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UDC 621.3 https://doi.org/10.20998/2074-272X.2025.4.01

M. L’Hadj Said, M. Ali Moussa, T. Bessaad

Control of an autonomous wind energy conversion system based on doubly fed induction
generator supplying a non-linear load

Introduction. Nowadays, many researches are being done on wind turbines providing electrical energy to a stable power grid by via a

doubly fed induction generator (DFIG), but the studies on the autonomous networks are rare, due the difficulty of controlling powers often

close to the nominal power of the generator. Goal. This paper presents a variable speed constant frequency (VSCF) autonomous control
system to supply isolated loads (linear or non-linear). The main objective is the design of an effective strategy to reduce harmonic currents

induced via the non-linear loads such as rectifier bridge with 6 diodes. The novelty of the work consists in study of system composed of a

DFIG providing energy by his stator to a stand-alone grid. It uses a static converter connected to the rotor allowing operation in hypo and
hyper synchronism. A permanent magnet synchronous machine (PMSM) connected to a wind turbine supplies this converter, that is sized
proportionately to the variation range of the necessary rotational speed. In the case of linear loads there is no problem, all desired
parameters are well controlled but in the non-linear loads case such as rectifier bridge with 6 diodes there is the harmonic problem. For this

purpose, to reduce this harmonic, the proposed solution is the installation of a LC filter. Methods. The DFIG is controlled to provide a

constant voltage in amplitude and frequency independently of the grid load or the drive turbine speed. This command is vector control in a

reference related to the stator field. The stator flux is aligned along the d axis of this landmark allowing thus the decoupling of the active and
reactive stator powers of DFIG. The DFIG is controlled by an internal control loop of rotor flux and an external control loop of output
stator voltage. We present also the control of the PMSM and the DC bus of the converter. The PMSM is controlled by an internal control
loop of the current and an external control loop of the continuous bus of the converter according to its nominal value. The control system of
wind generator based on the maximum power point tracking and the control of bus continuous at output rectifier knowing that the non-linear
loads introduce high harmonic currents and disrupt the proper functioning of the system. The installation of a LC filter between the stator
and the network to be supplied reduce harmonics. Results. Simulation results carried out on MATLAB/Simulink show that this filter allows

obtaining a quasi-sinusoidal network voltage and it also has the advantage of a simple structure, a good efficiency and a great performance.

This proves the feasibility and efficiency of the proposed system for different loads (linear or non-linear). Practical value. This proposed
system is very performing and useful compared to others because it ensures the permanent production of electricity at VSCF to feed isolated
sites, whatever the load supplied (linear or non-linear), without polluting the environment so that the use of wind energy is very important to

reduce the greenhouse effect. References 34, figures 9.

Key words: doubly fed induction generator, wind power, variable speed, autonomous operation, permanent magnet

synchronous machine.

Bemyn. B oanuti wac npoeooumwcsi bazamo  Oocniodcenv Gimpsanux mypOiH, wo 3a6e3meuyioms eneKmpoeHep2iclo  cmabdinbHy
ENIeKMPOMEPEICY Uepe3 ACUHXPOHHULL 2eHepamop 3 nodeitinum dxcuenennsm (DFIG), ane docniodicenHs aBmMoHOMHUX Mepedic PIOKICHI uepes3
CKNIAOHICMb  YAPABTIHHS  NOMYNCHOCHSIMY, 4acmo OIU3bKUMU 00 HOMIHAIbHOI nomydicHocmi cenepamopa. Mema. Y cmammi
npeocmaenena asmoHOMHA CUCTNEMA YRPABNIHHA 3MIHHOW weuokicmio ma nocmitinoio yacmomoro (VSCF) ona owcuenenta i3onvoeanux
Hasanmaoicenv (LHiHux uu Heninitinux). OCHOBHOIO Memolo € po3pobKa eekmusHOl cmpamezii 3HUIICEHHS! 2APMOHIUHUX CMPYMIG,
HageOeHux uepe3 HeNiHIHI HABAHMANCEHHS, MAKI AK eUnpsAmMHutl micm i3 wicmoema Oiodamu. Hoeusna pobomu nonseac y ueyewHi
cucmemu, wjo ckraoacmuca 3 DFIG, wo 3abe3neuye enepeicio 1io2o cmamop 8 asmoHomuy mepedicy. Bin euxopucmogye cmamuunuil
nepemeopiogay, NiOKmoYeHuli 00 pomopa, wo 0036015€ npayrosamu 8 2ino-i zinepcunxponizmi. CUNXpPOHHA MAWUHA 3 ROCTIIHUMU
maenimamu (PMSM), niokmouena 0o 6impsanoi mypoinu, Jcueums yeti nepemeoprosat, KU Mae po3mip, nponopyitinuil Oianazony 3miHu
HeoOXIOHO! weuokocmi 0bepmants. Y pazi MHIIHUX HABAHMAICEHb NPOOIEM HEMAE, 6CT DANCAHT napamempu 0obpe KOHMPOIIOIMbCS, alle
V pazi HeHIHUX HABAHMANCEHb, MAKUX K SUNPSIMHULL MICm 13 wicmbma Jlodamu, SUHUKAE npobaema 2apmoHix. /s yiel memu, wob
SMEHWUmU Ylo 2APMOHIKY, 3anpononosanum piwenuam € ecmanoenenns LC-gpinempy. Memoou. DFIG ynpasnsicmocs 01 3a6e3neqents
NOCMItIHOI Hanpyau 3a aMIAIMY00I0 Ma Yacmomolo He3ANeNHCHO 8i0 HABAHMANCEHHS Mepedxci abo weuokocmi npusooHoi mypoinu. La
KoManoa € 6eKMOpHUM YRPAGTIHHAM 8 ONOPHOMY CueHa, nos'sizanomy 3 noiem cmamopa. Ilomik cmamopa eupienanuil 63006c oci d
Yb020 OpiEHMUPY, WO 003B0IAE MAKUM YUHOM PO36'I3amu akmueHy ma peaxmugHy nomyxciocmi cmamopa DFIG. DFIG ynpasisembcs
GHYMPIWHIM KOHMYPOM VHPABIIHHA NOMOKOM PpOMOpA MmMd 306HIWHIM KOHMYPOM YAPAGTIHHS GUXIOHOK HANPY20i0 CMamopa.
Tlpeocmasneno maxoxc ynpasninna PMSM ma DC wunoro nepemsoprosaua. PMSM ynpaenacmuvcs aHympiwinin KOHmMypom Kepy8aHHs
CIMPYMOM MaA 306HIUHIM KOHMYPOM KepyeanHs 0e3nepepHolo WUHOI0 Nepemeopiosaud GionosioHo 00 U020 HOMIHATILHO20 3HAUEHHS.
Cucmema KepysanHs 6impo2eHepamopom 6a3yembCs HA BiOCMENCEHHT MOUKU MAKCUMATLHOT NOMYXHCHOCIE Ma Oe3nepepeHOMy KepyBaHHi
WUHOIO HA BUXIOHOMY GUNPAMIAYL, 6PAXOBYIOUU, WO HENIHIliHI HABAHMAICEHHS 6B00Mb CHIPYMU GUCOKUX 2APMOHIK MA ROPYULYIOMb
Hanesxcne pyHKyionyeanms cucmemu. Bcemanoenenns LC-binempa mixne cmamopom i Mepexcer0 HCUGTEHHS 3MEHULYE 2apMOMIKU.
Pesynomamu mooenrosarnts, npogeoeni 6 MATLAB/Simulink, noxasyroms, wo yeil Qinemp 0038015€ ompumamu K8A3ICUHYCOIOATLHY
Hanpyay mepesici, a maxkodic Mac nepesazy wooo HpoCmomu CMpyKmypu, Xopowioi epekmusnocmi ma 3uaunoi npooykmuerocmi. Lle
00600UMb OOYITbHICMb MA ePeKMUSHICIb 3aNPONOHOBAHOT cucmeMu Ol PI3HUX HaBaHmadicers (Miitinux uu Heminiunux). Ipaxmuuna
3Hauumicms. 3anpononosana cucmema Oysce NPOOYKMUBHA | KOPUCHA 8 NOPIGHAHHI 3 THUUMU, OCKITbKU 8OHA 3abe3nedye nocmiiine
supobHuymeo enekmpoenepeii na VSCF 0na sicusnens i301608aHux OUIHOK, HE3ANeHCHO 8I0 HABAHMAIICEHHS, W0 Nooacmucsa (Tiiline abo
Heniniline), He 3aOPYOHIOIONU HABKOMUWHE Cepedosuiye, TOMY WO SUKOPUCIIOBYE eHepeilo GIMpY, WO € GaNCIUBUM Ol SHUICEHHS
napHukogozo egpexmy. bioin. 34, puc. 9.

