8 MOKA UCKyccmeeHHoU monnuu. Ilokazano,
YUMo OAHHbBIE UCHBIMAHUA MOZYM RPOBOOUMBCI 8 COOMEEHICHIGUN ¢ MPedosanuamu Hopmamuenvix 0okymenmos CIIIA SAE
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ARP 5412: 2013, SAE ARP 5414: 2013, SAE ARP 5416: 2013, RTCA DO-160G: 2011, ¢oennsix cmandapmos CILIA MIL-STD-
464C: 2010, MIL-STD-461G: 2015, cmanoapmos HATO AECTP-500: 2016, AECTP-250: 2014, meacoynapoonsix cmanoapmos
IEC 62305-1: 2010, IEC 61024-1: 1990 u wmeaccocyoapcmeennozo cmanoapma I'OCT 1516.2-97 na opuzunanshuvix
OmeuecnmeeHHbIX 6bICOK060IbMHbIX ycmanoskax YHTOM-1, 'TM-10/350, TKHH-2, TI1-CS115 (NCS08), TI-CS116 (NCS09), G-
NCSI10, MB 1000 u HK-1Y ¢ nopmuposannvimu xapakmepucmukamu. Ilpuseoenst npumepst u pe3ynsmamsl UCRbIMARUIL PAOG
MmexXHUuecKux  00beKmoe HA  YKA3AHHBHIX  GbICOKOGOINbLMHBIX  C1A00- U CUIBHOMOUHBIX  INIEKMPOYCHAHOBKAX.
Bu6mn. 39, tabn. 9, puc. 30.

Kuroueevie cno6a. BbICOKOBOJIbTHBIE T€HEPATOPHI UMITYJIHCOB HANPSIKEHUSI U TOKA, 00bEKThI MPOMBIIIJIEHHOI YHEPreTHKH,
BOOPY:KeHMSI, ABHALMOHHOW M PAKEeTHO-KOCMHYECKON TEeXHHUKH, CTAHIAPTHl MCHBITAHUil, pe3yJbTaThl MCHBITAHUI

TeXHHUYECKHX 00HEKTOB HA 3.]IeKTp06€30HaCHOCTl>, JICKTPOMATHUTHYI0 COBMECTUMOCTDb U MOJTHHECTOHKOCTD.

Problem definition. Powerful electromagnetic
interference (PEMI) of natural and artificial origin is a
serious threat to the reliable functioning of modern
technology, based on the use of various radio, electrical
and electronic equipment [1]. The world experience in the
operation of such equipment (for example, military and
civilian aircraft, launch vehicles, thermal (TPP), nuclear
(NPP) and hydraulic (HPP) power plants) indicates that
low-current electronics, which is part of its information
technology systems and computer control networks, is
extremely sensitive to the action of PEMIs on it [2]. One
of the sources of PEMIs is long spark discharges in the
Earth’'s air atmosphere (lightning) arising from a
thundercloud to the earth, neighboring clouds, aircraft and
various objects located on the Earth’s surface [3].
Therefore, the issues of electromagnetic compatibility
(EMC) in the field of modern technology have gained
increased importance in the world. General requirements
for EMC of equipment are regulated by the relevant
Technical Regulations of Ukraine, similar to EU Directive
2014/30/EU [4]. Types of tests and methods for their
implementation are described in Ukrainian Standards,
identical to EU Standards of the 61000 and 55000 series.
In 2004, the KT-160D Standard [5], similar to the
corresponding US Standard RTCA DO-160D, was
introduced in Ukraine to test the onboard equipment of
civilian aircraft. In 2011, the next edition of this RTCA
DO-160G Standard [6] was released in the USA, which
has a number of significant differences from the previous
RTCA DO-160D Standard. Obvioudly, the capabilities of
testing laboratories in Ukraine should be adapted to the
requirements of the new edition of this Standard. Section
22 of this Standard focuses on onboard equipment (OBE)
tests on transient susceptibility caused by lightning. In all
versions of the Standards from RTCA DO-160D to
RTCA DO-160G, the basic requirements for OBE tests
for lightning resistance have not practically changed, with
the exception of some refinements and adjustments. These
basic requirementsinclude [5, 6]:

e temporary shapes and amplitude values of lightning
test currents and voltages;

o types of test lightning discharges;

¢ methods for introducing interference from lightning
into the OBE;

o OBE test regulations.

Of fundamental importance for the implementation
of the Concept of the State Target Program for the
Reform and Development of the Military-Industria
Complex of Ukraine, which was approved by Order of the
Cabinet of Ministers of Ukraine No. 19-r of 01.20.2016,
is the implementation of NATO Standards in Ukraine (in

particular, according to EMC). These standards regulate
the requirements for EMC parameters for objects of
armament and military technique (OAMT) and their
components, taking into account the combat arms and
destination. Ensuring the necessary level of immunity of
the OAMT samples to the action of various PEMIs will
increase the defense capability of Ukraine and will
promote the promotion of products of national
manufacturers on international markets. By order of the
National Standardization Body of Ukraine dated
December 26, 2017 No. 471, from February 1, 2018, the
following two basic NATO Standards came into force in
our country by confirmation method: DSTU-P STANAG
4370 AESTP-500 Ed. E: 2017 [7] and DSTU-P STANAG
4370 AESTP-250 Ed. C: 2017 [8]. It should be noted that
the stringent requirements of these NATO Standards are
largely consistent with the requirements of similar US
military Standards [9, 10]. Therefore, the implementation
in Ukraine of tests of OAMT in accordance with NATO
Standards will actually provide an opportunity to assess
the compliance of our OAMT with the requirements of
US military Standards, which are the most common in the
world. Taking into account the novelty of the
requirements of NATO Standards, in the paper it is
advisable to analyze the technical characteristics of a
number of new generators recently developed and created
a Scientific-&-Research Planning-&-Design  Institute
«Molniya» of NTU «KhPl» for testing the stability of
OAMT equipment to externa (internal) PEMIs.

No less dangerous for the operation of power
electric power equipment is such a source of PEMIs as
switching overvoltages arising in electric power systems
and networks of various voltage classes during regular
switching on and emergency switching off of electric
power consumers in them [11, 12]. In this regard, the
development and use for practical purposesin the field of
modern electrical technologies in assessing the redl
resistance and electric strength of the external (internal)
insulation of electric power facilities of generators that
reproduce switching voltage pulses with an amplitude of
hundreds and thousands of kilovolts at industrial power
(IP) facilitiesisrelevant in world applied task. Emergency
modes in their electrical circuits, accompanied by the
flow of short-circuit currents (SC) with an amplitude of
up to severa tens of kiloamperes, are also dangerous for
the reliable operation of power €electrical equipment and
electronic devices of power facilities of PE, aviation (AT)
and space-rocket (SRT) technique [1, 11]. An electric
charge of up to =%(50-200) C accumulated in
thunderclouds due to electrophysical processes in the
Earth’s atmosphere during spark discharges from these
clouds (for example, to ground objects or to objects
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caught in flight in the Earth’s atmosphere) causes flow in
their plasma channels of a powerful pulse current of a
complex tempora shape with amplitude of up to
+(30-200) kA [3]. In this regard, US guiding technical
documents SAE ARP 5412: 2013 [13] and SAE ARP
5416: 2013 [14] define stringent requirements for the
normalized amplitude-temporal parameters (ATPs) of
artificial lightning current pulses generated by powerful
high-voltage lightning current generators (LCG) and used
in tests of AT and SRT objects for lightning resistance.
The International Standard IEC 62305-1: 2010 [15] and
the National Standard of the Russian Federation GOST R
IEC 62305-1-2010 [16] regulate the current requirements
for the standardized ATPs of the aperiodic pulsed current
pulse of an artificial lightning of a temporary shape of
10 ps/350 us generated by a powerful high-voltage LCG,
typical for a short thunderstorm into ground-based power
facilities and used in testing of various objects of IP for
lightning resistance. The indicated high-voltage LCG
alow determining the rea EMC indicators and the
resistance of IP, AT, and SRT objects to the direct effect
of lightning strikes on them. Therefore, the devel opment,
creation and practical application of powerful high-
voltage LCG are currently relevant applied scientific and
technical tasks for the diverse infrastructure of
industrialized countries of the world.

According to the analysis of observations of
thunderstorm activity at 178 weather stations of the
country, National Energy Company Ukrenergo
established that the duration of thunderstorm activity in
Ukraine is increasing by 100 hours annually. Over the
past 5 years, about 350 emergency switches off have
occurred on power lines of classes 220-750 kV as a result
of adirect lightning strike, 50 of which were accompanied
by SC. Therefore, lightning voltage (current) pulses are a
serious threat to energy objects for their operation. The
critical state in the reliability and safety of operation of
energy facilities in Ukraine is confirmed by a number of
magjor accidents due to malfunctions of their grounding
devices (GDs). Among them: ignition of the power
transformer of the Rivne NPP in 2019 due to SC with the
subsequent operation of the protection and the erroneous
disconnection of its power unit No. 3 from the Ukrainian
power system; disconnection of a substation of voltage
class of 330 kV in the south of the country due to a false
actuation of its protection system; erroneous
disconnection of power unit No. 1 of Zmievskaya TPP in
2019. In this regard, the diagnostics and modernization of
the GDs of power facilities will ensure both the electrical
safety of their maintenance personnel and other persons
who may suffer from the removal of electrical potential
outside the power facilities, as well as the normal
operation of the equipment of TPPs, NPPs HPPs.

In contrast to the high-voltage test installations
created in foreign countries in the field of electrical
safety, EMC, and the resistance of technical facilities to
the action of artificial lightning and PEMIs according to
[4-10, 12-16], the high-current high-voltage test electric
equipment available in Ukraine is characterized by the
originality of constructing its discharge electric circuits
with a global priority and made of domestic components,
structural and insulating materials [17-24]. For well-

known reasons, the acquisition of expensive foreign
electrical installations is an unredlistic task for us. In this
regard, it is necessary to rely on our own origina
developments and electrical installations that implement
the requirements of [4-10, 12-16]. Electrical installations
of Ukraine for the implementation of the requirements of
a number of US and NATO Standards [4-10] have not
been described in literature.

The goal of the paper is anadysis of the main
technical characteristics and new capabilities of individual
electrica installations of the high-voltage electrical
complex  Scientific-&-Research  Planning-&-Design
Institute «Molniya» of NTU «KhPI» designed to test IP
objects for electrical safety, the effect of standard
lightning and switching voltage (current) pulses on them,
aswell as OAMT, AT and SRT on EMC and resistance to
action on them of normalized current pulses of artificial
lightning and a number of special temporary shapes of
current pulses (voltage).

1. A generator of full current artificial lightning
with amplitude of up to £200 kA. In 2007, the staff of
the Scientific-&-Research Planning-&-Design Institute
«Molniya» of NTU «KhPI» at its scientific and
experimental training ground (Andreevka, Kharkiv
region) created a powerful high-voltage high-current LCG
of the UITOM-1 type [17], capable of testing elements of
AT and SRT objects on lightning resistance in accordance
with international requirements[13, 14]. According to US
technical requirements [13, 14], in laboratory tests of
devices and elements of aviation and rocket and space
technology for resistance to the direct effect of full
current of artificia lightning on them, its following
components generated in high-voltage high-current LCG
circuits can be used: pulsed A-, repeated pulsed D-,
intermediate B-, long-term C- and shortened long-term
C*- current components of artificia lightning. We point
out that most often in the practice of lightning tests of
various devices and systems of civil and military aircraft,
the following combinations of the indicated lightning
current components are used [13, 17]: A-, B- and C-
components; A-, B- and C*- components; D-, B- and C*-
components. The main ATPs normalized according to
[13, 14], typical for such components of the artificial
lightning current in the electrical circuits of the LCG, can
be summarized in Table 1.

Tablel
Normalized ATPs of the main components of the total current of
artificial lightning [13, 14]

Lightning | ) 10| g | 90100 4| o
current KA |[KA| C | Jo |ps| ms
Component
A 200:20] — | — | 2:04 |<50| <05
B ~ 2204 101 | - | - | 5205
c 02-08| — |200ta0] - |- (0;215021)
c - | 04] 618 - — | 1545
D 100610, — | — |0.25:0.05/<25| <05

Note. I, is the amplitude of the current pulse; Ic is the average
current value; gc is the amount of the flowing charge; J, is the
integral of the action of the current pulse; =, 7, are, respectively,
the duration of the pulse front between the levels (0.1-0.9)1,, and
the current pulse at the level <0.1l,
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Figure 1 shows a general view of a powerful LCG of
the UITOM-1 type, and Fig. 2 is a schematic electrical
diagram of the construction of this artificial lightning full-
current generator. In accordance with the data in Fig. 2,
the UITOM-1 type generator includes five separate and
synchronously operating high-voltage pulse current
generators (GIT) of capacitive design, each of which
(GIT-A, GIT-D, GIT-B, GIT-Sand GIT-C*) on common
electric load — the test object (TO) forms the
corresponding components of the total current of artificial
lightning [17]. The required combination of lightning
current components (and, accordingly, the necessary
combination of GIT) on a common TO is implemented
using electrical jumpers X1-X4 (see Fig. 2).

Fig. 1. General view of the high-voltage high-current LCG of
the UITOM-1 type, which simulates the direct influence of the
main components of the artificial lightning current onthe TO (in
the foreground there is aworking table with a three-electrode
controlled air switch F; for voltage of £50 kV and an air exhaust
system, and in the background there are powerful high-voltage
generators GIT-A, GIT-D, GIT-B, GIT-C and GIT-C*) [17, 18]
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Fig. 2. Electrical circuits for the construction of discharge
circuits of five high-voltage GITs (GIT-A, GIT-D, GIT-B,

GIT-C and GIT-C*) and UITOM-1 type LCG in genera with

one common electric R_L, load (F, F, — three- and two-
electrode high-current air switches for voltage £50 kV

and £5 kV; X1-X4 — electrical jumpers; R=0.158 m<) — active

resistance of the measuring coaxial shunt ShK-300M1; R1-R5,
L1-L.3 —own electrical parameters of the circuits of GIT-A,

GIT-D, GIT-B, GIT-C* and GIT-C; R6, L4 — electrical
parameters of the forming elements for the circuits

of GIT-C and GIT-C*) [18]

Powerful GIT-A and GIT-D generators are equipped
with paralel-connected high-voltage low-inductance
capacitors of the type IK-50-3 (they are charged to
constant voltage U, of not more than +50 kV), and
GIT-B, GIT-C and GIT-C* generators with high-voltage
low-inductance capacitors of the IM-5-140 type (the | atter
are charged, respectively, to constant voltage +Ug and

+Ucc not more than +5 kV). As aresult, the total nominal
energy stored in the UITOM-1 type LCG capacitors is
1.21 MJ[18].

To measure the ATPs generated by these LCGs at
the TO (according to Fig. 2 on the total lumped R L, load
R~50 mQ u L =1 pH) of al components of the pulsed
lightning current, one measuring high-voltage coaxial
shunt of the ShK-300M1 type, with active resistance of
Rs=0.158 mQ and passed the state metrological
verification is used [18].

Table 2 shows the main technical characteristics of a
measuring high-current coaxial shunt of the ShK-300M1
type, the high-resistance disk element of which 1 mm
thick and outer diameter of 80 mm was made of
12X18H10T sainless steel [19]. The design of this
measuring shunt is capable of withstanding repeated fulll
currents of artificial lightning flowing through it,
characterized by the action integral up to J,~10-10° JQ.

Table 2
Main technical characteristics of the measuring shunt type
ShK-300M1 [18, 19]

Shunt name Characteristic value
Rs, mQ Ks AIV Mass, kg
ShK-300M1 | 01584106 | S=202 31
- . N 0 .
Ks=6312

Note. K=2/Rg is the shunt conversion coefficient, A/V; Kg is
the shunt conversion coefficient when measuring in the LCG
discharge circuit of the ATPs of A- and D- components of the
artificial lightning current, A/V (from the 1:1 coaxial connector
of the matching voltage divider (MVD) type SDN-300); K is
the shunt conversion coefficient when measuring in the LCG
discharge circuit of the ATPs of B-, C- and C*- components of
the artificial lightning current, A/V (from the 1:2 coaxia
connector of the SDN-300 voltage divider matched).