Kniouogi cnoa: acMHXpPOHHUI reHepaTop 3 NOABIHMM JKHBJIEHHSIM, BiTpOeHepreTHka, 3MiHHA WMIBHAKICTb, AaBTOHOMHA
po60Ta, CHHXPOHHA MALIMHA 3 MOCTIHHUMM MarHiramu.

Introduction. Electrical energy and electrical power  sources is essential to reduce the greenhouse effect [3].
systems frameworks play essential roles in the economic  Thus, the development of wind turbines represents a great
development of a country [1, 2].Sustainable development investment in technological research [4]. These systems
and renewable energies arouse the interest of several which produce electrical energy from the wind can
research teams. The use of wind energy and renewable © M. L’Hadj Said, M. Ali Moussa, T. Bessaad

Enexkmpomexnixa i Enexmpomexanixa, 2025, Ne 4 3



constitute a technological and economical alternative to the
various exhaustible energy sources [5—7]. Wind turbines
are believed to be a potential source of electrical energy in
the near future [8, 9]. Wind turbines undergo both cycles,
i.e. coercion and change in wind behavior [8—10].

A large part of the wind turbines use the
asynchronous machines with double power. The
utilization the doubly fed induction generator (DFIG) as a
generation unit in the wind generation structures has been
granted great concern during the past and present decades
[11-14]. The superiority of the DFIG over other
generation units comes from its ability to handle higher
power ratings compared with the other units. Due to the
physical construction of the DFIG, it has the ability to be
controlled from both the grid and rotor sides [15]. The
possibility of performing the control from the rotor side
has enabled the utilization of low power inverters, which
resulted in saving the cost [16, 17]. This generator allows
the production of electricity at variable speed [18-23]. It
gives the opportunity, then, to better control wind
resources for different wind conditions [21-23].

Nowadays, many researches are being done on wind
turbines providing electrical energy to a stable power grid
by via a DFIG, but the studies on the autonomous
networks are rare, due the difficulty of controlling powers
often close to the nominal power of the generator.

The following work shows firstly, the control
strategy of a DFIG, providing energy by the stator to an
autonomous grid. It uses a static converter connected to
the rotor allowing operation in hypo and hyper
synchronism. A permanent magnet synchronous machine
(PMSM) connected to a wind turbine feeds this converter
(Fig. 1), that is sized proportionately to the variation
range of the necessary rotational speed [24].

Network E’m‘
400V - S0HZ Non Linear Load

Filter LC

PWM
Inverter

‘Wind Turbine

Fig 1. Global schema of the proposed system

The DFIG is controlled to provide a constant voltage
in amplitude and frequency independently of the grid load
or the drive turbine speed. This command is vector
control in a reference related to the stator field. The stator
flux is aligned along the d axis of this landmark allowing
thus the decoupling of the active and reactive stator
powers of DFIG [25-27].

The control strategy is carried out in two loops: an
internal control loop of the rotor flux and an external
control loop of the stator voltage. We have also; the
PMSM is controlled by an internal control loop of the
current and an external control loop of the continuous bus
of the converter according to its nominal value [28].

The aim of this work is the improve the performance
of this proposed system to feed isolated sites at variable

speed constant frequency (VSCF), whatever the load
desired to supply it, especially the non-linear loads. In the
case of linear loads there is no problem, all desired
parameters are well controlled but in the non-linear loads
case such as the rectifier bridge with 6 diodes there is the
harmonic problem.

These loads introduce high harmonic currents and
disrupt the proper functioning of the system. The solution
proposed to reduce harmonics is the installation of an LC
filter between the stator and the network to be supplied.
This filter allows obtaining a quasi-sinusoidal network
voltage and it also has the advantage of a simple structure,
a good efficiency and a great performance.

The control system of wind generator is based on the
maximum power point tracking (MPPT) and the control
of bus continuous at output rectifier. A power
maximization algorithm determines the speed of the
turbine that achieves maximum power generated, by
estimating the speed of the wind corresponding to the
optimal advance factor [29-31].

DFIG model. The equations of DFIG in d-q axis are [32]:

. do,
Vig = Riyg +2254_ iy g, (1)
dr
dg
qu = inxq +—2 - Osbsq s @)
. d
Vrd = errd + g;d _(a)s - wr)¢rq 5 (3)
. dg
Vig = Ryipg + d—;q (0 — 0 )yq “4)
¢sd =Lgigg +Mi,g ; (5)
¢sq = Lsisq +Mirq 5 (6)
bra = Lyirg + Migy ; (7)
¢rq = Lrirq + Misq > ®)

where V,, V,, Ry, R,, i, i, ¢, &, Ly, L, are the voltages,
resistances, currents, fluxes and inductances of the stator
and rotor, respectively; M is the mutual inductance; @; is
the synchronous speed; @, is the rotor speed.

The reference related to the stator field is chosen.
The stator flux is aligned with the axis d of this reference
which corresponds to the following equations:

d¢sq
¢Sq = 0 N =
de
In order to present the principles of this command,
we neglect the resistances of stator and assume that the
permanent state is reached. The voltage is therefore fixe
in amplitude and frequency, we obtain the follow relation:

0. 9)

d¢sd ~0:

d (10)
Vsq ~ s¢sd ~V.
From (5), (6), (9), o is the DFIG scattering coefficient,

the constraint (11) corresponds to the good orientation of
the landmark chosen:

Vvd ~

oL L

<:>¢Vq:_ j&risq. (11)

From (8), (10), (11), the new expression of active
and reactive power became:

. s .
qu = ﬁl“[

4
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=Dy

* oM (12)
_ (1 — G) _ Lr 2
Qs - oM Vs ¢rd Ma)s Vs -

Equation (12) shows the decoupling of the powers
active via ¢, and reactive via ¢, when the permanent
state is reached.

In generator mode, DFIG is represented by the state
system with time varying following:

A RA TR ANE AR
A3 AR ART AR KA

where:

rq sq
“RJL, o, o1t RM
= 5 ) )R )
M[RJL, o, _M bo
[C]__Z{ o, Rr/Lj’ Pl ks [n] [0 1}
R, +Ter oL,
[6l=ot,[,]; [F]=| £ v |
ol,o, RS+TRr
I

where [V,], [Vi], [@,] are respectively the input, output
and system status vectors. The vector [I;] depends on the
load, it is considered as perturbation.