Figures 3-5 show typical oscillograms of pulsed A-,
intermediate B- and long-term C- components of the
artificial lightning current normalized according to
[13, 14] ATPs previoudy recorded in high-current
discharge circuits of high-voltage generators GIT-A,
GIT-B and GIT-C of the powerful LCG of UITOM-1 type
using the ShK-300 measuring shunt (Ksx=11261 A/V;
K=5642 A/V [17]) and Tektronix TDS 1012 digital
storage oscilloscopes. Designs of the used ShK-300 and
ShK-300M1 shunts, as well as the original schemes for
constructing measuring channels in the UITOM-1 LCG
alow simultaneously  registering the  required
combinations of lightning current components [18].

In Fig. 4 interesting metrological features are almost
ideal zones (time zones located on the horizontal time
axis in the regions of 300 us and 5 ms) of «joining» or
«stitching» of the measured current curves corresponding
to the A-, B- and C- components of the full current of
artificia lightning generated by a powerful LCG of the
UITOM-1 type [17, 18]. The practical implementation of
this approach while simultaneously recording the
indicated components of the artificial lightning current
was carried out by using a single voltage divider type
SDN-300 in the measuring path.
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Fig. 3. Oscillogram of the pulsed A- component of the artificial
lightning current with normalized ATPs in the high-current
discharge circuit of the GIT-A generator of a powerful LCG of
the UITOM-1 type (Uzxx—29.7 kKV; 1,n=—212 KA;
Jax=2.09:10° JQ; =32 pis; 7,500 ps; vertical scale —
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Fig. 4. Oscillogram of the intermediate B- component of the
artificial lightning current with normalized ATPsin the high-
current discharge circuit of the GIT-B generator of a powerful

LCG of the UITOM-1 type (Usg=—4 kV; l,g~5.28 KA;
1c=2.08 KA; gcg~10.4 C; 7,5 ms, vertical scale—
1128.4 A/cdll; horizontal scale— 1 ms/cell) [17]
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Fig. 5. Oscillogram of the long-term C- component of the
artificial lightning current with normalized ATPsin the high-
current discharge circuit of the GIT-C generator of a powerful

LCG of the UITOM-1 type (Usc=—4 kV; |,c=0.74 KA;

Occ~182 C; 7=9 ms; 71000 ms, vertical scale — 225.6 A/cell,

horizontal scale — 100 ms/cell) [17]

Figure 6 shows the results of direct exposure to a
pilot model of a domestic-produced aircraft receiving-
transmitting antenna of only one pulsed A- component of
the artificial lightning current, normalized according to
[13, 14] the ATPs of which corresponded to the technical
data indicated on the current oscillogram of Fig. 3
(Ina=—212 KA; Jox=2.09:10° JQ; 732 is; 7,500 pis) [20].

The data in Fig. 6 clearly shows that the
experimental model of the receiving-transmitting
antenna of a domestic aircraft, designed and
manufactured without fully taking into account the
international requirements for lightning resistance given
in the US regulatory documents [13, 14], underwent its
complete destruction after direct exposure to its radio
elements of pulsed A- artificia lightning current
components with normalized ATPs.

Fig. 6. External view of the experimental model of the
recelving-transmitting antenna of a domestic aircraft before (a)
and after (b) the direct impact onit in a high-current discharge

circuit of ahigh-voltage generator GIT-A of apowerful LCG
type UITOM-1 of only one pulsed A- component of the artificial
lightning current with normalized ATPs
(Ina=—212 KA; Jo4=2.09-10° JY; =32 pis; 7,=0.5 ms) [20]

The UITOM-1 powerful high-voltage lightning
current generator based on schemes for constructing and
synchronizing the parallel operation of the discharge
circuits of its five separate GI Ts, stored in capacitor banks
eectric energy, generated on the tested RL, load
normalized ATPs of the components of the artificial
lightning current and its comparatively low cost does not
have foreign analogues [17].

2. A current pulse generator of a temporary
shape 10/350 ps of artificial lightning with amplitude
of up to £200 kA. In 2014, at the indicated scientific and
experimental training ground of the Scientific-&-
Research Planning-& -Design Institute «Molniya» of NTU
«KhPI», we created a unique powerful high-voltage high-
current generator of current of short-term lightning strike
of the GTM-10/350 type [21], on which tests of various
ground-based |P objects can be carried out on lightning
resistance to the direct action on them of an aperiodic
current pulse of artificial lightning of a temporary shape
nl,=(10£2) ps/(350 = 35) ps of both polarities in
accordance with the technical requirements set forth in
international regulatory documents [15, 16]. The main
normalized ATPs of this powerful test pulse of artificial
lightning current, corresponding to a short shock of a
thunderstorm high-current discharge into a protected
electric power object (TO), are given in Table 3. From the
data of Table 1, 3 it follows that the powerful test current
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pulse of a short thunderstorm high-current discharge of a
temporary shape of 10/350 us in terms of its energy
indicators (first of al, by the value of the corresponding
integral of the current action J,) significantly exceeds the
corresponding numerical indicators for pulsed A- and
repeated pulsed D-component of the artificial lightning
current (see section 1) used in testing of various objects of
AT and SRT for lightning resistance in accordance with
the regulatory documentsin force [13, 14].

Table 3
Normalized ATPs of an aperiodic current pulse of a
temporary shape 10 pns/350 pus[15, 16]

Name of the Lightning protection level according to
current pulse the Standard | EC 62305-1: 2010
parameter | Il "n-v
Front duration 1042 1042 1042

T, KIS

Pulse duration

7p @t the level 350+35 350+35 350+35
0.5, Ps

Current

amplitude I, 200+20 150+15 100+10
kA

Current action

integral J, 10£3.5 5.6+1.96 2.5+0.875
10° JOQ

Chargeqc, C 100+£20 75+15 50+10

Figure 7 shows a general view of the generator type
GTM-10/350, and Fig. 8 shows the electrical circuits for
constructing (replacing) of its four separate high-voltage
GITs (GIT-1 — GIT-4, synchronously working on one
common electric R L, load) and this generator as awhole.

rNy i

Fig. 7. General view of apowerful high-voltage high-current
generator of artificial lightning type GTM-10/350 (in the
foreground there is its desktop with a controllable high-voltage
three-electrode air switch placed on top of it with graphite
electrodes for voltage +50 kV and pulsed aperiodic lightning
current with amplitude up to £220 kA and atest sample of cable
and wire products, and in the background there are the electrical
elements of the charge-discharge circuits of itsindividual high-
voltage pulse current generators GIT-1, GIT-2, GIT-3 and
GIT-4) [21]

Note that the GIT-1 — GIT-3 generators are equipped
with high-voltage low-inductance pulse capacitors type
IK-50-3 (rated voltage +50 kV; rated capacitance 3 pF),
and the GIT-4 generator is equipped with high-voltage
pulse capacitors of the IM2-5-140 type (rated voltage
+5 KkV; rated capacitance 140 uF) [21]. In the

GIT-1 — GIT-3 generators, their capacitors (respectively,
in the amount of 16, 44 and 111 pcs.) are connected in
parald to the rated voltage of +50 kV, and in the GIT-4
generator its capacitors (in the amount of 288 pcs.) — in
series in parallel (two series-connected capacitors in each
of the 144 parallel-connected sections) for rated voltage
of £10 kV. As aresult, the total nomina energy stored in
a high-voltage high-current generator of artificial
lightning type GTM-10/350 is approximately equal to
1.15MJ[21].
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Fig. 8. Electrical equivalent circuits of high-current discharge
circuits of four separate high-voltage generators GIT-1 - GIT-4
as parts of ahigh-power current pulse generator 10/350 ps of
artificial lightning type GTM-10/350, working on one common
electric R L load (X1 — X4 — conductive jumpers of discharge
circuits of GIT-1-GIT-4; R1-R4, L1-L4 — own electrical
parameters of circuits of GIT-1— GIT-4; L31, L41 — electrical
parameters of forming reactive elements for discharge circuits of
generators GIT-3 and GIT-4) [21, 22]

Figure 9 shows an oscillogram of a powerful
aperiodic current pulse of atemporary shape of 10/350 us
with normalized ATPs obtained in a high-current
discharge circuit of a high-voltage generator of the GTM-
10/350 type with a low-resistance active-inductive load
(R~0.1Q; L =1.5 pH).
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Fig. 9. Oscillogram of an aperiodic current pulse of negative
polarity in a high-current discharge circuit of a high-voltage

generator GTM-10/350 with an active-inductive |oad

(R=0.1 Q; L ~1.5uH; Uz 3=—15kV; Ug=2.25kV;
17106 kA; J;=3.03-10° JQ); qc=52.2 C; 7=15 s, 7,~340 s,
vertical scale—22.52 kA/cell; horizontal scale— 50 ps/cell) [22]

The ATPs of the aperiodic current pulse of artificial
lightning (see Fig. 9), formed in the discharge circuit of

42 I SSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.4



the GTM-10/350 generator, was measured using a
ShK-300 type coaxial shunt (Ks = 11261 A/V [17]) and
digital storage oscilloscope series Tektronix TDS 1012.
The charging voltage Uc1.3=Uz;.3 of negative polarity of
the capacitors for the generators GIT-1 — GIT-3 in this
case was about 15 kV, and the charging voltage U;=Uz,
of the same polarity of the individual capacitors for the
generator GIT-4was 2.25kV.

Figure 10 shows the results of the impact on a solid
aduminum core with cross section of 6 mm® of

ATITIBur2x6 network cable with polyvinylchloride
(PVC) insulation of an aperiodic current pulse of a short
shock of a lightning discharge of a temporary shape of
17/265 ps with amplitude |~ —83.8 kA obtained in a
discharge circuit of GTM-10/350 [23].

4 -

Fig. 10. Results of the electrothermal action in the discharge
circuit of the GTM-10/350 type artificial lightning current
generator of anormalized aperiodic current pulse of a short
thunderstorm discharge of atemporary shape of 17/265 uswith
amplitude of 1~ —83.8 kA on the test sample of the
ATITIBHr2x6 network cable with PV C insulation and solid
aluminum core of cross section of 6 mm? [23]

From the data in Fig. 10 it is shown that the test
sample of AIIlIBur2x6 network cable with PVC
insulation (TO) could not stand the indicated
electrothermal effect of normalized to [15, 16] aperiodic
current pulse of artificial lightning. Its continuous round
aluminum core with cross section of 6 mm? together with
its PVC insulation due to the onset of an electric
explosion (EE) in it (the core) underwent sublimation and
complete destruction. Note that the EE of the tested in the
discharge circuit of the GTM-10/350 for thermal
resistance to the indicated powerful current pulse of
artificial lightning of a test sample of the network cable
with a current-carrying aluminum part causes a noticeable
deformation of the current pulse acting on it. In this case,
the values of 7; increase and the values of 7, decrease.
A powerful high-voltage lightning current generator of
the type GTM-10/350 has no foreign anal ogues according
to the schemes for constructing and synchronizing the
parallel operation of the discharge circuits of four separate
GITs, stored in capacitor banks of electric energy,
generated at the R L, load the normalized ATPs of a
lightning current pulse of a short shock and its relatively
low cost [21].

3. A generator of standard switching aperiodic
voltage pulses with amplitude of up to +2 MV. To test
the electrical strength of the insulation of objects at the
scientific and experimental training ground of the

Scientific-&-Research  Planning-&-Design  Institute
«Molniya» of NTU «KhPl», in 2012 a powerful generator
of switching voltage pulses (GSVP) was created, which
allows generating on the electrical 1oad with a capacitive
characteristic (for example, on insulators, high voltage
bushings , disconnectors, capacitors, transformers, etc.)
standard aperiodic voltage pulses of positive (negative)
polarity of the temporal shape Ty/7,~205 ns/1900 s,
where Ty, 7, are, respectively, the rise time and duration at
the level of 0.5 U,, of the voltage pulse, at their amplitude
Uy, up to 2 MV [12, 24]. Figure 11 is a general view of
this ultra-high-voltage generator.

Fig. 11. Generd view of GSVP of GKIN-2 type, which formsa
standard aperiodic switching pulse of voltage of atemporary
shape Tgy/z, ~205/1900 ps with amplitude Uy, up to 2 MV on the
tested electric power facility (the modernized generator GIN-4 is
placed on the right, and an insulating support 11 m high with
load capacitance Cj=13.3 nF for 3 MV, to the upper potential
electrode of which from the GIN-4 generator forming
R~4.28 k) and from the load capacitance — current-limiting

R ~4.59 kQ resistors are connected) [24]

Figure 12 shows a circuit diagram of an ultra-high-
voltage generator GKIN-2, assembled on the basis of
using a modernized by us in 2012 for generating on test
objects (TO) at electric power facilities in accordance
with the requirements of [12] of a standard switching
aperiodic voltage pulse of a temporary shape
(250+50) ps/(2500+750) ps of a pulse voltage generator
(PVG) for rated voltage of 4 MV and stored electric
energy up to 1 MJ [25], built on the indicated training
ground (field stand) of the Institute in the 1970s according
to the classical Arkadyev-Marx scheme [26]. Note that
GIN-4 (see Fig. 12) has a bookcase structure and contains
16 cascades, each of which (with the exception of the first
cascade from the ground) includes one uncontrolled air
two-electrode ball spark gap F with diameter of 125 mm
and eight high-voltage capacitors C in the metal case
KBMG-125/1 (rated voltage £125 kV; capacitance 1 uF)
of our own design [25, 27].

The first cascade of the GIN-4 generator from the
ground is equipped with a high-voltage controlled air
three-electrode spark gap (trigatron) F; of diameter of
125 mm, started from a specia start-up pulse generator
(SPG) of own design of the Scientific-&-Research
Planning-& -Design Ingtitute «Molniya» of NTU «KhPl»,
which supplies damped pulses microsecond duration to
the trigatron F; electrodes, characterized by voltage
amplitude of up to £10 kV [28].
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Fig. 12. Schematic diagram of the ultra-high-voltage GKIN-2
generator, assembled on the basis of the modernized powerful
bipolar generator GIN-4 for rated voltage of 4 MV, connected to
the proposed circuit for the formation of standard switching
aperiodic voltage pulses on the TO (two-electrode needle-plane
system with along air discharge gap) containing an additional
discharge resistor Ry=32.7 kQ, forming resistor
Ry =4.28 kQ, load capacitance C;= 13.3 nF and current-limiting
resistor R=4.59 kQ [24]

The GIN-4 modernized by us in each of the charge
branches of positive and negative polarities to constant
voltage +U of capacitors C with porcelain insulators (see
Fig. 12) contains instead of low-resistance charging
resistors with nominal value of 500 Q the high-resistance
charging resistors R-=30 kQ with atotal of 32 pcs.

Each of the 16 GIN-4 cascades for a rated voltage of
250 kV is equipped with one soothing resistor R-,=0.5 Q.
The parallel charge of capacitors C in GIN-4 to the
corresponding constant voltage U =tU; is carried out
from two powerful high-voltage chargers of the GKIN-2
through four chains of series-connected charging
R~=30 kQ (16 pcs. for each of two bipolar branches of
charge) and two chains of series-connected discharging
R~=110 kQ (8 pcs. each with a total discharge resistance
of GIN-4 equal to 440 kQ) resistors, each of which was
calculated for rated voltage of 500 kV. The GIN-4
construction at the top contains a rectangular steel shield
with round edges connected to its discharge circuit, to
which shown in Fig. 12 forming elements and the
required TOs are galvanically connected.

Figure 13 shows an oscillogram of a full standard
switching aperiodic voltage pulse of positive polarity of a
temporary shape Ty/7;=205/1900 ps with amplitude
U,=783.2 kV, obtained using the discharge of the
described ultra-high-voltage generator GKIN-2 for an
electrical load (TO), made in the form a long air gap
(about 3 m long) in a two-electrode needle-plane system
(Fig. 14, a steel rod was used for the «needle», and 5x5 m
galvanized sheets were used for the «plane»).
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Fig. 13. Oscillogram of afull switching aperiodic voltage pulse
of positive polarity on a needle-plane two-electrode system with
anair gap of 3m (Us~+40 kV; U,=783.2kV; T205 s,
77~1900 ps, vertical scale —268.2 kV/cell; horizontal scale -
250 ps/cell) [29]

Vs

Fig. 14. General view of the TO — a two-€lectrode needle-
plane system with an air gap of 3 m, to the upper electrode of
which GKIN-2 and the measuring ohmic divider of the pulse
voltage ODN-2 to rated voltage of £2.5 MV are galvanically

connected [29]

Note that when measuring the ATPs of switching
pulses of voltage of atemporary shape Ty/7;=205/1900 ps,
formed in the discharge circuit of the GKIN-2 in the TO
shown in Fig. 14, an ODN-2 type ultra-high-voltage
ohmic pulse voltage divider [29] matched in the
measuring circuit having a division ratio K4 =~ 53650 and a
shielded cable transmission line from the TO of a useful
electrical signal up to 60 m in length, and a Tektronix
digital storage oscilloscope TDS 1012, located away from
the considered GKIN-2 in a buried shielded measuring
hopper, were used.

Figure 15 shows an oscillogram of a positive-
polarity aperiodic switching voltage pulse of amplitude

44 | SSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.4



U,~1030 kV cut off at the front obtained with GKIN-2
during electrical breakdown of air insulation of 3 m in
length in the needle-plane two-electrode discharge system
shown in Fig. 14. It can be seen that in this case, the
cutoff timeis Tc~90 W
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Fig. 15. Oscillogram of a cut off ultra-high-voltage switching
aperiodic voltage pulse of positive polarity on atwo-electrode
needle-plane system with an air gap of 3 m (Uz=+60 kV;
U=1030 kV; T=90 ps; vertical scale—268.2 kV/cell;
horizontal scale — 50 ps/cell) [29]

We indicate that from the data in Fig. 13, 15 it
follows that at the front of the switching aperiodic voltage
pulse of the temporary shape T/7;~205/1900 pus generated
by the GKIN-2, a peak-like burst of up to 7 ps duration is
observed [24], due to the operation peculiarity of the
GKIN-4 ultra-high-voltage generator used in the test
circuit, associated with the presence in it of a steel roof-
top screen with area of up to 60 m? and a fast charge-
discharge of its parasitic electric capacitance in the
process of a powerful discharge to forming electrical
elements and TO according to the diagram in Fig. 12 of
power capacitors C = 1 pF of all GIN-4 cascades (with
the capacitance «in the discharge» of this PVG equa to
approximately 0.125 uF) when its high-voltage spark gaps
F, and F are triggered. The GKIN-2 powerful ultra-high-
voltage generator of aperiodic switching voltage pulses
does not have foreign analogues today [24] according to
the schemes for constructing its charge-discharge circuits
(cascades) and normalized ATPs of the standard aperiodic
switching pulse of 250/2500 ps voltage generated at the
test object.

4. A generator T1-CS115 (NCS08). This generator
is designed to test the components of the OAMT for
conductive susceptibility to pulsed currents of the form
CS115 [9] and NCS08 [7]. Test currents are supplied into
the TO by feeding them into cable bundles through
injectors. A general view of this generator is shown in
Fig. 16.

The test current pulse generated by the TI-CS115
(NCS08) type generator on an electric load has a
trapezoidal shape with arise time of the front 7g=2 ns, a
fal time Tp=2 ns and a horizontal section duration
T~30 ns. Figures 17-19 show typical oscillogram of atest
current pulse of the shape required by [9].

e =TT
s MCTPRuCLy

Fig. 16. Generator of type TI-CS115 (NCS08), which
reproduces pulse currents of the form CS115 [9] and NCS08 [7]
ontheTO

The output characteristics of the generator TI-CS115
(NCS08) are given in Table 4. The generator of pulsed
currents of the type CS115 [9] and NCS08 [7] does not
have known foreign analogues according to ATPs of
special shaped test current pulses (see Fig. 17-19).

1
Fig. 17. Typical oscillogram of atest current pulse of the form
CS115 with amplitude of 5 A of positive polarity generated by a
generator of the type
TI-CS115 (NCS08)

i}

Fig. 18. Typical oscillogram of atest
current pulse of the form CS115 with amplitude of 5 A of
negative polarity generated by a generator of the type

TI-CS115 (NCS08)

Fig. 19. Typica oscillogram of the repetition rate f- =30 Hz of a
test current pulse of the form CS115 generated by a generator of
the type T1-CS115 (NCS08)
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Results of determining the characteristics of the generator T1-CS115

Table4

NCS08) in the mode of measuring its current pulses

Technical characteristics of the output Current I, Pulse
T, ns Tk, NS Tp, NS fe, Hz

current pulse A shape

. not less no more no more 30 Hz .
Requirements of regulatory documents[7, 9] 5+1 than 30 ns than 2 ns than 2 ns + 3Hz Trapezoid
Actual values for positive pulse 5+0.06 32.8 1.92 192 29.94+0.27 [Trapezoid
Actual values for negative pulse 5+0.07 32.6 1.96 1.84 29.94+0.36 [Trapezoid
Conclusion of compliance meet meet meet meet meet meet

Note: T is the duration of the horizontal part of the current pulse; Tk is the rise time of the front of the current pulse; Ty, is the decay

time of the current pulse; fr isthe repetition rate of current pulses.

5. A generator TI-CS116 (NCS09). This high-
frequency generator is designed to test the components of
the OAMT for conductive susceptibility to pulsed
currents of the type CS116 [9] and NCS09 [7] aso by the
method of feeding test current pulses formed by it into the
bundles of their cables through injectors. In this case, the
current pulses have the shape of a damped sine wave, the
frequency fo of which varies in the range from 10 kHz to
80 MHz. The current values are set depending on the
frequency fy of the sinusoidal oscillations of the pulse
current. The decrement of current oscillations is aso
regulated by the requirements of [7, 9]. The external view
of the TI-CS116 (NCS09) type generator is shown in
Fig. 20.

_ )

Fig. 20. General view of a high-frequency generator of the type
TI1-CS116 (NCS09) (1 —block F1; 2 —injector IG-3; 3 — power
supply unit DP; 4 — block F2 with an inserted module M 10)

The block diagram of the construction of this
generator is shown in Fig. 21, and the main technical data
on the parameters of the pulse current generated by it are
giveninTable5, 6.

DP . > F1 IG-3
1
i
bemeee o »| 1G-80
A 4 A A
M10 M30 | |Meo| | mso

Fig. 21. Block diagram of the construction of a high-frequency
generator of the TI-CS116 (NCS09) type (DP — power supply
and switch control unit; F1 — frequency generation unit from
10 kHz to 3 MHz; F2 —frequency generation unit from 10 MHz
to 80 MHz; M 10 — replaceable module with frequency of
10 MHz; M 30 — replaceable module with frequency of 30 MHz;
M60 — replaceable module with frequency of 60 MHz;
M80 — replaceable module with frequency of 80 MHz;
IG-3 —injector for frequencies from 10 kHz to 3 MHz;
1G-80 — injector for frequencies from 10 MHz to 80 MHz)

Table5
Dependence of the peak value of the pulse current | on its frequency fg
Frequency fo, | 501 0.03 0.1 0.3 3 10 30 60 80
MHz
Current Ipin
accordancewith| 0.1+0.02 |0.3+0.06| 1+0.2 |3+0.6| 10+2 10+2 10+2 10+2 5+1 3.8+0.8
RD[7,9], A
positive polarity of pulse current
Current | |0.101+0.002|0.3£0.001(1.01+0.013|3+0.08| 10.08+0.05| 10.08+0.009| 10.08+0.05| 10.08+0.11 |5.04+0.04|3.84+0.02
according to the
results of negative polarity of pulse current
verification, A
0.101+0.002|0.3+£0.003|1.01+0.007|3+0.08/10.08+0.04| 10.08+0.009{ 10.08+0.05| 10.08+0.008|5.04+0.04{ 3.84+0.03
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Dependence of the pulse current I by cycles on frequency f

Table 6

I/l in accordance Frequency fo, MHz
N (cycle number) withrD([7,9 | 001 | 003 ] 01 [ 03 [ 1 | 3 [ 10 [ 30 [ 60 [ 80
' In/1p according to the results of verification (Iy — current of the N-th cycle; | — rated current)

positive polarity of pulse current

1 from0.73t00.85 | 085 | 080 [ 081 [ 083 | 073 | 073 | 0.73 [ 073 [ 075 | 0.74
negative polarity of pulse current

085 | 080 [ 081 | 083 | 073 [ 073 | 073 | 073 | 075 | 0.74
positive polarity of pulse current

2 from 0.53t00.73 | 059 | 060 [ 058 [ 065 | 059 | 054 | 059 | 055 [ 054 | 054
negative polarity of pulse current

059 | 060 | 058 | 065 | 059 | 054 | 059 | 055 | 054 | 0.54
positive polarity of pulse current

3 from 0.39t00.62 | 040 | 043 [ 043 [ 049 | 048 | 044 | 044 | 039 [ 039 | 040
negative polarity of pulse current

040 | 043 [ 043 | 049 | 048 | 044 | 044 | 039 | 039 | 040
positive polarity of pulse current

4 from 02810053 | 030 | 028 [ 029 [ 037 | 037 | 037 | 035 | 029 [ 029 | 0.28
negative polarity of pulse current

030 | 028 [ 029 | 037 | 037 [ 037 | 035 | 029 | 029 | 0.28

O<cillograms of the current Ip for severa
frequencies f, from their above range are presented in
Fig. 22-24.

b

Fig. 22. Typica oscillograms of atest pulse current of the form

CS116 with frequency fo=1 MHz and amplitude of 10 A

(a— positive, b — negative polarity)

b

Fig. 23. Typical oscillograms of atest pulse current of the form
CS116 with frequency ;=60 MHz and amplitude of 5 A
(a— positive, b — negative polarity)

A comparison of the technica requirements of
regulatory documents (RD) according to [7, 9] for the
generated current pulses, with the ATPs generated by this
eectrical installation of current pulses, obtained by usin
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the process of verification of test electrical equipment,
clearly indicates their full compliance. We point out that
today the TI-CS116 (NCS09) high-frequency generator
according to ATPs of generated test current pulses also
has no foreign analogues.

b
Fig. 24. Typical oscillograms of atest pulse current of the form
CS116 with frequency ;=80 MHz and amplitude of 3.8 A
(a—positive, b — negative polarity)

6. A generator G-NCSI10. This current pulse
generator is designed to test the components of the
OAMT for lightning resistance in the form of NCS10
according to section 3.25 of the NATO Standard AESTR-
500: 2016 [7]. A general view of the high-voltage
generator G-NCS10 is shown in Fig. 25. This generator
allows to generate a powerful aperiodic current pulse of a
temporary shape of 50 us/500 ps at current of up to 10 kA
with charge voltage of its capacitor bank up to 2 kV. The
G-NCS10 generator differs from the schemes of foreign
electrical appliances of a similar class [7] by the original
design of its charge-discharge circuits and high specific
technical characteristics at the output. Today, this
generator has no analogues in foreign countries according
to the schemes for constructing its forming electric
circuits and has arelatively low cost.

At the Institute, a mathematical model was
developed to assess the distribution of the probability of
lightning striking the surface of an aircraft. An
experimental testing of a computer code for this scientific

Fig. 25. Genera view of a high-voltage current pulse generator
of the G-NCS10 type, which implements the requirements of the
NATO AESTR-500: 2016 Standard when testing OAMT in the
form of NCS10 (Scientific-& -Research Planning-&-Design
Institute «Molniya» of NTU «KhPI», Kharkiv, 2018)

direction was carried out on the model of an A320
airplane. The frames of the process of such high-voltage
tests of aircraft using the G-NCS10 generator and other
generators are presented in Fig. 26.

Fig. 26. Frames from the process of experimental determination
of the likely places of alightning strike in an airplane model

In the course of these tests, it was found that the
recommendations of US documents SAE ARP 5414 [30]
and SAE ARP 5416 [14] require clarification due to the
difference between streamer-leader processes on real and
large-scale TOs. The solution to this problem is important
not only for aircrafts, but also for other samples of
OAMT.

Table 7 presents a list of the main types of tests that
are regulated by the NATO Standard according to [7], and
the possibility of their implementation at our Institute,
taking into account promising developments, the
completion of which is scheduled for the end of 2020.
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Table7

Nomenclature of tests and measurements (sample from
Table 501-6, 501-7 of AECTP-500: 2016 Standard [7])

eectrical and technological parameters of the GDs of the
required energy objects are determined. These parameters
include: GD resistance; voltage on the GD; touch voltage
and GD design. The analysis by the Ingtitute staff on the
results of diagnostics of the GDs of more than
1200 power facilities in Ukraine (including four NPPs,
15 TPPs, 4 HPPs, 100 substations with voltage class of
220-750 kV, 900 substations with voltage class of
35-150 kV, etc.) showed that during SC in the power
system, exceeding the permissible value of touch voltage
a power facilities is fixed a more than 75 % of
substations with voltage class of 110-750 kV. The most
widespread in the world practice of monitoring the safe
operation of electrical installations and  during
experimental measurement of touch voltage at power
facilities is a method based on the use of the «low current
method» followed by reduction of the measured touch
voltage in direct proportion to the ratio of the actual SC
current to the measuring current at the facility [31, 32].
A method based on the application of direct SC current
for these purposes is extremely dangerous both for
electrica  equipment and for technical personnel
serving it.

Today, at the Scientific-&-Research Planning-&-
Design Institute «Molniya» of NTU «KhPl», electrical
engineering works are successfully carried out aimed at
improving the reliability of operation of industrial
enterprises, energy facilities and transport infrastructure
by developing optimal recommendations for the
modernization of their GDs based on electromagnetic
diagnostics at power facilities operating in Ukraine. For
this purpose, at our Ingtitute in the 1990s, a measuring
complex was developed and created for diagnosing the
state of GDs of power facilities of the KDZ-1 type, the
main technical characteristics of which are given in [33].
In 2019, we created a new MV 1000 device, the
characteristics of which (Table 8) correspond to the world
level in terms of completeness of covering the
requirements of IEC standards in terms of ensuring the
safe operation of electrical installations [34]. It alows to
determine the resistance of contact joints and GDs;
voltage on the GD; step voltage; touch voltage and
topology of the location of the GDs in the ground.