In the case of a DFIG operating as a generator, the
difficulty comes from the derivative terms of the perturbation
(14), which are difficult to simulate. There is also a direct
link between the input and the output of the system.

The originality of this new method of control come of
the choice of the rotor flux vector as a control vector,
indeed the equation (13) shows that the rotor flux is the
natural state vector of DFIG and it allows also a direct
control on the voltage of the rotor. Compared to the
regulation in the current, this method allows a minimization
of harmonics introduced by non- linear loads.

Internal control loop of the rotor flux. From (13),
we can deduct the following system, where E, and E, are
coupling terms:

dé.y 1
=V, ——¢,+E;; 15
@ T bra +Eq (15)
dg,, 1
et (0
where T, = L,/ R, is the DFIG rotor time constant:
M .
Ey :Tlsd + a)r¢rq;
" (17)
Eq = Fisq — g

"
The transfer functions between the flux and tensions
of the rotor depend only to the rotor time constant 7,. The

regulation can be realized with simple PI correctors. It’s
also, the coupling terms can be compensated as shown in
the block diagram (Fig. 2).

M [ d
@ | S—— rectifer | CT Vac| PWM [| orc “h-,,:::
W Ty inverter .
; ads
pr— 0| n [ {fo{ pe EEE]
I Vo V,

Cans=PrdQ . L Paski Pl | i i
—

C_.r—Km iaref R
z L 5] wedret Vsgref | T

ias
) [T e
oeef
Vam/ Ve Vig

Decoupling
o
Wy Nm 50— ]

aLL A Qn, A"
T

‘ Coupling Term |

The rotor flux
estimator

T
!

Linear

Qeaf -
7dl Coupling Term |

Fig. 2. Global block diagrmm proposed wind
power system

External control loop of the stator voltage. We
have already seen that the constraint (11) correspond to
the correct orientation of the reference chosen. The
amplitude of the stator voltage is given by:

|VS|=,/VS§ Ve - (18)

This latter is controlled by an external loop (Fig. 2),
because (14) shows that when the DFIG works as a
generator on an autonomous grid, the stator voltage is the
output vector of the system. The equations (10), (14) and
(18) allow obtaining the following system, where 4, and 4,
are terms of perturbation that we can compensate. The
transfer functions between the stator voltages and the rotor
flux are of simple gains, integrators will allow of cancel the
static error between the measured and desired tension:

Vi =Vigs Vi =0, + 40}
u b 19)
Vsq = L_<¢rd +4 )7
L R
Ay =—"L| =i, +0L ;
d M( wslsd o1 lqu

(20)

Cascade rotor side. Figure 2 presents the system
seen the rotor side of the DFIG. This configuration using
a converter is very frequent for high power applications
and the limited speed variation range. This method
permits operation below and above at the synchronous
speed. These are the limits of this speed variation range
that secure the power of converter. Figure 2 also presents
the control of the PMSM. The objective of this control is
to keep the continuous bus voltage constant independently
to the rotor power. This control will be realized by two
control loops: internal control loop of the stator current of
the PMSM and an external control loop of the continuous
bus voltage to its nominal value.
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Model of PMSM. The model of PMSM is given by
the system (21) using Park method in a reference frame
linked to its rotating field:

d/
Va=Ryslg+Ly d_j —Enas

21
ar, . @1
Vq :Rms[q‘f'Lq?—qu,
E,g=-wL,l;
q°q 22)
qu = —a)LdId — a)@a,

where E,q, E,, are the coupling terms; R, is the stator
resistance; L4 L, are the direct and quadrature
inductances; Vg, V,, 1, 1, are the components d-g stator
voltages and currents; @, is the flux of the permanent
magnet; w=pQ is the voltage pulsation; Q is the speed of
rotation; p is the number of pairs of poles.
The voltages being input variables, we can express

the output variables (current) as follows:

ds 1

- E(Vd ~ Ryl +oLy1, }

Iy _ 1 (7, = Ryl — Lyl y — 0B, )
?_E g " Bpslyg —OLglg —0OP,
Knowing that in our case Ly = L, = L.

Control of wind generator. The block control of
wind generator diagram is shown in Fig. 2. The control
system based on two functions: MPPT and the control of
bus continuous at output rectifier.

Power maximization strategy. The equations of
electric and mechanical powers of the system in
permanent regime allow to new the formulation of the
new objective. However, the function of mechanical
power, a simpler form is used. To reduce the degrees of
freedom of the system, wind speed, only uncontrollable
variable of the system, is out of the mathematical
formulation by the use of an optimal form [33, 34].

The equation of the wind power P,, corresponding to
a wind speed V, is given as:

(23)

3
v,
R=C, (24)
where C, is the power coefficient; 4 is the tip-speed ratio;
p s the air density; S is the blade surface.
If the tip-speed ratio 4 is maintained at its optimal
Aot Value, the power coefficient is always at its maximum
value Cpmax = Cp(Aopr)-
Therefore, the power of wind is also at its maximum
value:
3
=C i .

opt _
P pmax )

(25)

On the other hand, if the equation of assumed tip-speed
ratio maintained at the optimal value, we isolate the wind
speed (26) for replacing in the equation of the maximum
mechanical power (25), we obtain the (27):

o SRy R 6)
ﬂopt
A4
1 3
opt _ 3
By 2 pmaxps(loptj Q2. (27)

We obtain an analytical form of the maximum
mechanical power of the wind turbine depending to its
speed of rotation Q only. Considering that the conditions
are optimal (at optimum power) then the (27) allows the
calculation of the value of the optimum torque:

1 P
opt ’

Tvﬁpt 2 pmaxlag(

Regulation of the stator current of the PMSM.
The transfer functions between the voltages and currents
of the PMSM are first order and are regulated by PI
correctors as shown in the block diagram on Fig. 3. The
transfer function of the machine being of the form:

(28)

dq(S)
H(s)= 29
O+ Enge ) @
1 IR,
H(s)= = ms__ 30
) Ems+qu(S) 1+Lﬂs (30)
I; PI Vl 1/‘Rﬂ1: [dh
A 1+-2d
T Emal Ena R
Em_, =1 Lﬁms !qf
=/ \f/ 143 1 g
T By Tqu s

Fig. 3. Regulation loop of current of the PMSM

In permanent regime and neglecting the stator
resistance, the equations (21), (22) give the following system:

-wL, I ;
q'q 31

Vy=
Vq = Q)Ldld +60(Da '

Furthermore, neglecting the losses introduced by the
converter, we can write:
Pdc = led + Vqlq = Vdcldc , (32)

where P, is the active power; V. is the continuous bus
voltage; I, is the output current of the rectifier.
With the help of (31), (32) we obtain:

Iy =Py | 0@, , (33)
Vi="Puly [P, - (34)

The relations (33), (34) show that the components of
the direct voltage and the quadrature current depend to the
desired rotor power. A conventional method controlling of
the motor starting asynchronous power (MSAP) seeking to
obtain maximum power for a minimum of current.
However if 1,,~0 the stator voltage is given by (35). This
voltage is acceptable as long as it is below the limit voltage
Vim fixed by the continuous bus voltage (36):

2
PL
V)= [@:J +(o®,f ;

V| < Viim - (36)

Control loop of the continuous voltage V.
According to (32), (33) the equation of the power is:

(35)
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v,
P = 0@yl =Vylge =1, =—%1,.. (37
a
Figure 3 allows us to write:
lj=1.+1;. (38)
Supposing that the losses are null
dvy,
C— =1, -1;. 39
dt dc L (39)

The block diagram of this loop is shown in Fig. 4.
The regulation is done with PI correctors after setting the
damping factor and the natural frequency desired.