Table 8
Instrument specifications of the device type MV 1000
Parameter name Vaue
Frequency of generated alternating 57+1;263+2;

voltage and current, Hz 523+ 3;993+ 3

Measuring range of generated alternating

Type of Platform Degree of
test Name type implementation
1 2 3 4
Conducted Emissions, | Submarine
NCEO1 |Power Leads, 30 Hz to and Air Full
10 kHz Force only
Conducted Emissions,
NCEO2 [Power Leads, 10 kHz All types Full
to 10 MHz
Conducted Emissions, Excludin
NCEO4 |[Exported Transients on ace 9 Full
Power Leads sp
Conducted Emissions,
Power, Control & Excluding
NCEO5 Signal Leads, 30 Hz to space Full
150 MHz
Conducted
Susceptibility, Power
NCS01 L eads, 30 Hz to 150 All types Full
kHz
Conducted
Susceptibility, Control | Excluding
NCS02 & Signal Leads, 20 Hz space Full
to 50 kHz
Conducted
Susceptibility, Bulk
NCS07 Cable Injection, 10 kHz All types Full
to 200 MHz
Conducted Excluding
Susceptibility, Bulk )
NCS08] capie Injection, j;'rﬁ’]zr ?225 Full
Impulse Excitation
Conducted
Susceptibility, Damped
Sinusoidal Transients,
NCS09 Cables and Power All types Full
Leads, 10 kHz to 100
MHz
Conducted
Susceptibility, Air Force
NCS10 Imported Lighting only Full
Transients
Conducted Ground and
NCS12 |Susceptibility, Air Force Full
Electrostatic Discharge only
Radiated Emissions, Excludin
NREO1 |Magnetic Field, 30 Hz e 9 Full
t0 100 kHz P
Radiated Emissions,
NREO2 |Electric Field, 10 kHz All types Up to 6 GHz
to 18 GHz
Radiated Susceptibility, )
NRSOL|Magnetic Field, 30 Hz | =XUng Full
t0 100 kHz >
Radiated Susceptibility, .
NRS02|Electric Field, 50kHz | All types |UP 106 GHz up

to 40 GHz

to50 V/m

Note: All types — including surface ships, submarines; ground
forces, air force; space systems and launch complexes.

7. An ingtallation for monitoring the state of
electrical safety and grounding systems of electric

power facilities. When performing this control, the

voltage, V from 0.5 to 45
Measuring range of generated alternating

current, A from 0.05t0 8.0
Relative error of voltage (current) +a

measurement, %, no more

Figure 27 shows a scheme for measuring touch
voltage using this installation. According to this scheme,
the potentia electrode P must simulate two human feet.
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To do this, they use a special electrode-plate with contact
surface of size (25 x 25) cm?. To create reliable contact of
this electrode with the ground, a load weighing at least
25 kg is installed on it. The voltmeter is shunted by a
resistor with resistance Rz, which should be equal to the
resistance of the human body (as a rule, it is taken equal
to about 1000 Q). The horizontal distance from the place
of contact of the human feet to the plate to the metal
structure of the object is assumed to be from 0.8 m to
1m[32].

......

/2
“_/_T Ry = 1000 Q

P

<S/

Lc=@2+3)D ‘

MB1000

o

Fig. 27. Touch voltage measurement scheme

The current electrode C (see Fig. 27) islocated from
the place of measuring the touch voltage at a distance
equal to (2-3)D, where D is the diagonal of the GD. Such
a distance was accepted for equivalent homogeneous soil
according to [31]. The generator is connected to the
equipment and electrode C, and a voltmeter is connected
between the potential electrode and the equipment. To
simulate the most adverse seasonal conditions, the
installation site of potential electrode P is wetted. They
lead the measured values of the touch voltage to areal SC
current and compare the result with a known acceptable
normalized voltage value.

It should be noted that the specified MV 1000 type
electrical appliance alows to determine the topology of
the GD location without revealing the soil at the place of
work onits (this GD) diagnosis (Fig. 28).

H,=837 H=1674 Hi=1872 He'tn
Hy=Hy /2 Hy=Hs/2

Fig. 28. Scheme for determining the topology of the location of
the object’ s GD using an electrical installation of type MV 1000

Using a new electric device of type MV 1000 for
diagnosing the state of the GDs alows:

e increase the accuracy of determining the
parameters of the GDs (error — up to 4 %, for analogues
—up to 10 %);

¢ finally move in Ukraine to the European model for
determining the normalized parameters of the GDs of
power facilities, where the main parameters are touch
voltage and step voltage;

e increase the reliability and operation safety of
existing domestic power plants (TPPs, NPPs, HPPs) and
substations;

e increase the competitiveness of the Scientific-&-
Research Planning-& -Design Ingtitute «Molniya» of NTU
«KhPI» in Ukraine and enter the European electrica
engineering market regarding diagnostics of GDs (the
first step to achieve such a commercial goa was the
presentation of the MV 1000 device at the International
technical exhibition ENERGETAB, Bielsko-Biala,
Poland, September 17-19, 2019).

8. An ingtallation for determining the pulse
resistance of lightning rods and supports of power
lines. In the domestic document [35] there is no concept
of pulse resistance of a GD. However, in international
requirements, in particular, according to [15, 36], the
resistance of the GDs of lightning rods and the supports of
overhead power transmission lines (PTLS) is determined
a the action on them of a current pulse with specified
ATPs as the ratio of the peak voltage value on the GD to
the peak value of the current flowing through GD. In the
world there are a number of devices that alow to
determine the pulse resistance of the GD. A detailed
analysis of existing portable devices for this purpose is
presented in [37], among which there are Polish WG-407,
WG-507 and MRU-200, Japanese PET-7, ZED-meter
manufactured in the USA, Ukrainian IK-1U and Russian
impedance meter. It should be noted that only three of
these devices allow measurements to be made when
simulating the impact on power objects of lightning
voltage (current) pulses, namely: WG-507 with a voltage
(current) pulse of 4/10 us, MRU-200 with voltage pulses
(current) 4/10 ps and 10/350 ps, and 1K-1U with voltage
pulses (current) of a temporary shape of 1.2/50 us and
8/20 ps.

In this regard, the staff of the Scientific-& -Research
Planning-& -Design Institute «Molniya» of NTU «KhPl»
improved the existing measuring complex of the type
IK-1U due to «stretching» the duration of the required
current pulse 10/350 us in the mode of generating a
current pulse 8/20 us with a decrease in its amplitude
[37]. Thiswas achieved by developing a new forming unit
and expanding the measuring range of a pulse voltmeter.
In addition, this made it possible to minimize costs by
preserving the basic circuitry solutions of the 1K-1U
generator. The choice of elements for a new set-top box
for the device was determined using the MicroCap
computer code in the Transient Analysis mode taking into
account the existing values of active and reactive
elements. The simulation results of the operation of the
IK-1U complex with the forming unit in the 10/350 ps
mode (Fig. 29,a,b) show the compliance of the temporal
parameters of the current pulse formed in it with a
normative document [15].
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Fig. 29. Simulation results for the IK-1U generator of the front
of an aperiodic current pulse (a) and its duration (b)
in MicroCap code [37]

Based on the results of the simulation, a mock-up of
the forming unit for the new device was created in the
form of a set-top box to the existing 1K-1U complex.
Figure 30 shows oscillograms of the front and duration of
a thundering aperiodic current pulse of 10/350 ps
obtained in IK-1U [37].
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Fig. 30. Oscillograms of the front of the current pulse (a) and its

duration (b) in the mode of formation of the temporary shape
10/350 ps by the modernized IK-1U complex [37]
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Table 9 shows the main technical characteristics of
the advanced measuring complex IK-1U with a new
forming unit. After modernization, the 1K-1U electrical
installation allows the electrical diagnostics of the GD and
PTL supports to be performed using three temporary
shapes of voltage (current) pulses (1.2/50 ps, 8/20 ps and
10/350 ps), which significantly distinguishes it from
foreign analogues [37] .

Table9
Technical characteristics of the complex IK-1U [37]

Parameter name Value
Fronts of voltage and current pulses (at 1.2+0.1;8+0.8;
levels of 0.1-0.9 from its amplitude), ps 10+ 2.0
Duration of voltage and current pulses (at 50+ 5; 20+ 4;
the level of 0.5 of their amplitude), ps 350 + 35
Maximum amplitude of voltage pulses
generated for the shapes 1.2/50 ps and 8/20 1000 (600)
us (in the 10/350 pus mode), V
Range of measurements of the amplitude of from 0.5 to 200

voltage pulses, V

Maximum amplitude of current pulses
generated for the shapes 1.2/50 ps and 8/20
us (in the 10/350 us mode), A

Range of measurements of the amplitude of
current pulses, A

Relative error of voltage (current)
measurement %, no more

25+ 5 (1 + 0.05)

from0.1to 25

10

The modernized complex IK-1U successfully passed
testing when performing electromagnetic diagnostics of
the state of the GDs at more than 100 operating electrical
substations in Ukraine.

9. Electric drive and field characteristics to solve
the problems of ensuring itsEMC. A new scientific and
technical direction was developed at the Ingtitute related
to the development and research of electric drives based
on linear motors (LMs) of electromagnetic and inductor
types, as well as switched reluctance machines (SRMs)
[38, 39]. In the practical application of such LDs and
SRMs as part of electric drives of various devices and
systems, one of the most important tasks is to ensure their
EMC. In this regard, work on the study of transient
electromagnetic processes and calculation of magnetic
fields in LDs and SRMs has come to the fore. For
mathematical modelling of these electromechanical
systems, we have applied:

e modelling based on the solution of differential
equations of electrical phase circuits;

e modelling based on the well-known circuit-field
mathematical models of LDs and SRMs;

e modelling based on the approach of a generalized
electromechanical energy converter.

When determining the field characteristics of LDs of
electromagnetic and inductor types, the staff of the
Institute used the well-known Finite Element Method —
the basis of the FEMM computer code. The results of
these field calculations became a guideline in assessing
their EMC as part of a turnout drive for railway transport
[39]. The practical application of the results of these
studies will allow to develop measures to reduce the level
of emission of radio interference generated by the LDs
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and bring them into line with the requirements of UN
Regulation No. 10.

An inductor-type LD magnetic field was also
calculated [39]. The developed mathematical models
using the FEMM code became the basis for the calculated
assessment of the EMC of thistype of LD.

From the above review of domestic powerful high-
voltage test electrical equipment designed to solve
problems in the field of electrical safety, EMC and the
resistance of power facilities, OAMT, AT and SRT to the
damaging effects of standard aperiodic lightning current
pulses, switching voltage pulses and other special shapes
of current pulses (voltage ), it follows that the considered
individual electrical installations of the Scientific-&-
Research Planning-& -Design Institute «Molniya» of NTU
«KhPl», which implement the requirements of
International and national regulatory documents [4-10,
13-16, 36], are characterized by a relatively low cost in
general, a high unification of components and applied
materials, the originality of the construction of high-
current discharge circuits of their high-voltage current
(voltage) generators and their synchronous parallel
electrical start circuits.

Conclusions. Designed and created as part of a
single electrical complex of the Scientific-&-Research
Planning-&-Design Institute «Molniya» of NTU «KhPI»
high-voltage test installations of the type UITOM-1,
GTM-10/350, GKIN-2, TI-CS115 (NCS08), TI-CS116
(NCS09), G- NCS10, MV 1000 and IK-1U are capable in
accordance with the requirements of US regulatory
documents SAE ARP 5412; 2013, SAE ARP 5414: 2013,
SAE ARP 5416: 2013, RTCA DO-160G: 2011, US
military Standards MIL-STD-464C: 2010, MIL-STD-
461G: 2015, NATO Standards AECTP-500: 20186,
AECTP-250: 2014, International Standards |[EC 62305-1:
2010, |IEC 61024-1: 1990 and Interstate Standard GOST
1516.2-97 to conduct field tests of objects of industrial
energy on electrical safety and resistance to standard
aperiodic lightning and switching voltage (current) pulses
in order to really determine the stability of their electrical
components and the electrical strength of their insulation,
as well as weapons and military equipment, aircraft and
rocket and space technology to electromagnetic
compatibility and resistance when exposed to them in
accordance with current international requirements of
normalized high-voltage current pulses of artificial
lightning, as well as other specia temporary shapes of
current pulses (voltage).
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INCREASING NOISE IMMUNITY OF CABLESFOR FIRE PROTECTION SYSTEMS

Introduction. Technical means of fire protection systems are capable of operating at data rates from tens to hundreds of Kbit/s
with components of a digital signal in the frequency spectrum up to several tens of MHz Appropriate cable infrastructure with a
high level of noise immunity is required to transmit broadband digital signals. Purpose. Substantiation of ways to increase noise
immunity of cables based on twisted pairs for modern fire protection systems with the ability to transmit digital signals in the
frequency spectrum up to 100 MHz. Methodology. A comparison is made of the influence of the twisting step of pairs in
unshielded 4-pair and multi-pair shielded balanced cables on the parameters of electromagnetic effects. It has been
experimentally shown that twisting each pair with different steps provides a higher level of noise immunity of cables based on
twisted pairs. Practical value. The frequency dependencies of the near end crosstalk in 10-, 30- and 4-pair balanced cables are
shown. The influence of the common shield on the attenuation coefficient of the shielded 4-pair cable is established.
References 12, figures 8.

Key words: fire protection systems, electromagnetic influence, near end crosstalk, twisted pairs, unshielded and shielded
cables, attenuation coefficient.

Hagedeno uacmomni 3anexcnocmi nepexionozo 3azacanna na onuxcnvomy kinyi ¢ 10, 30 ma 4-x napuux cumempuunux
kabensax. Excnepumenmansno 006e0eno, uwjo CKpyuysanusa KoycHol napu 3 pisHumu Kpokamu 3abe3neuye 6inoui 6ucoKuil pieens
3aeadocmiiikocmi Kabenie Ha OCHO8I GUmMUX Rnap. 3ACMOCYBAHHA 3G2ANbHO20 €KPAHYy NPU3e00ums 00 3MEHUIEHHA
eNIeKMPOMAZHIMHUX 6NAUGIE Midic sumumu napamu Kaoenro. /lianazon 3nauenb nepexiono20 3amyxanHs Ha OJIUNCHLOMY KiHyi
Ha eepxniit pooouiit wacmomi 100 MI'y cmanosumo 44-54 0B ma 46-58 0B 0na neekpanosanozo ma ekpanoganozo xabvenie 3
sumumu napamu 6ionosiono. E¢pexm 3pocmanns xoeghivicnmy 3azacanns ma 6inoumuii po3xuo napamempie naugy 00yMosare
Oinvu Hcopcmki UMOzU 00 WHNbHOCIMI KOKCMPYKUIT Ma HANauimyeans mexHonoZiuHozo npoyecy 6uz0mogieHHA eKpano8aHux
kabenig. bi61. 12, puc. 8.

Knrouoei crosa: cucTeMH MPOTUIIOKEKHOTO 3aXUCTY, eJIEKTPOMATHITHUH BIUIMB, MepexiaHe 3aracaHHsl Ha OJMKHbOMY KiHII,
KPYy4eHi apH, HeeKpaHOBaHMUIi i ekpaHoBaHuUii kalei, koediuieHT 3aracaHHs.

Ilpugedensvr yacmommusie 3a6UCUMOCIU REPEXOOH020 3amyxanua na onuxcnem kouye ¢ 10, 30 u 4-x napuvix cummempuunvix
Kabensax. IKCnepUMERMAIbHO NOKA3AHO, YMO CKPYMKA Kaj)cOOill napvl ¢ PASHbIMU WaAzamu obecneyugaem ponee 6blCOKUIL
ypogenv nomexoycmoiiuugocmu kabeneii na ocnoge sumsix nap. Ilpumenenue oéuieco Ikpana npueooum K ymMeHbULEHUIO
INEKMPOMAZHUMHBIX GIUAHULL MeNHcOy eUumbiMu napamu Kadens. /Juanazon 3HaueHuil NepexooH020 3amMyXanus HaA ONUNCHEM
Konye na eéepxueii pabouen wacmome 100 MI'y cocmasnnem 44-54 0b u 46-58 0B 0151 HeIKPAHUPOSGAHHO20 U IKPAHUPOSAHHOZ20
Kabeneil ¢ GUMbIMU NAPAMU COOMEENCMEEHHO. IPdhexm pocma KoIpPuyuenma 3amyxanus u 60abuIUIL pazdpoc napamempos
GNUAHUA 00YCTI067IUCAIOM 00NI€e MHcecmKue mpeboeanus K NIOMHOCMU KOHCMPYKUUU U HACMPOUKAM MEXHOI0ZUYEeCKO20
npoyecca u3zomoeneHua IKpanuposannvix Kadenei. budn. 12, puc. 8.

Knrouesvie crnosa: cucTeMbl HPOTHBONOKAPHOI 3aLIUTHI, 3JIEKTPOMAarHUTHOE BJIMSIHME, IEPEXO/IHOE 3aTyXaHue Ha OJIMiKHeM
KOHIIe, BUTbIe Mapbl, HEAKPAHHUPOBAHHBII M IKPAHNPOBAHHBIN Ka0deau, KO3pPUIHEHT 3aTyXaHH.

Introduction. Fire protection and fire alarm systems
have expanded from fairly simple electromechanical
devices to modern microprocessor technologies that are
highly sensitive to electromagnetic interference.
Regardless of the devices used, fire protection systems
use different interfaces of communication devices.
Modern technical means of such systems are able to
operate at data rates from tens to hundreds of kBit/s with
components of the digital signal in the frequency
spectrum up to several tens of MHz. For the transmission
of broadband digita signals an appropriate cable
infrastructure which should provide high requirements for
noise immunity when transmitting signals over cables is
required [1, 2]. The basis of such infrastructure is modern
symmetrical cables based on twisted pairs[1, 2]. Twisting
of conductors in pairs is carried out in order to increase
the degree of communication between the conductors of
one pair and further reduce electromagnetic interference
from external sources, as well as mutual inducing in the
transmission of differential signals[3, 4].

Category 5e cables with copper conductors are
widely used in fire protection systems, structured cable
systems [3, 4] and provide digital signals transmission in
the frequency spectrum up to 100 MHz [5].

As the transmission speed increases, along with the
need to provide digital signals, the interference increases,
both inside and outside the cable [5, 6]. Reducing the
level of electromagnetic interference is achieved due to
the principle of balanced signal transmission over a pair
of twisted wires[5, 6].

For a symmetric (balanced) pair, the property of
symmetry is fundamentaly important, i.e. the same
physical and electrical properties of forward and reverse
conductors. Otherwise, the currents and voltages of the
interference that occur in the pair increase significantly.
The essence of symmeltry is that the induced currents and
voltages have amost the same amplitude and opposite
phases, i.e. compensate each other. A number of
important cable parameters are related to the mechanism
of interaction between pairs. Transient interference is the
main source of noise which reduces the quality of signal
transmission over the cable. The urgency of this problem
is constantly growing, because the transient interference
increases with increasing signal transmission rate, and
hence the frequency [5, 6].

Problem definition. To characterize the noise
immunity of cables, the parameters of mutua influence
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are used, in particular, transient attenuation at the near
end (NEXT — Near End CrossTalk) [5, 6]. The influence
parameters characterize the part of the electromagnetic
energy of the signal which is converted into
electromagnetic  radiation.  The  transition  of
electromagnetic energy from one pair to another one is
associated with the electromagnetic interaction between
cable pairs[5-8].

The NEXT parameter depends on the cable design:
the number of pairs (Fig. 1), twisting steps, fluctuationsin
the geometric dimensions of the conductive cores and the
insulation thickness relative to the normalized values
within the tolerances [8-11].

Figure 1 shows the transient attenuation at the near
end in the form of level lines in 30-pair (Fig. 1,a) and
10-pair (Fig. 1,b) shielded symmetrical cables of the same
length at frequency of 256 kHz: Nv is the pair that affects
(source of interference); Np is the pair that is affected
(interference receiver).

TPP-30x2-0,4

1=256 m =256 kHz

Fig. 1. Influence of design of symmetrical cables on transient
attenuation at the near end

For the 30-pair cable, the impact parameters are
clearly divided into three groups (denoted by the numbers
[, 1, 111) (Fig. 1,a), within which the transient attenuation
at the near end for pairs located nearby is the smallest and
is 65 dB, i.e. mutual influences are the greatest. For pairs
from different groups (the most distant) the transient
attenuation is quite high: up to 90 and even 100 dB.

For 10-pairs cable (Fig. 1,b) the impact parameters
are higher. The lowest value of the transient attenuation is
60 dB (for example, between pairs 5-1 and 8-7); the
highest oneis 80 dB (between pairs 5-9).

The reason for this is that in such a cable the pairs
are located close to each other. The twisting step in 5
pairs is one, the same for these pairs, in the other 5 pairs
is the other (coordinated), but also the same for these 5
pairs.

As the frequency increases, the transient attenuation
at the near end decreases (Fig. 2), i.e. the level of
interference increases.

TPP-10x2-0,4 1=256m =512 kHz
T T T T

10
Np
9

a—frequency 512 kHz

TPP-10x2-0,4 1=256 m {=1024 kHz

{

b — frequency 1024 kHz

Fig. 2. Dynamics of change of transient attenuation at the near
end on frequency in a multipaired symmetric cable

The goal of the paper is to substantiate ways to
increase the noise immunity of twisted pair cables for
modern fire protection systems with the ability to transmit
digital signalsin the frequency spectrum up to 100 MHz.

Influence of cable twisting step on transient
attenuation at the near end. To reduce the
electromagnetic influence in the high-frequency range
between pairs in the cable, it is necessary to twist pairs of
conductors with different coordinated steps[8]

hi . 2v +1
where h;, hy are the steps of twisting pairs, v and w are the
positive integers.

When twisting pairs in a cable of ideal design while
ensuring the stability of the twisting step along the entire
length, the electrical and magnetic components of the
impact change their sign to the opposite with their
constant value modulo.

The transient attenuation at the near end in this case
noticeably increases (curve 3, Fig. 3) and consists of
transient attenuation between non-twisted pairs (curve 1)

@

I SSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.4 55



and additiona transient attenuation due to twisting of
pair's conductors (curve 2, Fig. 3).

100
NEXT, 1|
dB 90 =
\1\
80 \\3
70
60,
»\\\\
50| “\\’\2'
49 ~.
—11 | o
30 _-0\\’\1‘/0—"—\
20 =
10 f, kHz

Fig. 3. Influence of twisting of conductors on transient
attenuation at the near end in a symmetrical pair

The transient attenuation for twisted pairs is greater
the smaller the twist step

NEXT = 2019 7(h /1y +1) /331y [+ x(h /i +D/ (h /by —3)]

where y; is the coefficient of propagation of the
electromagnetic wave (signal) in the pair with the smallest
step, in which the transient attenuation is determined,
k = 0.2-0.8 is the coefficient depending on the design of
the cable and the location of the pairs.

In a cable consisting of N twisted pairs, the total
number of combinations of circuits N, influencing on
each other is[8]

N-1
Ny=2) (N-n). 2)
n=1

Thus, in an unshielded cable with 4 unshielded pairs,
the total number of influencing circuits is 12, and 6 of
them are inverse: their influence is identical to the direct
influence. The number of influencing circuits will be 6
(Fig. 4). In this case, the cable has 6 values of transient
attenuation at the near end (Fig. 5). In the 30-pair cable

(Fig. 1,a) — 435, in the 10-pair one (Fig. 1,b) —45.

| pair

| e Crm
A '

A ,“JH ¢ ) . A
‘ <’: / }f.n < \‘\\ ."I

IV pair wwl_ [~

s
s

\__g,lllpair

CIII-I\'

\\
Ruv
~

I pair
Fig. 4. Capacitive (Ci.i1, Ciui, Ciavs Citainy Citavs Criay)

and active (R.i; R Riavs R Riavs Riay) components
of electromagnetic influencesin a4-pair unshielded cable
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Fig. 5. Experimental frequency dependencies of transient
attenuation at the near end in a4-pair unshielded cable with
length of 200 m

Twisting each pair with different coordinated steps
provides a higher level of transient attenuation at the near
end between pairs in a 4-pair unshielded cable compared
to a shielded symmetrical 10-pair cable (compare NEXT
valuesfor 1 MHz in Fig. 6 and Fig. 2,b). The twist step in
twisted-pair cablesis in the range of 10 to 25 mm, which
is at least 10 times less than in multi-pair symmetrical
cables[8].

UTP cat 5e f=1 MHz

4
Np I
8 B4

3>§8 56 g4

\80\

2 ]

6 (] 82 84 82
86
PN
2
11 2 Nv 3

Fig. 6. Transient attenuation level lines at the near end
in an unshielded 4-pair cableat 1 MHz

Comparing the values of transient attenuation at the
same frequency of two cables of different lengths is quite
correct. For along line in the high frequency range

a-1>65dB,

(where a is the attenuation coefficient of the signal when
propagated in the cable (dB/m) of length | (m)), the
transient attenuation at the near end does not practically
depend on the length of the line (cable), but depends only
on the frequency [8]. This is due to the fact that the
interference currents from individual sections come to the
near end of the interference receiver so weak that they do
not increase the mutual interaction between the pairs.

Shielding efficiency and the effect of the shield on
the cable attenuation factor. To increase the transient
attenuation, reduce the level of intrinsic electromagnetic
radiation of each twisted pair and increase the noise
immunity of the cable, depending on the operating
conditions, the shielding is used [5, 10, 12]:
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e general shielding of 4 twisted pairs;

e individual shielding of each pair without general
shielding of al 4 pairs;

e individual shielding of each pair with general
shielding of all 4 pairs.

The most common cable design is one with a
common shield for 4 twisted pairs [5, 10] for the
operating frequency range of 100 MHz. External shields,
superimposed on the core of 4 pairs longitudinaly, are
made of thin polymer film metalized with auminum
(aluminum-polyethylene). A tinned copper or galvanized
drainage conductor with diameter of 0.5 mmisintroduced
into the film shield, which ensures electrical continuity of
the shield in case of accidental rupture of the metal film
shield during laying, installation and operation of the
cable. This shield provides reliable shielding from the
magnetic component of the electromagnetic interference.
This interference is manifested in the high frequency
range. It is possible to use an additional shield in the form
of a braid, which protects the cable pairs from electrical
interference, which is manifested in the lower frequency
range. The use of two-layer shields provides reliable
shielding over the entire operating frequency range of the
cable[5].

Shielding leads to an increase in cable noise
immunity, which is confirmed by the results of
measurements of transient attenuation at the near end of
unshielded (Fig. 7,a) and shielded (Fig. 7,b) cables of the
same length of 100 m for 100 MHz.

UTP cat 5e 100 MHz

4 78
Np
+50
3 3
+52
2
54
1 - =
1 2 Ny 3
a
4 FTP cat 5e 100 MHz

Np 52 54 56N /‘/

>

N
o
-4
/
*o
>
o1
N o
s

\ ~ 5
¥ 2.0 NVE
b

Fig. 7. Efficiency of shielding of cables on the basis of twisted
pairsin the high-frequency range

Besides, the presence of a shield in the cable design
affects the primary transmission parameters. active
resistance R of pair's conductors, operating capacitance
C, inductance L, active insulation conductivity G and, asa
consequence, the secondary transmission parameters:
impedance Z and attenuation coefficient o (see formula
(3), Fig. 8) with the same conductor diameters, insulation
thickness and tolerances as in unshielded cable [10, 11].

o = 869- 5-\/§+9-\/E dBm. (3
2 VL 2\¢

Increase of the attenuation coefficient of 4 twisted
pairs of shielded cable (Fig. 8, curve 3) in comparison
with unshielded one (Fig. 8, curve 2) in the whole range
of operating frequencies, due to higher vaues of
resistance of pair’'s conductors and operation capacitance
due to the proximity effect of the shield, reduces the
tolerance relative to the upper limit of the values of the
attenuation factor (Fig. 8, curve 1) in the operation of
cables.

@ ,dB/100m

R R -

107}

f, MHz 10°

f, MHz 10°
b

Fig. 8. On the effect of shielding on the attenuation factor in the
operating frequency range of cables based on twisted pairs

The use of cables with shields requires mandatory
and high-quality grounding. In case of unreliable
grounding, the interference currents will repeatedly flow
through the shield partialy reflecting at its ends and
emitting electromagnetic waves into space. In this case,
the shield becomes a secondary source of radiation — a
kind of antenna [5, 6, 12]. In this case, not only will the
protection of twisted pair from external sources will be
ineffective, but the electromagnetic effect of the cable on
other adjacent cables and various €electronic devices
located in the same room of the fire protection system will
be significantly increased.
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Conclusions.

It is experimentally proven that the twisting of each
pair with different coordinated steps provides a higher
level of noise immunity in a 4-pair unshielded cable
compared to a shielded symmetrical multi-pair cable at
the same frequency.

The use of a generad shiedd reduces the
electromagnetic effects between the twisted pairs of cable.
Therange of transient attenuation values at the near end at
the upper operating frequency of 100 MHz is 44-54 dB
and 46-58 dB for unshielded and shielded twisted pair
cables with the same twisting steps.

The effect of increasing the attenuation coefficient
and the greater scatter of the impact parameters cause
more stringent requirements for the density of the
structure and settings of the technological process of
manufacturing shielded cables with twisted pairs.
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SIMULTANEOUSALLOCATION OF MULTIPLE DISTRIBUTED GENERATION AND
CAPACITORSIN RADIAL NETWORK USING GENETIC-SALP SWARM ALGORITHM

Purpose. In recent years, the problem of allocation of distributed generation and capacitors banks has received special attention
from many utilities and researchers. The present paper deals with single and simultaneous placement of dispersed generation and
capacitors banks in radial distribution network with different load levels: light, medium and peak using genetic-salp swarm
algorithm. The developed genetic-salp swarm algorithm (GA-SSA) hybrid optimization takes the system input variables of radial
distribution network to find the optimal solutions to maximize the benefits of their installation with minimum cost to minimize the
active and reactive power losses and improve the voltage profile. The validation of the proposed hybrid genetic-salp swarm
algorithm was carried out on |EEE 34-bus test systems and real Algerian distributed network of Djanet (far south of Algeria)
with 112-bus. The numerical results endorse the ability of the proposed algorithm to achieve a better results with higher accuracy
compared to the result obtained by salp swarm algorithm, genetic algorithm, particle swarm optimization and the hybrid particle
swarm optimization algorithms. References 27, tables 10, figures 12.

Key words: genetic algorithm, salp swarm algorithm, real power losses, distributed generation, capacitors.

Llenv. B nocnednue 200ul 3a0aua pazmeujeHus pacnpeoeneHHoll 2eHepayuu u damapeii KOHOeHCaAmMopos npueieKkaem o0codoe
GHUMAHUE MHO2UX OpP2AHU3AUUIL U ucciedosameneii. B oannoii pabome paccmompenvl omoenvHoe u coemecmuoe pameujeHue
pacnpeoeneHHoll zeHepauyuu U odamapeii KOHOEHCAMOpPos8 6 paoudanbHOll PACHPeOeIUmenbHol cemu npu pa3iuiHbIX YPOGHAX
HAZpy3KW. claoom, cpeoHem U NUKOBOM C UCHONb306AHUEM WIZOPUMMA 2eHemuueckozo pos canvnos (genetic-salp swarm
algorithm). Paspabomannstii anzopumm zubpuonoii onmumuszauyuu 2enemuueckozo pos canvnos (GA-SSA) ucnonvzyem
cucmemHule 6X00Hble NepeMeHHble PAOUAIbHON PACHPEOeIUMENbHO Cemu 0N NOUCKA ONMUMAILHBIX PEUWEeHUIl C Uelblo
MAKCUMU3AUUU RPEUMYUIECIE UX YCMAHOGKU C MUHUMAIbHBIMU 3AMPAMAMu OnNA MUHUMU3AUUU ROMeEPb AKMUGHOU U
Peakmugnoii mowgHocmu u yayuuwienus npoguna nanpayxcenus. Tecmuposanue npeonoNceHHO20 ANOPUMMA 2UOPUOHOT
ONMUMU3AUUU 2eHEMUUECKO20 POSL CATbNO8 BbL10 nposedeno Ha IKkcnepumenmansholx 34-uwunnvix cucmemax |EEE u peanvnoii
112-wunon anscupckoit pacnpedenennon cemu ucanema (kpaiunuii w2 Anxcupa). Qucnennvie pesynvmamol noOmeepiHcoaon
CHOCOOHOCMb NPEONONHCEHHO20 QNIZOPUMMA OOCMUZAMD JYHUUX Pe3YAbmamos ¢ 007buiell MOYHOCHbI0 NO CPAGHEHUIO C
Pe3yIbmamom, noIyyeHHbIM MEMOOOM POA CATIbNOG, 2EHEMUUECKUM ATIZOPUMMOM, ORMUMU3AUUEN POA YACIUY U AIZ0PUMMAMU
2ubpuonoii onmumuzayuu pos wacmuy. butin. 27, radn. 10, puc. 12.