Vaer 1 Vieret |Lgr Ky |lag 1 [
I L I

Fig. 4. Regulation of the continuous bus voltage

Simulation results. Linear load case. The proposed
system has been tested in MATLAB / Simulink using the
electrical parameters of the DFIG and PMSM, the
reference voltage at the rectifier output being taken equal to
150 V, it is assumed that this DFIG and MSAP are driven
by a wind turbine, wind speed is variable in time to feed a
load RL. Load whose power consumption is expected to
vary according to the following time table: 0 kVA at time
t=0s,12kVA atr=0.5 s and 9 kVA at time =2 s with
0.8 power factor. The obtained simulation results (Fig. 5)
prove the feasibility of the proposed system for the
maximum load variable power in the time. The values
also show that the stator voltage V; and the continuous
voltage V,. are entirely controlled during the variation of
the load and wind speed. This therefore proves the
feasibility of the system in hypo and hyper synchronism.
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Fig. 5. Simulation results of the proposed system for linear load

Non-linear load case. After having studied the
functioning of the DFIG on linear load, we will study the
performance of the latter on a non-linear load made up of
a converter (rectifier bridges with 6 diodes) which
supplies an inductive load (see Fig. 6):

I =Ug/(L; +R).

L

INDUCTIVE
) i d LOAD
WZE mz S ) Z S

Fig. 6. Structure of a 6-pulse diode rectifier

(40)

The rectified voltage is obtained by:
(41)

Inserting a 6-diode rectifier bridge into the system
does not change the test procedure; the only difference is
the introduction of non-linear loads instead of linear RL
loads. Indeed, this type of converter induces a large
number of current harmonics:

Isf :\/gld/”; Iy, :Isf/h;

h=6ntl; THD =Y 13, /Isf :

where Iy is the amplitude of the fundamental current; 7, is
the harmonic current of order %; I, is the continue current
flowing through the load; THD/ is the total harmonic
distortion of the load current.

The simulation results clearly show the deterioration
of the stator voltage due to the induced harmonic currents
caused by the load currents. The more the load increases the
load current becomes more and more distorting. The active
and reactive powers are also deteriorated by this non-linear
load due to the harmonics induced by the 6-diode rectifier
bridge. These harmonics increase the losses in the DFIG and
promote excessive heating of the latter. The simulation
results are shown in Fig. 7.

Ug = Vjs max — Vjs min -

(42)
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Fig. 7. Simulation results of the proposed system for non-linear load

Filtering characteristics. LC filter is placed on the
stator side of the DFIG to eliminate voltage harmonics
from the on-board network. The single-phase equivalent
model of the filter is given in Fig. 8.

Bl

I
G

Linear

Load

Fig 8. Single-phase equivalent diagram of the LC filter

This filter can be represented by the following

equation of state:
r 1 0 1
seE ] e
dr | Ve 1 o Ve _1 o ILVs
C C
where L, r are the filter inductance and its internal
resistance; C is the filter capacitance; V,, I, I,, V, are
respectively the stator voltage and current of the DFIG,
and the current and voltage of the non-linear load. V; can
be considered as the filter input variable, /, — the
disturbance variable and V, — the filter output variable.

From (43), we can write 4 transfer functions to describe
the operation of the filter:

1,(s) _ a)g { 1 Cs}{lg (s)} @4
Ve (s) s2+2ma)os+a)§ Ls+r 1 ]| V(s)

where o = 1/ VLC is the resonance frequency; m is the

damping coefficient.

This presentation shows that the load current
harmonics due to the 6-diode rectifier bridge deteriorate
the stator current as well as the load voltage vector. The
filter parameters must therefore be chosen so as to reduce
the harmonic distortion rate of the mains voltage to a
value less than 5 %. We can derive from (44) the transfer
function between I (s) and V(s):

Ve(s) _
Ig(s)  s2+2mays +w]

(Ls+ r)a)g

(45)

Design procedure. The filter inductance is typically
sized equal to a fraction of the rated motor impedance, so
voltage drop is reduced across the filter inductance. In this
case, we will choose:

L=0.7-L,. (46)

The resistance in this case corresponds to the
internal resistance of the inductance and thus is
proportional to the internal Joule losses of the inductance.
This resistance creates losses at the level of the filter. In
this case, the Joule losses are defined to be less than 1 %
of the total power, so the maximum acceptable internal
resistance ry,x can be calculated as:

0.01P,_
Tmax :# . (47)
315 nom

The attenuation provided by the filter depends on the
damping coefficient m. The cutoff frequency should be
low enough to give the desired attenuation and the
damping coefficient large enough to increase that
attenuation. On the other hand, (44) shows that a low
cutoff frequency may result in large components value
and size. In addition, a very large damping coefficient
would result in an internal resistance value more
important than rp.. It is therefore necessary to find a
compromise between the dimensions of the filter and the
desired THD.

From the components of the harmonic current
described by (42), the amplitude-frequency characteristics
given by (45) and knowing that the amplitude of the
voltage of the fundamental is 400 V, we can calculate the
relationship between the filter cutoff frequency and the
THD of the mains voltage after filtering.

Finally, knowing w, and L, we can deduce the
capacity of the filter:

C=1/L} . (48)

The introduction of an LC filter with a cutoff
frequency of 816.5 rad/s with a damping coefficient
m=0.734 to reduce current harmonics is simulated in the
same way as before.

The simulation results (Fig. 9) show that the load
voltage is almost sinusoidal for a non-linear load.
Compared to the signal obtained without a filter, the
oscillations on the active and reactive power are greatly
reduced by the introduction of the filter. These
simulations carried out on MATLAB/Simlink prove the
efficiency of the proposed system in the event of non-
linear loads.
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Fig 9. Simulation results of the proposed system for non-linear
load after the introduction of LC filter

Conclusions.

This paper has enabled us to study an autonomous
electrical generation system working at variable speed
and fixed frequency to supply isolated loads. The
principles of vector control of DFIG and PMSM have
been presented. The simulation results carried out on
MATLAB/Simulink show that this method makes it
possible to obtain a voltage at fixed frequency and
amplitude under a wide range of variation of the turbine
drive speed. The addition of non-linear loads, such as
diode rectifier bridges, introduces harmonics which
deteriorate the voltages of the network. The introduction
of an LC filter on the stator side of the DFIG allows these
harmonics to be reduced to an acceptable level. This
proves the efficiency of the proposed system for different
loads (linear and non-linear loads).
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The complex influence of external and internal electricity networks on the magnetic field level
in residential premises of buildings

The problem of determining the complex influence of a group of electricity networks (external electricity networks, built-in
transformer substations, cable electric heating systems, etc.) on the magnitude of the summary magnetic field (MF) in a residential
premise of a building has not been sufficiently researched. This results in an overestimation of the assess the magnitude of the
summary MF, generated by the group of electricity networks, as well as to the use of technical measures to reduce this MF, which
have excessive efficiency and are accompanied by excessive expenses. The goal of the work is to investigate of the complex influence
of external and internal electricity networks on the MF level in residential premises of buildings and definition of conditions, which
provide the minimum necessary limitations on the MF flux density of individual electricity networks, at which the summary level of
MF in residential premises, does not exceed the normative level of 0.5 uT. The methodology of determining the complex influence of
the group of electricity networks on the level of MF in residential premises is based on the Biot-Savart’s law and the principle of
superposition and allows determining the functional dependence between the instantaneous values of currents in electricity networks,
their geometrical and physical parameters, and the summary effective value of MF flux density in the premise. Scientific novelty. For
the first time, the methodology for determining the complex influence of the group of external and internal electricity networks on the
level of MF in residential premises is proposed. Practical significance. The implementation of the proposed methodology will allow
to reduce the calculated coefficient of normalization of the MF of individual electricity networks by 25-50 %, which, in turn, will
contribute to the reduction of economic costs for engineering means of normalizing the summary MF in residential premises, caused
by the influence of the group of electricity networks. References 56, tables 4, figures 8.

Key words: magnetic field of a group of electricity networks, residential premises, high-voltage overhead power line, built-in
transformer substations, cable electric heating system of the floors.

Ilpobnema susnauents KOMIAEKCHO20 GNAUBY SPYNU eNeKMPOoMepedic (306HIUHIX eleKmpomepedic, 80Y008AHUX MPAHCHOPMAMOPHUX
niocmanyiti, cucmem KabeivbHO20 enekmpoobiepiey mowjo) Ha eeruyuHy cymaprnozo maeHimmozo nona (MII) e owcuminosomy
npumingenni OYOuHKy He docmamubo Oocuiodcena. Ile npuzeodums 00 3aeuwjenoi oyinku Genuuunu cymapuoeo MII, wo
CMBOPIOEMbCAL 2PYNNOIO eeKMPOMEPedIC, d MAKodiC 00 3ACHOCYBAHHA MEXHIYHUX 3ax00i6 3i smeHuienns yvboco MII, axi maromo
HAOMIpHY eexmusHicms i cynpogoodcylomscs 3aueumu umpamamu. Memorw pobomu € 00cniodcenHs: KOMIIEKCHO20 6NIUGY
306HIWHIX ™A GHYMPIWHIX eflekmpomepexc Ha pieeHb MII 6 ocumnosux npumilyeHHAX OYOUHKI8, Ma BUSHAUEHHS YMO8, AKI
3abe3neyyioms MIHIMANIbHO HeoOXIOHI obmedsicenns iHOykyii MII oxpemux enekmpomepedc, 3a sKux cymapuui pieens MII 6
JHCUMNIOBUX NPUMIWEHHAX He nepesuwyye HopmamusHull pisenv 0,5 mxTn. Memoouka eusnauenHs KOMNIEKCHO20 6NAUGY 2PYNu
enekmpomepedic Ha pisenv MII 6 scumnosux npuminjennsax bazyemocs na 3axoui bio-Casapa ma npunyuni cynepnosuyii i 0ozeonse
BUSHAYUUMU (DYHKYIOHANbHY 3ANIeAHCHICIG MIJC MUMMEGUMU 3HAYCHHAMU CMPYMIE 6 eNeKmpPOMepedNcax, ix 2eoMempuyHuMu i
Gizuunumu  napamempamu, ma cymapHum Oirouum 3Havenusm HOykyii MII 6 npumiwenni. Haykoea Hoeusna. Bnepuie
3anponoHOBAHO MemO00N02iI0 GU3HAUEHH KOMNIEKCHO20 GNAUEY 2PYNU 308HIWMHIX | GHYMPIWHIX enekmpomepedc Ha pieeny MII 6
orcumnogux npumiwennax. Ilpakmuuna 3nauumicms. BnposaodsceHHs 3anponoHo8aHoi Memooonozii 003601umsb 3MeHUUmu
po3spaxynkosutl koegpiyienm nopmanizayii MI1 okpemux enexmpomepesic na 25-50 %, wo, y ceoto uepzy, cnpusmume 3MeHUEHHIO
EeKOHOMIYHUX 8umpam Ha indicenepHi 3acobu Hopmanizayii cymaprnozo MII y srcumnosux npuminyeHnsax, 3yMOGIeH020 6NAUBOM SPYNU
enexkmpomepedc. bioin. 56, Tabm. 4, puc. 8.

Knouosi cnosa: MarHiTHe moJie TpPYNH eJIEKTPOMepeX, KUTJIOBI NPUMILlEHHS, BUCOKOBOJIbTHI
ejieKTponepenayi, BOyaoBaHi TpancopMaTopHi miacranuii, kadeJbHi cHCTeMH eJIeKTPOOOGIrpiBy miasor.

NOBiTpsiHi  JiHil

Abbreviations
PL power line IPS internal power supply system
TS transformer substation LVB low-voltage busbar
CEHS cable electric heating system EN electricity networks
MF magnetic field

Introduction. Reducing the MF of the industrial
frequency of in residential buildings to a safe level is an
important problem of protecting people’s health from
man-made electromagnetic impact [1-5]. The main
sources of this impact are EN located near residential
premises. As shown by the authors [6], unlike the electric
field, the MF of EN penetrates through the walls in
residential buildings with almost no attenuation.

In Ukraine, the maximum permissible level of power
frequency MF flux density in residential premises is
regulated by normative documents [7, 8]. According to
them, the effective value of MF flux density should not
exceed of 0.5 uT inside the premises and of 3 uT at a

distance of 0.5 m from their walls. Therefore, when
designing new or modernizing existing EN, technical
measures are applied [9, 10], are aimed at limiting the MF
flux density inside residential premises to the normative
level of 0.5 pT. Now the measures are aimed at
individually reducing the MF flux density of each EN to
the normative level (0.5 uT).

The greatest impact on residential buildings
according to MF is exerted by EN located closer than
100 m from them (Fig. 1). These high-voltage overhead PL
of 0.4-330 kV [11], LVB of built-in TS of 6/(10)0.4 kV
[12], CEHS of the floors [13], and IPS of residential
premises [14, 15].
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Many scientific researches have been devoted to the
creation of effective methods for modeling, calculating
and normalizing the MF of EN [10, 16-52]. However,
still remains insufficiently researched the distribution of
MF in residential premises of buildings under the
condition of simultaneous the complex influence of
several (n) different EN (Fig. 1).

Even if the influence of each of these EN will be

= 0.5 uT (normalized), then

with their complex influence, the summary MF flux
density can significantly exceed the normative level of

0.5 uT. Since the level
parameters of the EN, its magnitude can vary within
EE € (§ ln)) and will approach the maximum

limited by flux density B,y

By depends on numerous

norm (

boundary value ”Enorm .

PL 7 Residential building
r
B FmmTmmo T
1 7/ Z4 Residential ! X2 ! z
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el '7/CEHS\<' 2
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Fig. 1. The residential building with the built-in transformer
substation (TS), which is an element of the electrical complex
consisting of the external (PL) and internal (TS, CEHS, IPS)
electricity networks

There is no possibility to determine the real level of
the summary MF EE forces us to take into account its

maximum limit value nB This leads to its excessive

norm *
reduction (Ez <0.5 uT), as well as to the unjustified

increase in the cost of engineering means of the MF
normalizing.

Therefore, it is relevant to study the complex
influence of a group of EN at the MF level in residential
premises in order to determine cost-effective limitation of
the MF flux density for individual EN, at which the
summary value of the MF in residential premises
corresponds to the normative level B =0.5 uT.

norm

The goal of the work is to investigate the complex
influence of external and internal electricity networks on the
MF level in residential premises of buildings and definition
of conditions, which provide the minimum necessary
limitations on the MF flux density of individual electricity
networks, at which the summary level of MF in residential
premises, does not exceed the normative level of 0.5 uT.

Assumptions adopted during the analysis.