Kniouesvie cro6a: TeHeTMHYeCKHMil AJrOPUTM, AJTOPUTM POS CAJIbIOB, peajibHble MOTEPH MOIIHOCTH, paclpeeeHHast

reHepanusi, KOHIeHCATOPBI.

Introduction. Radial digtribution network provides a
link between high voltage transmisson network and
consumer services. The operation and planning studies of a
distribution network require a steady state condition of the
system for various load demands [1]. Hence, the need for
flexibility of power systems is present. Energy savings and
environmental impact ave given impetus to the development
of digributed generation (DG), expected to play an
increasing role in the power system of the future. Because of
the penetration of DGs, the use of these sources in
distribution networks is increasing throughout the world [2].

In power systems, loss and reliability are two
significant points among severa factors that can be
considered, especially in distribution systems. Actually two
of the most important DG profits are loss reduction and
reliability improvement [3]. Ingtallation and operation of
DG units is one of the regulators politics in recent years to
reduce system losses and improve system efficiency [4].

Capacitors have been widely used in distribution
systems to achieve different objectives. The most
important are: improving the voltage profile and reducing
the power loss in the radia distribution system,
determining the optimal locations and sizes of capacitors.
[5]. DGs and capacitors used alone or simultaneously
with optimum installation and proper sizing have an
affecting on reducing network loss and improving voltage
profile, because the non-optimal location and size of
dispersed generation and capacitors can result in an
increase in system losses and costs.

The problem of optima dispersed generation
location and sizing is divided into two sub problems,
where the optimal location for DG placement is the one
and how to select the most suitable size is the second.
Many researches were provided in recent years about
optimal placement and sizing of the capacitor and DGs
using different methaheuristic methods. Researchers have
developed many interesting methods and solutions. The
differences are about the problem, which is formulated,
methodology and assumptions being made. Some of the
methods mentioned in [6]. Simultaneous placement of
distributed generation (DG) and capacitor is considered in
radial distribution network with different load levels in
objective to reduce the active and reactive power 10ss, to
reduce the energy loss and improvement of voltage
profile. Again, several optimization agorithms have been
proposed such as Fuzzy-DE and Fuzzy-MAPSO methods
is proposed in [7], firefly algorithm (FA) [8-10], particle
swarm agorithm optimization (PSO) [11], discrete
particle swarm optimization (DPSO) [12], Grey Wolf
Optimizer (GWO) [13], genetic algorithm (GA) [14],
cuckoo search algorithm (CSA) [15], gravitational search
algorithm (GSA) [16], salp swarm algorithm (SSA) [17],
genetic moth swarm algorithm (GMSA) [18] and
biogeography-based optimization (BBO) [19].

A new combined algorithm is proposed to evaluate
the DG site and size in distribution network. The location
of DGs and capacitors banks is obtained by GA and its
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size is optimized by SSA. First the initial population for
equipment (DGs and capacitors) size an and location are
produced by random, then the load flow was run. Using
the given cost function and benefit’s was implemented to
optimize the size of DGs and capacitors which was
calculated by SSA for the known location. In the next
step, the new location of DG was cal cul ated.

The results showed that the proposed combined
GA-SSA method is better than the GA and SSA in terms
of solution quality and number of iterations.

In this paper, DGs and fixed capacitors banks are
installed for two scenarios. singly and simultaneously to
minimize the required power transmission network, with
different load levels (light, medium and peak). Cost of
equipment and benefits are included in the objective
function. This algorithm is applied to the network 1EEE-
34 bus test and the Algerian distributed network in Djanet
(City in Southern Algeria) with 112-bus.

Problem statement and formulation. The aim of
paper is to maximize the installation benefit of DGs and
capacitors and minimize active and reactive power losses
for operational powers of the installed equipment to have
the efficiency of the GA-SSA algorithm. The objective
function is given by the following function:

N N
F =max )" Benefit(i) —min > Cost(i) , (1)
i=1 i=1
where N is the number of equipment's (DGS and
capacitors banks) installed in the radia distribution
network,
Npg
Y Benefit(i) = BC + BE + BL+BR, 2
i=1
where BC — benefit of cost reduction of active power
purchased; BE — benefit of energy loss reduction; BL —
benefit of power loss reduction; BR — reactive power loss
reduction benefit; Npg — the number of distributed generation

N Npe N¢
D Cost(i) = Y (DG (i) + DGy (i) + Y (capc(i)) , (3)
i=1 i=1 i=1

where DGc — distributed generation installation cost;
DG,, — maintenance cost of DGs, cap. — capacitor
installation cost; Nc — the number of capacitors banks.

Mathematical formulation of the total objective
function involves more than one objective function to be
optimized simultaneously.

It considers capacitor banks installation cost, active
power losses of transmission lines and the cost of
distributed generation sources.

The power demand is evaluated as

Npg
BC= ) BCg(i), 4
i=1
where BC; is the benefit of cost reduction of active power
purchased after DG installation.
The benefit of energy loss reduction is

Npg Nc
BE = > BEg(i)+ Y BEa(), (5)
i=1 i=1

where BEg and BE, are the benefit of energy loss
reduction after DG installation and capacitor installation,
respectively.

The peak power loss reduction is one of the most
important effect of capacitor placements in distribution
network and can be computed as

N N¢
BL=Cqy-(D BLg()- ) BLA()), (6)
i=1 i=1
where BLg is the pesk power loss in feeder before
capacitor installation (kW); BL, is the peak power lossin
feeder after capacitor installation (kW); Cy4 is demand
reduction benefit rate (5'MW).
The reduction of reactive power loss benefit can be
calculated as

BR=Cr(Q®-Q). @)
where Q,, Q, and Cg, are reactive power loss before
installation of equipment (kVar), reactive power loss after
installation of equipment (kVar), and worth of reactive
power ($/kVar) respectively.

The cost of capacitor installation is given by:
cap, = Coslg; -ngj . ®)
where Costg; isthe cost of i-th capacitor, ne; is the number
of i-th capacitor.
The DG installation cost of distributed generation
can be formulated as following equation:
Npg
DG, = Z DG -Kpg »
i=1
where Kpg is the size of DGs; DGg; is the installation
cost of i-th DGs.
The maintenance cost of distributed generation is
formulated as

(10)

Npg
DG = Y DGy -Kpg »
i=1
where DGy,; is the maintenance cost of i-th DGs.

Optimal location and sizing of DGs and capacitors.
The optima location and sizing problems of distributed
generation and capacitors bank are bi-objective constrained
optimization problems that can be formulated as a mono-
objective constrained optimization problem. In this paper the
algorithm genetic-sdlp swarm has been developed for
solving the problems of optima location and sizing of
distributed generation and capacitors banks in radia
digribution network by maximizing the benefits and
minimizing the cogts of ingtallation for reduce the active and
reactive power losses and improve the voltage profile.

Basic concepts of genetic algorithm. Genetic
algorithms are based on chromosomes and their natural
evolution. In this method, contrary to the analytical
methods, try and error, instead of working on an optimal
answer, they work on severa answers that they cal
«populations». These methods is based on the selection
mechanisms used by nature, according to which the most
fit individuals of a population are those that survive, by
adapting more easily to the changes that occur in their
environment. This technique has high efficiency in the
absence of specific information about the problem [21, 22].

The parameters of genetic algorithm are: population
size, reproduction probability, crossover probability and
mutation probability.

The pseudo code of the GA algorithm is given as
follows:

(11)
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Step 1: Initialize population in random fashion.

Step 2: Evaluate the population by calculating the
fitness of the individuals in the popul ation.

Step 3: Perform selection operation.

Step 4: Perform crossover and mutation operation.

Step 5: Perform optimal search.

Step 6: Repeat step 2 — 5 until the GA is run for the
predetermined.

Step 7: Select the best chromosome.

Basic concepts of salp swarm algorithm. Salp
swarm algorithm (SSA) is a recently created bio-inspired
optimization algorithm presented in 2017, introduced by
Mirjalili et a. [23]. SSA mimics the swarming behavior
of salpsin oceans especially the navigation and searching
for food sources. The salps are creatures living in seas and
oceans. They are similar to jellyfishes in their tissues and
movement towards the food sources [24]. Salps are
usualy found in groups (swarms) called salp chains; each
salp chain contains a leader .The algorithm starts with
initializing a matrix with a dimension of ndim
representing salps positions, where n is the number of
agents and dim is the number of variables to be designed.
After that, each salp position is updated according to
instructions received from the leader for swallowing the
best food (F). The following equation is used for updating
the salps’ positions [25]:

Fi+c+(Upj —lpj)C2+lpj).C220;
P Fi et (U ~lbj)ea +1p;).c2 <O,

(12)

where x% represents the position of the leader's j-th

dimension; F; represents the best solution (i.e., food source)
in the j-th, uy j and |y | are the upper and lower bounds in

the j-th dimension respectively; variables ¢; and ¢, are
random numbers (c; plays avital rolein the performance of
SSA, sinceit isthe only parameter that controls the balance
between exploration and exploitation).

As can be seen in [12], c¢; is a time varying
parameter (depends on the iteration number) that allows
high exploration rates at the early stages of the
optimization process, while high exploitation rates are
allowed in the last stages. The coefficient is a very
significant parameter in SSA for the reason that it
maintains a balance between exploration and exploitation,
and it can be given by:

{1

g=2e'\Y/ (13)
where | and L are the current iteration and the maximum
number of iterations respectively; ¢, is uniform random
numbers generated in the period [0, 1].

These variables indicate whether the next position in
the j-th dimension will be moved towards the +o0 or —o0 in
addition to the step size. Newton's law of motion [14],
was used to simulate updating the positions of the
followers

1 1

X] ZE(Xij +xij’1), (14)

where | > 2 and X, depicts the position of the i-th

follower at the j-th dimension.
In SSA, the leader salp moves towards the food
source, whereas the followers move towards the leader.

The food source position can be changed during the
process and then the leader will continue moving towards
the new food source position. The steps of this
optimization algorithm and its pseudo code are shown in
Algorithm 1 below.

Generate an initial population of salps randomly

x (i=1,2,...,n) considering upper bound u, and lower
bound I,

While (t < maximum number of iteration) do
Calculate the fitness function of each salp (f(x;)

Set the best salp t0 Xpeg

Update the value of c; according to Eq. [13]

For (each salp (x;)) do

If x isthe leader then

Update the position of leading salp using Eq. [12]

Else

Update the position of the follower salp using Eq. [14]
End if

Update the position of the salp

End for

Update the position of the salps based on the upper and
lower bounds

End while

Return the best salp Xpeq

I mprovement method GA-SSA. Thisis asearching
technique developed for optimal location and sizing of
DG and capacitors. The problem consists of 2 parts. The
first is the optimal location of DG and capacitors and the
second is the optimal location. Result for the first part is
an integer, which is either a bus number where DGs and
capacitors are suggested to be installed. This needs an
integer-based optimization algorithm. GA has been
chosen to play this role because of its attractive quality.
The answer obtained from GA solution is used in SSA
algorithm to optimize the sizing for DG. SSA has the fast
convergence ability, which is a great attractive property
for a large iterative and time consuming problem.
Therefore the algorithm is recovered in 16 steps:

Step 1. Read data from network (R, X, PLoad,
QL oad).

Step 2: Determine the number of chromosomes,
generation, and mutation rate and crossover rate value.

Step 3: Initid set of random size of DG and
capacitors.

Step 4: Initial set of random location of DG and
capacitors.

Step 5: Caculate the objective values (Parts of
objective function in different load levels).

Step 6: Calculate the loss of active and reactive
power lossesin different load levels.

Step 7: Using SSA to calculate fitness for optimal
sizing of DG and capacitors.

Step 8: Evaluation of fitness value of chromosomes
by calculating objective function.

Step 9: Using GA to calculate fitness for optimal
sitting of DG (Selection — Crossover — Mutation).

Step 10: Calculate the objective values (Parts of
objective function in different load levels).

Step 11: Calculate the loss of active and reactive
power lossesin different load levels.

Step 12: Using SSA to calculate fitness for optimal
sizing of DG and capacitors.
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Step 13: Searching for best solution.

Step 14: Check the stop Criterion.

Step 15: If the stopping criteriais satisfied then stop,
elsegoto step 5.

Step 16: Best solution.

Simulations and results. The hybrid GA-SSA
technique for optimal location and sizing of DGs and
capacitors have been implemented in MATLAB 7.10
programming language and the simulation conducted on a
computer Core (TM) i5 a1.90 GHz with 8 Go RAM. This
algorithm tested in IEEE 34-bus [20] radial distribution
system and the real network 112-bus radial distribution
system [26] shown in Fig. 1 and Fig. 2 respectively.

Fig. 1. IEEE 34-Bustest system
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Fig. 2. Real network 112-bus

IEEE 34-Bus radial distribution network. The
active and reactive power demand in peak load are
11303 KW and 7044.2 KV ar respectively. The capacitors
are ingtalled in the system such that the reactive power
generated by the maximum total capacity does not exceed
20% of the reactive power in peak load [27]. That
corresponds to reactive power 1408.84 KVar. We
therefore chose to install 7 capacitors with 200 KVar each
one at optima locations in order to maximize the
objective function equation [1].

Three different load levels are considered in this
paper: light, medium and peak load. The load growth rate
is considered 1 % in each year. Tables 1 shows technical
and commercia information of 3 load duration (h/year)
and €electricity market price ($MWh) and Table 2 shows
the parts of the objective function.

Now, in order to minimize active and reactive power
losses and improve the voltage profile, 4 cases are
considered. Figure 3 shows the locations and sizes of the
capacitor banks as well as the distributed generators used
for the 4 cases which are as follows:

e Case 1: without installing equipment’s.

e Case 2: only 7 capacitors of 200 KVar are optimally
placed at bus 3, 7, 10, 15, 24, 31 and 34.

e Case 3. only 5 DGs are instaled. 4 DGs are
optimally placed at bus 4, 8, 22 and 24 with capacity of
500 KW, and one DG at bus 33 with capacity of 250 KW.

e Case 40 5 DGs and 7 capacitors are installed
simultaneously with same optimal placement.

Tablel
Technical and commercial information
of load and electricity market price
Network condition i Tﬁ /S:;?;' on Mg/l:\;latv\r;ﬂ)c €
Light load 2190 35
Medium load 4745 49
Peak load 1825 70
Table 2
Parts of objective function in different load levels
Economical cost Network condition | Costs (%)
Capacitor installation cost 14000
DG installation cost Light load 397500
DG maintenance cost 15330
Total 426830
Capacitor installation cost 14000
DG installation cost Medium load 397500
DG maintenance cost 33215
Total 444715
Capacitor installation cost 14000
DG installation cost Peak |oad 397500
DG maintenance cost 12775
Total 424275

Fig. 3. Location and size of DGs and capacitors
installed in IEEE 34-Bus

The optimum sizes of DGs placed respectively at
optimal bus, obtained to minimize active and reactive
power losses and improve the voltage profile are:

¢ in case 3 DGs values are determined as 412.19 KW,
86.53 KW, 431.82 KW, 463.02 and 88.14 KW but the
optimal size of all DGs in case 4 are 405.06 KW,
151.21 KW, 252.43 KW, 355.50 and 76.27 KW in bus 4,
8, 22, 24 and 33 respectively.
Theseresults are presented in Fig. 4.