1) The effective value of the MF flux density and its
spatial components are investigated.

2) The supply voltages of the EN are synchronized,
have a frequency of 50 Hz, and cosgp = 1.

3) The current conductors of all EN are oriented
parallel to the coordinate axes.

4) The currents in EN are sinusoidal, symmetrical,
and modeled by current filaments with different directions
of power transfer.

5) There are no ferromagnetic and electrically
conductive elements and the additional sources of MF in
the studied area.

6) The MF flux density of each of the n EN is
independent on the MF of other EN and depends linearly
on its current.

7) The PL MF is three-phase two-dimensional, the
TS MF is three-phase three-dimensional and is modeled
by its LVB, the CEHS MF characterized by the vertical z
component and is modeled by straight sections of two-
wire heating cables, powered by a voltage of 220 V.

8) The IPS is powered by a voltage of 220 V, modeled
by standard two-wire cables with a current of up to 30 A,
which are mounted in the walls of a residential premises.

The adopted assumptions do not introduce a
significant error in the analysis and allow us to take into
account the worst cases when the impact of EN on
magnetic field of premise is maximized.

Determination of the complex influence of the EN
group. The complex influence of n different EN (PL, TS,
CEHS, IPS) on the MF flux density distribution in a
residential premise can be determined by summing the
instantaneous values of spatial components b(¢), b,(?),
b.(f) of MF flux density of each of these EN according to
relations:

bZlﬁ,th Zﬂbﬁ,xpt) (1)
i=1

bZl/lyPt Zﬂb/lypt) ()

byi 2 (P.0)=3 by (). (3)

i=1
In this case, the parameters of the studied EN are
determined by the relations:

S e(=1,+1), ® = 2pf. f= 50 Hz; 4)
A=AB,C;i=1=PL,i=2=TS,i=3=CEHS, (5)
A"~ sin(wt — ;) (6)

B’ ~sin(wt +27/3-¢;), (7)

C' ~sin(wt —27/3-¢;), (8)

where A, B, C are the phases of EN; i, n are the number
and quantity of EN; /' is the current direction coefficient;
¢; s the current shift angle respectively to voltage; x, y, z
are the coordinate axes; P is the observation point.

We also take into account additional conditions
caused by the above assumptions:

opr = 0; @rs = 0; @cens = p/6, )
ber y(p) = beens +(P) = begus y(P)=0. (10)

The magnitude of the influence of the EN group on
the population through the MF 1is determined by
calculating the effective value of the MF flux density,
which is subject to sanitary regulation [7, 8] and physical
measurements. The MF flux density effective values are
defined as [17, 49]:
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T
Bi(P)= %j[b,.(P,t)]zdt, T=2z/w. (11)
0
Then, using (1-3) and (11), we get:
T
~ 1
By (Pot)= ;I(bZi,i,x(P»f))zdfa (12)
0
~ 1 r
By, (P)= 7j(bz,M (P.o)fPde,  (13)
0
N T
By (Pt)= Ibzl se(Pofd (14)

The integration operanon in the ratios (12-14)
according to (11) can be carried out by numerical methods,
based on specialized computer programs, or analytically.

The searched effective value of the MF flux density

module for n the group of EN EZ(P) is defined as rms

sum of effective values of the spatial components x, y, z
of (12-14):

By (P)= \/ [EZi,/i,x(P )]2 +[§Zi,/1,y(P )]2 +[§Zi,/1,z(P )]2 -(15)

In accordance with current normative [7, 8],

effective value of the MF flux density EZ (P), given by

(15), should not exceed the normative B,,,,,= 0.5 uT

norm —
value inside the residential premise.

Research of the impact of individual EN. Based
on the obtained relations of (1-15), we will determine the
individual influence of the PL, TS, and CEHS on the MF
level in a residential premise (Fig. 1). To do this, we will
determine the instantaneous values of the spatial
components x, y, z the MF flux density of the individual
EN under consideration.

For overhead power line the instantaneous values of
the spatial components, their MF flux density are
determined according to the results obtained by the
authors in [12, 22, 25] relations:

I .
ba(P)=EL = sin(ot=p),  (16)
A
I .
bas(P)=2 xr—/‘sm(wr—co), (17
A
bB’x(P):%-Z:;Bsin(a)t+——goj, (18)
B
Holp x—xp . 2r
bB,Z(P):Y. rz Sin a)t+T—¢) . (19)
B
bc,x(P)=%~%sin(a}t——ﬂ—¢j, (20)
C
bCZ(P):%-x;zxcsin[a)t———(pj, 201
C
ri=(r-xg P +(z-z4),
FéZ(x—xB)er(Z—ZB)z»
iE=(x—xc P +(z-zc) (22)

For the built-in TS, the instantaneous values of the
spatial components are determined according to [13]
based on the Biot-Savart’s law and the superposition
principle [53, 54]. They are obtained by summing the
components of the MF flux density, which is created by
each of the straight-line sections L1-L5 (Fig. 2) of LVB
TS. For example, the components of the MF flux density
for the A phase are defined as [13]:

N
bA,x(P) = szx ([A,z,n >X0,n5Y0,n>21,2,n )Sin(a)t + ¢)+
n
K
+D by (IA,x,kaxO,kaJ’l,Z,kaZO,k )Sin(wf +9),
k

(23)

N
bA,y (P): zbzy<1A,z,n’x0,n7yO,nizLZ,n )Sin(a)t + ¢)+
n

Vv
+ Z bxy ([A,x,v >X1,2,v2Y0,v220,v )Sin(a)t + @) > (24)
v

v
bA,z (P) = Z bxz (IC,x,v > X1,2,v5 Y0,v520,v )Sin(a)t + (D)J"
v
K

+>'by, ([C,y,k 2 X0, V1,2,k 20,k )Sin(a’f +9), (25
;

where 1., X0 You Z12. are the current and coordinates
of the ends of the n-th straight-line section of the parallel
Z-axis; Lyyk Xog V124 Zox are the current and coordinates
of the ends of the k-th straight-line section of the parallel
Y-axis; Icxv,s X124, Yous Zoy are the current and coordinates
of the ends of the v-th straight-line section of the parallel
X-axis; N, K, V are the number of straight-line sections
parallel to the axis Z, Y, X respectively.

For the phases B and C of the busbar, the MF flux
density components are determined similarly [13].

Az m

P(x.y,2)
i d

25
2
1.5
1 Nl 4
! JB-\ZIC'.\J 1.4:1 LS
10‘/}\ I r > 4
05 e ISV S 1
el = (.
- . Y 4“\.\10:2

Ton
2 “Gx7

Fig. 2. The investigated low-voltage busbar TS 100 kVA
6(10)/0.4 kV

The cable electric heating system. In order to
simplify the analysis and consider the worst case with
maximum of the MF [10]. The CEHS is replaced by two
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straight sections of two-core heating cables (Fig. 1), laid
under the floor of the premise, which are parallel to the
y-axis: the first section is located at a distance of 0.5 m
from the wall (point P1), and the x coordinate of the
second segment axis (point P2) coincides with the
x coordinate of the middle phase of the LVB TS (Fig. 2).
If the CEHS is made of a two-wire heating cable with
current /cgys then instantaneous maximum value of the
CEHS MF flux density is determined by its spatial
component z [12].

When powered from a single-phase EN of 220 V,
this flux density will be:

b, .(r,P)=L0 V2-Icpps d
4.2 27 | 2

[r +(0,5d )
where 1y =47107 H/m; d is the distance between the
axes of the cable cores; r is the distance from the cable
axis to the observation point P, ¢ = /6 is the phase shift
between the linear current of phase A of the PL (TS) and
the corresponding phase current of the CEHS.