Fig. 4. Location and size of DGsin case 3 and 4
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Table 3 represents the loss of active and reactive
power in the 4 cases considered with the 3 load levels:
light, medium and peak load.

Table3
Theloss of active and reactive power in the four cases
considered with the three load levels

Load Active power | Reactive power
level losses (kW) losses (KVar)
Light load 512.6674 140.9201
Without Medium
equipment's load 642.3039 176.4590
Peak load| 1136.6012 311.7137
Lightload| 498.2234 116.5629
Withonly -} Medium | g7 57y 132.0432
capacitors load
Peak load| 1005.4012 282.4204
Light load 267.3280 59.5580
With DGs only Mlec‘)j;gm 270.2497 61.4683
Peak load 676.1747 189.2695
Light load 178.9525 42.7015
With DGsand | Medium
capacitors load 205.4583 50.9711
Peak load| 358.9739 96.3500

Note that for Case 2, the loss of active and reactive
power are reduced by 2.81 %, 11.63 %, 11.54 % (Table 4)
and 17.28 %, 25.17 %, 9.39 % (Table 5), respectively, and
for 3 load levels respectively as compared with the case 1.

Case 3, the loss of active and reactive power are
more reduced than the case 2 of 47.85 %, 57.92 %,
40.50 % (Table 4) and 57.73 %, 65.16 %, 39.28 %
(Table 5) respectively, and three load levels respectively
as compared to the case 1.

Case 4, the loss of active and reactive power are
even more reduced than cases 2 and 3, 65.09 %, 68.01 %,
68.42 % (Table 4) and 69.70 %, 71.11 %, 69.09 %
(Table 5), respectively and for 3 load levels respectively
as compared to the case 1.

Table4
Benefits of active power losses reduction
Light load Medium load Peak |oad
Case 2 2.81% 11.63 % 11.54 %
Case 3 47.85 % 57.92 % 40.50 %
Case 4 65.09 % 68.01 % 68.42 %
Table5
Benefits of reactive power losses reduction
Light load Medium load Peak load
Case 2 17.28 % 25.17 % 9.39 %
Case 3 57.73% 65.16 % 39.28 %
Case 4 69.70 % 71.11% 69.09 %

Table 6 represents a comparative study between the
results obtained by the proposed algorithm GA-SSA and
those obtained by SSA, GA, PSO (particle swarm
optimization) and the HPSO (hybrid particle swarm
optimization) algorithms [27].

Table 6
Comparative study in medium load
Size GA-SSA| GA SSA PSO | HPSO
DGsize
in total (kW) 1240.47 | 1423.78|1283.14| 1653.62 | 1493.56

Capacitor size

in total (KVar) 1400 2126 1400 2542 2452
Power
losses (KW) 527.55 | 608.84 | 612.55 | 620.64 | 614.55

We note that the loss of active power obtained by
the GA-SSA agorithm is 8.55 % better than those values
obtained by PSO algorithm and 7.65 % than those
obtained by algorithm HPSO. Thus of viewpoint of
production cost, reactive power obtained by GA-SSA
(1400 kVA) is adso better than that obtained by PSO
(2542 kVA) and HPSO (2452 kVA).

This comparison clearly demonstrates the effectiveness
of the proposed genetic salp swarm agorithm compared to
genetic dgorithm, sdp swarm agorithm, particle swarm
optimization and hybrid particle swarm optimization
agorithm.

Fig. 58 represents the voltage profile at the
distribution network for the 4 cases considered and for the
3 load levels. Table 6 shows the minimum voltage in the
distribution network for the 4 cases considered and the 3
load levels. The values obtained for peak load: 0.8857 pu
at bus 27 case 1, 0.9390 pu at bus 27 case 2, 0.9403 pu at
bus 24 case 3 and 0.9647 pu at bus 27 case 4 show good
improvement under voltage where the values of the
voltage obtained are between 0.9647 in the different load
levels: light, medium and peak.

Fig. 5. Performance of voltage profile for 34 bus radial
distribution in different load level s without installation of
capacitors and DGs

Fig. 6. Performance of voltage profile for 34 bus radial
distribution in different load levels after installation of
capacitors
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Fig. 7. Performance of voltage profile for 34 bus radial
distribution in different load levels after installation of DGs

Fig. 8. Performance of voltage profile for 34 bus radial
distribution in different load |levels after installation of
capacitors and DGs

Real distribution network of 112-Bus. The active
and reactive power demand in peak load are 11303 KW
and 7044.2 KVar respectively. Table 7 shows the parts of

objective function in different load levels.

Table7

Parts of objective function in different load levels
of real network 112-bus

Economical cost Network condition | Costs (%)
Capacitor installation cost 14400
DG installation cost Light load 357120
DG maintenance cost 18396

Total 389916
Capacitor installation cost 14400
DG installation cost Medium load 477000
DG maintenance cost 39858
Total 531258
Capacitor installation cost 14400
DG installation cost Peak load 477000
DG maintenance cost 15330
Total 506730

The 4 cases studied to have the effectiveness of the
method in the real 112-bus network (Fig. 2) are:

e Case 1: without installing equipment’s.

e Case 2: in this case, we have installed 6 capacitors
with 150 KVar. The optimal locations are obtained at the
bus: 4, 25, 34, 38, 79 and 98.

e Case 3: we have installed 6 DGs. 2 DGs are
optimally placed at bus 4 and 33 with capacity of
500 KW, and 4 DG at bus 33, 58, 88 and 92 with capacity
of 250 KW.

e Case 4: 5 capacitors are installed with optimal
placement at bus 6, 25, 34, 56 and 102 with 150 KVar and
4 DGs with optimal locations obtained at the bus: 12, 45,
76 and 92 with capacity of 250 KW.

The comparison between the results obtained by the
GA-SSA dgorithm and the SSA and GA algorithms are
represented in Table 8.

Table 8

Comparison between the results obtained by the GA-SSA

agorithm and other algorithms (real network 112-bus)

Vmi n P| 0ss Q| 0ss CPU

Case U | (KW) | (Kvan) | time (s)
Base Case 0.0314|288.14| 189.64| -
) GA-SSA [0.9304| 224.16| 17422| 36
With only

GA |09377(236.09|18252| 66
SSA  |09381]22812[179.01| 42
GA-SSA [0.9569]124.96| 102.19| 37
Withonly DGs | GA  |0.9481[141.08| 142.71| 74

SSA  |0.9498|136.56| 137.24 | 48

capacitors

With capacitors GA-SSA | 0.9802| 56.32 | 42.93 39
an daB Gs GA 10.9684| 96.37 | 71.27 84
SSA  |0.9776| 82.06 | 68.62 52

The benefits of active and reactive power losses
reduction of cases 2 — 4 are compared with those of case 1
for 112-bus are presented in Table 9, 10, respectively.

Table9
Benefits of active power losses reduction compared
with the case 1 in real network 112-bus

Benefits of active power losses reduction
Loadlevel | Lightload Medium load Peak load
Case 2 38.81 % 22.20% 30.64 %
Case 3 64.85 % 56.63 % 68.50 %
Case 4 96.09 % 80.45 % 7442 %
Table 10

Benefits of reactive power losses reduction compared
with the case 1 in real network 112-bus

Benefits of reactive power losses reduction
Load level | Light load Medium load Peak load
Case 2 17.28 % 8.13% 9.39 %
Case 3 57.73% 46.11 % 39.28 %
Case 4 79.70% 77.36 % 69.09 %

Fig. 9 represents the voltage profile of the real
network 112-bus without installation of the equipment
where the minimum values of the voltage for the 3 load
levels, peak, medium and light are respectively: 0.9114,
0.9316, 0.9303.

Fig. 10, corresponding to case 2, represents the real
112-bus network voltage profile after the installation of
capacitors where the minimum voltage values for the 3
load levels, peak, medium and light are respectively
0.9343, 0.9394 and 0.9422.
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The ingtallation of the capacities adso allowed a
reduction of active power losses of 38.82 %, 22.20 %,
30.64 % and a reduction of reactive power losses of
17.28 %, 8.13 %, 9.39 % compared to case 1, respectively
for the 3load levels.

Fig. 11, corresponding to case 3, represents the real
network 112-bus network voltage profile after installation
of DGs where the minimum voltage values for the 3 load
levels, peak, medium and light are respectively 0.9535,
0.9569 and 0.9578.

The instalation of the DGs aso alows a reduction
of active power losses of 64.85 %, 56.36 %, 68.50 % and
areduction of reactive power losses of 57.73 %, 46.11 %,
39.28 % compared to case 1 respectively for the 3 load
levels.

Fig. 12, corresponding to case 4, represents the rea
network 112-bus network voltage profile after
simultaneous installation of DGs and capacitors where the
minimum voltage values for the 3 load levels, peak,
medium and light are 0.9792, 0.9802 and 0.9812
respectively.

The installation of the 2 equipment allowed a further
reduction of active power losses of 96.09 %, 80.45 % and
74.42 % and a reduction of reactive power losses of
79.70 %, 77.36 % and 69.09 % compared to case 1
respectively for the 3 load levels.

The results obtained in this scenario are better than
those obtained in case 2 and case 3 from the point of view
of the voltage profile and the maximization of the benefit
of the DGsinstallation and capabilities.

Fig. 9. Performance of voltage profile for real network 112-bus
in different load levels without ingtallation of capacitorsand DGs

Fig. 10. Performance of voltage profile for real network 112-bus
in different load levels after installation of capacitors

Fig. 11. Performance of voltage profile for real network 112-bus
in different load levels after installation of DGs

Fig. 12. Performance of voltage profile for real network 112-bus
in different load levels after installation of capacitors and DGs

Conclusion. In this article, two agorithms genetic
and salp swarm agorithm have been proposed for the
simultaneously optimal  placement of  distributed
generation and capacitors in a distribution system. These
two algorithms are applied on four different cases. The
purpose of this combination is to maximize the
installation benefit of distributed generation and capacitor
banks and minimize active and reactive power losses in
radial distribution network, aso to minimize the
computation time, and to seek the optimal overal
solution. This method is applied on radia distribution
network |IEEE 34-bus and rea Algerian distributed
network of Djanet 112-bus, the result shows that, cases
with simultaneous placement of distributed generation
and capacitor have much improvement of voltage
profile and power loss reduction compared with others
methods.
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V.F. Syvokobylenko, V.A. Lysenko

IMPROVING THE EFFICIENCY OF FAULT PROTECTION SYSTEMS OF
ELECTRICAL GRIDSBASED ON ZERO SEQUENCE VOLTAGESAND CURRENTS
WAVELET TRANSFORMS

Introduction. A significant proportion of earth faults in medium voltage networks represents a short-lived and transient process.
Problem. In such cases, earth fault protection that responds to steady-state current and voltage is not able to operate properly.
Purpose. To develop earth faults protection selective algorithm using transient components, that occur in zero-sequence currents
and voltage in the fault process. Method. A mathematical model of the power supply system was applied to study the transient
components of currents and voltage of zero sequence in compensated electrical networks with phase-to-earth faults, and a those
model also is used to test the operation of the developed protection algorithm. The results showed that, the reactive power for
transient components, of the frequency greater by 4-6 times, than fundamental frequency, which are extracted from the current
and voltage of zero sequence by wavelet transform in compensated electrical networks on the damaged feeder, is positive
regardliess of the degree of compensation of the capacitive current. That may be the basis of the principle of directional
protection. Originality. Phase-to-earth fault selective protection algorithm has been developed. In that algorithm, first derivatives
of currents and voltages of zero sequence are found, to reduce the influence of aperiodic components. And then, by using of the
wavelet transform with Morlet mother function, an orthogonal components are extracted from them. Reactive power is calculated
for transient component. If that reactive power excess of threshold, the relay will make a decision. The reliability of the devel oped
protection algorithm is confirmed by the results of mathematical modelling and verification of the test sample at the laboratory
stand and by means of field signals that were recorded by digital loggers at the substations. References 10, figures 5.

Key words: electrical grid, earth fault protection, current, voltage, zer o sequence, wavelet transform, reactive power.

Jna enexmpuunux mepesc nanpyzoro 6-35 kB, w0 npauyioroms 3 KOMREHCOBAHOI0 00 i301b06aH0I0 HEUMPAINIO, PO3POOIEHO
ceeKMUGHUIL 3aXUcm 6i0 3aMUKany asu Ha 3emio, AKUI peazye Ha HANPAM PeaKmueHol ROMYMNCHOCHI, AKA GU3HAYAEMbCA 34
00n0OM02010 Koeiyicnmie eeiigiem-nepemeopens cmpymy i Hanpyzu Hy16060i NOCAI008HOCHI, A MAKOMC IX NOXIOHUX, 66€0eHUX
onn 3abe3neuenns pazosozo 3cysy na 90 zpadycie i nideuwenna wymnueocmi 3axucmy. Koegpiyicnmu 3naxooamo winsxom
320pmKu OUCKPEMHUX 3HAYEHb CIMPYMY, HAnpy2u ma ix ROXIOHUX i3 cuznanamu mamepuncvkoi yynkuii Mopne, oduucnenns
AKUX NPOBOOUMBCA 34 O0NOMO2010 Keaopammnoi mampuuyi, 014 AKoi euxnadeHo npasuna it ¢opmyeanna. Peaxmuena
ROMYMCHICMb 6UHAYACMBCA HA KONWCHOMY KPOYI PO3PAXYHKY AK cCyma 000ymKie eeilg1em-koegiyicnmie cmpymy i noxionoi 6io
Hanpyau, a maKoxc Hanpyzu i ROXIOHOI 6i0 cmpymy, moomo Koeiyicnmie, w0 maioms 00HaKoGUil nopaokosuii nomep. Ilyck
3axucmy 6i00ysacmuca 3a (PAKmom nepesuuieHHA AMNIAIMYy00l0 HARPY2U HYAbOE0I NOCAI006HOCHI 3A0aH020 3HAYEeHHA. 3a
00NOMO2010 MAMEMAMUYHOT MOOET MePelci GUKOHAHO 00CTIONCEHHA NOGECOIHKU 3aXUCHY 3d 2TIYXUX I 0Y206UX 3AMUKAHb (ha3u
Ha 3eMJ10, 0713 Pi3HO20 CHMYREHA KOMREHCAYil EMHICHUX CMPYyMi8, 0118 PI3HUX 3HAYEHb HANPY2U 8 MOMEHM 3AMUKAHHA. Y écix
pesicumax Oompumano HaOliiHy pobomy 3axucmy, Yymiaugicme sakozo 6 5-8 paszie nepesuwgyc uyymaugicmsy 3axucmy 3a
anzopummom, 3acnosanum na nepemesopenni @yp’ e. bion. 10, puc. 5.

Knrouoei crosa: eleKTpUYHA Mepeska, 3aXUCT Bil 3aMHKaHb Ha 3eMJII0, CTPYM, HaNpyra, HyJboBa MOCTiI0BHICTH, BeliBJIeT-
NepeTBOPeHHs, PEAKTHBHA NMOTY KHICTh.

Jna anekmpuueckux cemeii nanpaycenuem 6-35 kB, pabomarowux ¢ KOMREHCUPOBAHHON WU U30IUPOSAHHOL HEUMPAnsvio,
pazpadbomana ceneKmueHaAa 3QWUMa Om 3aMbIKAHUN (Pa3bl HA 3eMII0, KOMOPAA peazupyem HA HANPAeIeHUe PeakmueHoil
MoOwiHOCmuU, onpedensiemoe ¢ HOMOWLI0 KOIppuuuenmos geiieiem-npeodpasoeanuit. moKa U HANPAINCEHUA HYNeB0l
HOC1€006AMETbHOCIU, @ MAK)CE UX NPOU3BOOHBIX, 66COCHHLIX 01 obOecneuenus azosozo cosuza na 90 zpadycoe u
noeviuenua uyscmeumenvnocmu 3aujumol. Kosgpuuyuenmor naxooam nymem ceepmru OuCKpemHvIX 3HAYUEHUII MOKA,
HANPAJNCEHUA U UX NPOU3BOOHBIX C CUZHANAMU MAmepuHckoil @ynkyuu Mopne, @viuucieHue KOmMopvblX RPOU3600UMCA C
nOMOWBIO KEAOPAMHOU Mampuyvl, 011 KOMOPOU U310MCeHbl npasuna eé ¢opmuposanus. Peaxmusenaa mowpocmo
onpeoenaemca HA Ka}coom uiaze pacuema KAK CyMMAa RPOu3eedeHuil, CO6nadarnuwux no ¢gasze u umerwuyux 00UHAKOBbLI
nopA0Koewlil HOMep @elleem-KoIhpuyuenmos moxKa u npou3BOOHON OM HANPANCEHUA, A MAKHCE HANPANHCEHUA U NPOU3EOOHOIL
om moka. B kauecmee nycko6ozo opzama 3auumbl UCHONBL3YEMCA NPEEbLULEHUE AMNAUMYOOU HANPANCCHUA HYNeB60Il
nocneooeamenvuocmu 3a0annozo 3uavwenus. C noMoOwbl0 mMamemamu4ecKkoi MoOenu cemiu 6blNOJAHEHbl UCCIE006AHUS
no6edeHUs 3au{Umol NPU 27IYXUX U OY206bIX 3AMBIKAHUAX (Pa3bl HA 3eMJII0, NPU PA3TUYHOU CIENEeHU KOMNEHCAUUU eMKOCHIHbBIX
MOKO06, NPU PA3IUYHBIX 3HAYCHUAX HANPANCCHUA 6 MOMEHm 3amblkanua. Bo ecex pescumax nonyuena nadexcnas paboma
3auiumol, 4y6CMEUMeNnbHOCHYy KOmMopoi 6 5-8 paz evluie 4yecmeumensHOCMuU 3auiumsl, OCHO6AHHOU HA NPeEOOPA306ANUAX
@ypoe. bubdn. 10, puc. 5.

Kniouesvie cnosa: 3neKTpUUYecKas ceTh, 3aIUTA OT 3aMbIKAHUI HA 3eMJII0, TOK, HANpsiKeHUe, HyJeBasl MOCJIe10BaTeJbHOCTh,
BeiiBjIeT-npeodpa3oBanye, peaKTHBHAsS MOIIHOCTD.

The urgency of the problem and its connection
with the applied tasks. In medium voltage power supply
systems, damage to the phase insulation leads to single-
phase earth faults. In this case, the load current is usually
significantly higher than the steady-state earth fault
current, which complicates the operation of protection
against such faults. Nevertheless, a single-phase earth

fault can be extremely dangerous. It can cause fires,
damage to electrical equipment as aresult of overvoltages
or heating by fault current, electric shock to people and
animals. According to regulations in force in Ukraine, a
section of the éectrical grid with a single-phase earth
fault must be immediately disconnected if it is located in
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high-risk areas, such as coal mines or enterprises
processing fire-hazardous raw materials. The use of a
resonantly grounded neutral further complicates the
operation of protection devices, as it significantly reduces
the aready insignificant current of a single-phase earth
fault. Another important consequence of a small current
of a single-phase earth fault is that such a fault is often
unstable, the electric arc at the site of insulation damage
can be repeatedly extinguished and ignited again, which
gives a single-phase earth fault a permanent transient
nature.

Review of publications and shortcomings of
known solutions. There is a significant array of sources
that investigate the protection of power supply systems
against single-phase earth faults. A large number of
reviews of publications on the considered problem [1-4]
are evidence that the topic of protection against single-
phase earth faults today remains a serious challenge for
both scientific and theoretical research and engineering
and practical developments. In particular, the new
methods of signal processing and analysis that have been
developed in connection with the development of modern
communication systems remain not fully implemented.

Since it is very difficult to obtain information about
such a fault from the steady-state current of the zero
sequence of the feeder in a single-phase earth fault, much
attention is paid to the transient current.

In particular, in [5] it is proposed to use digital filters
with infinite pulsed response to extract the information
parameter from currents and voltages of zero sequence. In
[6], it is proposed to use the Fourier transform to obtain
the phase and amplitude characteristics of the voltage and
current of zero sequence. In [7], the properties of Fourier
transform and wavelet transform are compared on the
example of electric arc detection. In [8], it is proposed to
detect faults based on the coefficients obtained by wavel et
transform. In [9], single-phase faults in a grid with an
unearthed neutral are simulated using ATP/EMTP
software, and an algorithm for detecting such afault using
wavelet transform is also proposed. But the characteristics
of protection algorithmsin [7-9] are not considered.

The goal of the paper is to increase the sensitivity
and speed of selective protection systems of electrical
grids with isolated or compensated neutral based on the
use of wavelet transforms of transient components of zero
sequence voltages and currents that occur when a phase-
to-earth faults occurs during discharge and recharge of
grid capacities.

The main material and the results obtained. The
study of transients in single-phase earth faults (SEFs) and
analysis of the protection operation is performed using a
mathematical model, the description of which is given in
[10]. Consider a typical two-transformer substation for a
6 kV power supply system, which consists of two
110/6 kV step-down power transformers T1 and T2,
busbars of the first CIII-1 and the second CIII-2 sections,
which supply cable lines ®1-®3, on each of which zero-
sequence current transformers (ZSCTs) are installed.
Measuring voltage transformers TH1, TH2 are connected
to busbars. The earth fault protection of the phase is

connected to the secondary circuits of ZSCTs and THSs.
The neutral of the grid of the first section is grounded
through a reactor with resonant inductance of 0.161 H,
and the phase capacitances to ground for feeders ®1-®3
connected to this section are 1, 8 and 12 pF, respectively,
interphase capacitances are 2 pF, steady-state earth fault
current is 72.3 A. The solution of differential equationsin
the mathematica model is performed by the implicit
method with a calculation step h = 0.667 ms. The
calculated values in the simulation are presented in per-
unit (p.u.) valuesto the basic:

J2-6000
J3

ly =v2- 1 =+/2-72.36=102.33A;

Up = = 4899 V;

Q, =Up, - I, =501-10° VA,

where Uy, Iy, Qp, are the basic voltage, current and power,
respectively; g isthe single-phase earth fault current.

The frequency [5] and multifrequency [6]
protections against SEFs proposed in recent years are
based on the use of higher harmonics in currents and
voltages that occur in the first moment of the fault and
therefore depend on the instantaneous value of the phase
voltage on the damaged phase. The degree of distortion of
sinusoidal voltages and currents depends on this voltage,
which can be seen, for example, from Fig. 1,a,b, which
shows the results of modelling the SEF at the initial
voltage on the damaged phase, equal to the amplitude one
(Fig. 1,a), as well as to zero one (Fig. 1,b). In the first
case, there is a fairly long-term coincidence in the phase
of current and voltage, while in the second one, the phase
coincidence in phase of these signals is much shorter. The
sensitivity of the protection algorithm, which is based on
the use of the product of these signals, which is
proportional to the reactive power, depends on the
indicated initial conditions, which must be taken into
account when devel oping new methods of protection.

In 6-35 kV electrical grids operating with neutral
isolated or grounded through a Petersen coil, the
transients in arc phase-to-ground faults are transient, and
therefore there are questions about the correctness of the
application of protection agorithms based on the use of
frequency [5] and multifrequency [6] components in
currents 3i, and voltages 3u, of zero sequence obtained by
means of Fourier spectral transforms. For such processes
it ismorerational to use wavelet transforms (WTs), which
allow to decompose the input, time-varying signal x(t)
into frequency-time components in the form of
coefficients CW(a,b,t) which depend on the selected
mother function g(a,b,t) as well as on the coefficients of
frequency scale a and time shift b [8]. The study of the
characteristics of WTs of currents and voltages and the
possibility of using the phase spectrum (phase shift angle)
or resistances to build a group protection against phase
faults to earth is considered in [1-4]. However, an
important task is to develop a stand-alone protection for
each feeder, which operates at both arc and steady-state
faults, uses the ratio between currents and voltages and
has a higher sensitivity.
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Fig. 1. Results of simulation of SEF which occurred at the
maximum (&) and zero (b) instantaneous voltage value on the
damaged phase u,

As shown in [8], the continuous wavelet transform
of signals is performed using an integral expression
containing the product of this signal and some basic
function called the mother wavelet:

CW(a,b) :% [x0- g(%jdt. (1)

The input signals, in our case, are arrays of
dimension N, consisting of discrete values of voltages and
currents recorded by analog-to-digital converters during
the fundamental frequency period (50 Hz) with
discreteness with frequency fs, as well as values derived
from current pi = p(3ig) and voltage pu = p(3up). They are
used to compensate the angular phase shift of 90 degrees
between the signals of current and voltage of zero
sequence (Fig. 1). Numerica determination of
derivatives, for example, by three instantaneous values of
current (voltage) is performed by expressions that also
use the calculation step and the angular frequency w,
which in our case were taken equal respectively 0.667 ms
and314s*

_dx 1

=— =~ (3x,-4 (2
x=- th(xn Xp-1+ Xn-2) ()

As a mother wavelet, we take the complex Morlet
wavelet [8], which is a plane wave modulated by the
Gaussian curve

_7r-t2

a(t) =e><p[ > J-eXp(jZWt) : ®)

To write (1) and (3) in discrete form, we substitute
in (3) instead of time t the expression (t — b)/a which
contains the coefficients of frequency scale a and time
shift b. From the obtained expression we select one of the
components of the mother function g(t), for example,
imaginary (sine) gS(n). Then the expressions for
determining the k-th values of the coefficients of wavelet
transforms will look like:

1 Y n-b
k,ab)=——> x(k-n)-g — |
CW(k,a,b) an:1x( n) g( 3 J

azk; b:ﬁ_a,
fn

(4)

2

o2
i (5
. _”(n-b)2 _Sin(ZH(n—b)j
a® a '

As an example, Fig. 2 shows the nature of the
change of the mother wavelet gS(n) and its amplitude
component J(n) at a = 8, b = 15, N = 30, f, = 250 Hz,
fs = 1500 Hz. Note that the frequency scale coefficient a is
used to set the wavelet duration in the region of the
desired frequency range f,, the value of which we take
equa to 250 Hz, which corresponds to the preferred
harmonics at arc faults [6].

04

g5 J,
p-u

n

1 6.8 12.6 184 242
Fig. 2. Nature of the change of the mother wavelet
gS(n) and its amplitude J(n)

sa
L=

As can be seen from (4), the wavelet transform is a
convolution of the values of the input signal (current,
voltage and their derivatives) with the same number of
values of the mother wavelet function. Here, the
convolution is defined as the mutua correlation of one of
these sequences with the other one inverse in time. To
calculate the convolution, we use the matrix form of
representation the inverse in time sequence of values
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calculated by (5) in the case of n = 1,..,N. The matrix of
the convolution core is a square one with dimension
NxN and on its main diagona there are the elements
0S: = gSn - 1), on the diagonal above the main one —
93\1—1 = gan: N—1)s then — gS\]_z = gan: N—-2)s etc. On the
diagonal below the main one there are the elements
0S; = 9Sn - 2, then —accordingly gS,..., 9Sv. For an array
of N elements, the matrix will ook like:

9S oSy OSN1 - O
9 g9S gSN - 0S8
G(gS) =08 95 S - &% (6

Sy OSn-1 OSn-2 - OS
Vectors of wavelet transforms of voltages W, and
currents W; of zero sequence, as well as derivatives of
voltages W), and currents W, can be found as:
W, =G(gS)xu; W; =G(gS)xi; 7
Wy, =G(gS)x pu; Wy =G(gS) x pi. @

The results of the calculation by expressions (7) of
the coefficients of WT with the ordinal humber n = 3 are
presented in Fig. 3,a,b, from which it follows that in the
initial section of the transient at the SEF there is a close
coincidence in phase of the vectors W; and W, aswell as
W, and W,,. Here, by means of their product for signals
with identical serial number it is possible to define value
and a sign of reactive power (Fig. 3,a,b). The resulting
reactive power Q can be defined as the sum of the
products for al N coefficients, which significantly
increases the sensitivity of the protection

N N
Q=Y W Wk — D Wi, x Wk (8)
k=1 k=1

The block diagram of the developed protection
algorithm is shown in Fig. 4. It contains ana og-to-digital
converters (ADCs) to aobtain discrete values of voltages
3up and currents 3i,, blocks d/dt to calculate by (2) the
derivatives from these signals, the calculation unit for (5)
of the mother wavelet function g(S) , unit for forming by
(6) of the matrix G(gS) of convolution nucleus, units W,
W, W, W, for calculation by (7) of the wavelet
transform of voltages, currents and their derivatives,
respectively, units of products for calculation by (8) of
components of reactive power Q; = Quy = WixW,; and
Q2 = Qipu = Wux W, as well as an adder to determine the
power Q = Q; — Q,, at the exceeding which of the
positive threshold value Q; in the comparator, the
corresponding signal enters the output relay through a
number of logic elements AND, OR. The protection
algorithm uses the voltage amplitude exceeding of the
threshold value U, as the starting body. The amplitude is
determined in the unit U, by its orthogonal components

such as \/(3u0)2+(p3u0)2. After the protection has

tripped, the relay is self-holding for the duration of its
existence U,, > U, that provides reliable operation of
protection after transition of an arc fault in a steady-state
one.

0.485

1413

1.409 1.416 142

b
Fig. 3. Coefficients of wavelet transforms of current and voltage

derivative (@), current derivative and voltage (b) and the
component of reactive power obtained with their help

Us > Ut |—> AND AND
3uo CAT
ADC > W OR

|~: d/dt Wou — J

Y

[ Q>Q:
| d/dt > Wy X
Q:
3io —> Q
—» ADC p Wi : =
—»
ﬁ Q:
a,b,t »
—» gs » M(gs) X

Fig. 4. Block diagram of the «wavelet-protection» algorithm
against phase-to-ground fault
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During the development of protection, the issue of
increasing its speed by reducing the computational costs
of wavelet transform was considered. It is established that
for this purpose it is possible to use only fixed values
a =8, b=15for calculations by formula (5).

The results of the calculation of the resulting
reactive power at the SEF with different initial voltages
are shown in Fig. 5. From the given data it follows that
the sensitivity of the developed protection in this case
is 8 times higher than the sensitivity of the protection
built on the basis of Fourier transforms, and the operation
time of the protection is about 5-7 ms. The threshold
value of reactive power is taken equal to the base
value Q.
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Fig. 5. Reactive power at the SEF determined by wavelet
transform and Fourier transform at different initial voltages on
the damaged phase:
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Using a mathematicadl model, the behavior of
protection at different modes of occurrence of SEFs was
studied: at resonant tuning of the reactor, over- and under-
compensation, at different values of the initial voltage on
the damaged phase and different resistances at the fault
place. In all these modes there is a clear operation of the
output body of the relay.

The lowest sensitivity of protection takes place
(Fig. 5,c) a zero initiad voltage. Compared to
multifrequency protection based on Fourier transform [6],
the developed protection has sensitivity almost an order of
magnitude higher.

Positive results of protection operation were aso
obtained when the emergency files of the SEF recorded in
the real operation were given to the input, as well as
during the tests on the laboratory stand.

Conclusions.

1. The method of protection of electric grids with
isolated or compensated neutral from phase-to-ground
faults is improved and a new algorithm of realization of a
method on the basis of use of wavelet transforms (WTs)
of transient components of voltages and currents of zero
sequence is developed that have experimental
confirmation and allows to increase the efficiency of
operation of electrical grids.

2. Using the coefficients of wavelet transforms, which
are found by convolution of discrete values of current,
voltage and their derivatives with the signals of the
mother Morlet function, the reactive power is calculated,
the positive value of which determines the damaged
connection.

3.The efficiency of the protection algorithm is
confirmed by the results of mathematical modelling and
full-scale tests on alaboratory stand.
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