The internal EN 1PS has the current of up to 30 A
and powered by one of the 220 V phase of the EN of
building. The IPS is executed from standard two-wire
cables laid in the walls with a distance between the cores
of no more than 4 mm. At the same time, according to
(26), the maximum value of the MF flux density
generated by the cable at the current of 30 A at the
distance of 0.5 m from the wall of the dwelling will not
exceed of 0.1 pT. Therefore, in further analysis, the
influence of IPS can be neglected due to the insignificant
level of flux density of their MF.

Investigation on the complex influence of EN. The
above analysis and obtained relations of (1-21) allow us
to investigate the distribution of the effective value of the
MF of PL, TS, CEHS in residential premise (Fig. 1).
When studying, the complex influence of MF from the
group of n EN, the most likely is the occurrence of this
influence from the pair PL+CEHS EN. Less likely is the
influence of the combination TS+PL or TS+CEHS, as
well as from three EN PL+TS+CEHS. However, from the
point of view of ensuring the safety of the population’s
health, it is expedient to study all the mentioned variants
of complex influence.

Parameters of the investigated EN. As an external
EN, we consider the typical overhead of the 110 kV PL,
250 A with a triangular suspension of phase wires
oriented parallel to the y-axis (Fig. 1). The wires
coordinates are: A (—6.3m;7m), B (-2.1m;13 m),
C (0 m; 7m), x1 =20 m.

We consider the TS with the 100 kVA power as, an
example of the built-in TS (Fig. 1), which is modeled by
the LVB (Fig. 2) in accordance with [10]. The LVB
parameters: dl1=0.16m, d2=005m, L1=0.5m,
L2=22m, L3=14=09m, L5=2m, the nominal
current of /=150 A, the currents of straight-line sections
of the busbar (L1-LS): I1=R=1I 13=12/3,
14=15=1/3.

The CEHS is executed from standard two-wire
heating cables oriented parallel to the y-axis with the
distance between the wires 2.2 mm, has a nominal current
of 10 A, z5=0.05 m, powered by the phase voltage of

sin(wr — ),  (26)

one of the phases (a, b, ¢) of the apartment EN of 220 V.
The CEHS cables is represented as straight-line segments
oriented parallel to the y-axis that according to [10]
allows modeling the maximum CEHS MF in the place of
laying the cable. The observation points P1, P2 (Fig. 1)
are located between current conductors PL and busbar TS,
CEHS. The residential building (Fig. 1) has the TS room
located on the 1st floor, and the residential premise on the
2nd floor above the TS, z1=35m, z2=25m,
z3 =2.5m, z4 = 13 m. When calculating the summary MF
it is taken into account that the observation points P1, P2
(Fig. 1) are located between current conductor PL and
busbars TS.

Complex influence investigate methodology. The
investigation of the complex influence is carried out by
the relations (1-26) applying computer modeling in the
MATLAB software environment [55].

1. We set the initial values of the currents (/;,) of PL,
TS, CEHS, at which each of these EN separately creates
the MF in the premises (Fig. 3), flux density which is
equal to the normative level of 0.5 puT:

Bpy = Brs = Bcenus = Buorm - (27)

At the same time, the control point for the PL is the

closest point to it P1 (Fig. 1), and for the TS and CEHS

this is a point P2 (Fig. 1), the x coordinate which

coincides with the x coordinate middle phase of the

busbar L2 of TS (Fig. 2). At these points the summary MF
flux density will be maximum.

B, uT
1 PL
0.5uT

1 CEHS
0.5uT
0.5
/_2
0 sl : " 0a
0 1 2 3 4 5 g 247

X,m
c
Fig. 3. Distribution of the MF flux density in the residential
building under the individual influence of different EN,
the flux density of which corresponds to the normative level
(a—PL,b-TS, c — CEHS)
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2. Calculate the summary MF Ez, created by the

PL, TS, CEHS when the condition (27) are fulfilled. The
results obtained for different combinations of EN
parameters are included in Table 1.
3. We reduce the current proportionally /;,, of each
EN according to point 1 of the methodology to the level,
when their summary value 521 decreases to the level
Enorm =0.5 uT for each item in Table 1. At the same
time, the MF flux density each of the EN EZ norm 18 the
same in accordance with (27):
BZnorm = Bp = Brs = Bcgps - (28)
Next, we determine and enter into Table 1 the MF
flux density value ZN?Z subject to (27) and Ez norm €ach

of the EN. Also we determine and fixate in Table 1 the
values of the normalization coefficient K,

K, = BZ/Bnorm Ky € (1 +n) > BZnorm = Bnorm/Km (29)

It defines the necessary amount of reduction of the
summary MF flux density EZ to achieve the normative
level. Also we define the normalized summary MF flux
density EZ norm OF €ach of the EN, when reaching which
their summary level is reduced to 0.5 puT.

4. Similar actions under p. 1-3 are carried out when
studying the complex influence of two different EN in
combination PL-TS, PL-CEHS, TS-CEHS. The
calculation results are entered in Tables 2—4.

The most characteristic investigate results are

presented in the form of graphs in Fig. 5-8.
Analysis of result. For the TS-PL pair (Table 2,

Fig. 5) the maximum value Ez reaches 0.85 uT with
opposite signs of currents EN and requires reduction of
the MF flux density each of these sources to 1.7 times
(from 0.5 uT to 0.29 uT), and the minimum value EZ is
0.7 uT occurs when the direction of the TS and PL. For
the TS—CEHS pair (Table 3, Fig. 6) the maximum value
Ez reaches 0.86 uT at supply of CEHS from phase
+A (+B) and minimal (0.57 uT) at supply of CEHS from
phase +C (-B). For the PL-CEHS pair (Table 4, Fig. 7)
the maximum value EZ is 0.89 uT at supply of CEHS
from phase +A (—A) and minimal (0.59 uT) at supply of
CEHS from phase —C. Thus, for groups of two considered
EN, the maximum value EZ is 0.89 uT, and minimal is
0.57 uT. At the same time, for the normalization of MF of
these EN, the necessary normalization coefficient K,, will
be from 1.06 to 1.96 units and at n =2 approaches the

limit values — 1 or 2 units.
For the group of TS, PL, CEHS (Table 1, Fig. 8)

maximum value EZ is 1.32 uT and occurs with opposite

currents of TS and PL and supply of CEHS from the —-C
phase, and the minimum value is 0.66 pT at the direction
of the currents coincides of TS and PL and supply of
CEHS from the +B phase. At the same time, for the
normalization MF these three (n = 3) EN, the necessary
normalization coefficient K,, consists of 1.32 to 2.64

units. Changing the order of phase alternation does not
significantly affect the MF level.

Additional studies also show that changing the
geometry of the 110 kV PL wire suspension from
triangular (Fig. 1) to horizontal or vertical does not

fundamentally affect the value ZN?Z .

For all groups of EN, the values and K, significantly
depend on the CEHS supply parameters (current sign and
supply phase), which creates conditions for minimizing
the MF value in the premise by the consumer.

The results of modeling using the developed
methodology of (1-29) were confirmed by experimental
tests (Fig. 4), carried out at the magnetic measuring stand
Anatolii Pidhornyi Institute of Power Machines and
Systems of NAS of Ukraine (IEMS of NAS of Ukraine)
[56]. The deviation between the results of modeling and
experiment did not exceed 10 %.

Thus, to normalize the complex influence of two
normalized MF EN, it is necessary to reduce the MF flux
density of each of them from 1.06 to 1.96 times, and for
three normalized EN — reduction from 1.32 to 2.64 times.
The implementation of the proposed methodology will
reduce normalization coefficient K, their MF from
maximum values of 3 (2) units to minimum values of 1.32
(1.06) units, what provides reduction of this coefficient by
25-50 % and accordingly reduces economic losses on the
MF normalization.

Peculiarities of normalization of the complex
influence of the EN group on MF. To normalize the
complex influence of the group of n already pre-
normalized EN, the MF which does not exceed 0.5 uT,
the use the above research methodology. For this, such
well-known engineering methods of reducing the MF of
EN can be introduced [9, 10]. They include: protection by
distance, active and passive shielding, constructive-
technological measures.

The choice of these methods is based of the
technical and economic analysis.

Obviously, the smaller normalization coefficient K,
the lower the economic costs of practical implementation
of the normalization will be needed.

Therefore, the minimization of the K, is the important
task of MF normalization, which, first of all, it is advisable
to implement by means of the proposed methodology based
on the determination of all actual parameters of the group
of EN given in Tables 1-4. Significant reduction K,, also
possible through the implementation of an optimal power
supply regime CEHS.

More difficult will be the normalization of the
complex influence for the EN group, the each of which
have not yet been normalized and have an excess of the
MEF above the normative level of 0.5 uT. In this case, the
required initial normalization coefficient of the MF

Km’n’,-:ﬁi/ﬁnorm for the each i-th EN is first

determined. At the second stage, the final normalization
coefficient K,,; is calculated:
Kpi =KpniKpy -

m,n,1

(30)
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Fig. 4. Laboratory installation for the study of the complex effect of PL+TS, created on the magnetic measuring stand
of the IEMS NAS of Ukraine (a — physical model of a low-voltage busbar of the TS, 150 A; b — physical model of the PL 150 A)

Table 1
The effective value of flux density of the summary MF

TS+PL+CEHS EZ , value EZ norm and coefficient K, when

changing the currents signs, the order of phase alternation

Table 2
The effective value of flux density of the summary MF TS+PL

EZ , value EZ norm and coefficient K, at changing the order of

phase alternation and current signs

(ABC-ACB) and the power supply phases of CEHS Ne TS PL B B K,
= = n n 2 2. norm
N[ TS [ PL [ CEHS | 5. | B K, ;i i
ﬁn ﬁm ﬂn z X norm uT uT
ABC | ABC | phas uT uT 1 | +ABC | +ABC | 053 0.47 1.06
1 + + +,a 0.84 0.3 1.68 2 + ABC -ABC 0.85 0.29 1.7
2 + + —a 0.84 0.3 1.68 3 + ABC + ACB 0.7 0.36 1.4
3 + - +,a 1.14 0.22 2.28 4 +ABC - ACB 0.7 0.36 1.4
4 + -,a 0.97 0.26 1.94 Table 3
5 N b 066 038 132 The effective value of flux density of the summary MF
6 N ~ : b 0: 6 0: 36 1: 38 TS+CEHS EZ , value EZ norm and coefficient K, at changing
7 7 current sign and power supply phase CEHS
+ +,b 1.22 0.2 2.44 o TS CEHS 3 3 X,
8 + —,b | 094 | 027 | 188 ra ra z Znorm
91 + +,.¢c | 093 | 027 | 186 ABC | phase T uT
10 + —.c 0.79 0.32 1.58 1 + +,a 0.87 0.29 1.74
11 T _ +.c 0.91 0.28 1.82 2 + -,a 0.56 0.45 1.12
2] + —c 132 | 019 | 2.64 3 + +,b 0.86 0.29 1.72
B3| + +,a 1.09 023 | 2.18 4 + -,b 0.57 0.44 1.14
14 + —a 0.91 0.28 1.82 5 + +.,c 0.57 0.44 1.14
5 + - +a | 112 | 022 | 224 6 + -, 0.98 0.26 1.96
16 |+ - 079 | 032 | 1.58 Table 4
7 - E s The effective value of flux density of the summary MF
il * 0.77 0.33 = PL+CEHS §Z , value EZ norm and coefficient K, at chan ging
181+ —,b 1.09 023 | 2.18 .
current sign and power supply phase CEHS
19 + — +,b 0.87 0.29 1.74 No PL CEHS fgz EZ K,
20 + -,b 0.87 0.29 1.74 £, B, T ”If””
e +.c | 096 | 026 | 192 1 ABC | phase " "
2] & —c | o081 | 031 | 162 . toa | 077 | 033 | 14
S — | +c [ o7 | 034 | 148 - - —.a | 0P | 032 | 158
24| + - —c | 1| 023 | 222 . - b 0.64 0.39 128
+ -,b 0.9 0.28 1.8
Thus, proposed by the authors the methodology for 5 3 "
determining the complex influence of the EN group on * t.c 0.89 028 78
the level of MF in residential premises is based on (1-30) 6 + -,C 0.59 0.42 1.18

and includes analytical methods, calculation and
assessment of the impact of external and internal EN (PL,
TS, CEHS). It allows to identify and implement
conditions for economically feasible limitation of the MF
flux density of individual EN, at which the summary level
of MF in residential premises does not exceed the
normative level of 0.5 puT.

Taking into account the importance of the practical
implementation of the proposed methodology to reduce
the complex influence of external and internal EN on the
MF level in residential premises of buildings, it is
necessary to consider the draft amendments to the
regulatory documents of the Ministry of Energy [7, 8, 22],
and State Building Standards [15].
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Fig. 5. Total minimum (a) and
maximum (b) influences of the
PL+TS to the level Ez
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Fig. 8. Characteristic total influences of the PL + TS + CEHS on the level E}:
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Conclusions.

1. Uncertainty of the processes of complex influence
of the magnetic field of the group with n electricity
networks on the level of the magnetic field in residential
premises may lead to the usage of methods to reduce the
induction of their magnetic field with overefficiency, and
cause irrational economic losses.

2. The methodology for determining the complex
influence of the group of electricity networks on the level
of the magnetic field in residential premises is proposed.
This approach is based on Biot-Savart’s law and the
principle of superposition. At the same time, the
functional dependence between the instantaneous values
of currents in electricity networks, their geometric and
physical parameters, as well as the total effective value of
the magnetic field flux density in the premise is taken into
account. The technique makes it possible to establish the
minimum necessary limits of the magnetic field flux
density for individual electricity networks to normalize
the summary magnetic field in the premise.

3. The method for normalizing the summary
magnetic field is proposed, which is formed by the group
of electricity networks in the residential premise, based on
the above methodology. This method allows you to
determine the actual level of the summary magnetic field
in the premise and, on this basis, develop cost-effective
measures to normalize the magnetic field in the premise.

4. It is theoretically substantiated and experimentally
confirmed that the implementation of the proposed
methodology for determining the complex influence of real
electricity networks (overhead PL of 110 kV, built-in TS of
6/10 kV, cable electric heating system of 2.2 kW) allows
reduction of the normalization coefficient K,, of magnetic
field of individual electricity networks on 25 — 50 %, which
allows to reduce the economic costs of normalizing the
magnetic field in the premise accordingly.

5. Taking into account the importance of the practical
implementation of the proposed methodology for cost-
effective reduction of the impact of the group of electricity
networks on the magnetic field level in residential premises
to values that are safe for the population, it is planned to
prepare draft amendments to the regulatory documents of the
Ministry of Energy and the State Construction Standards.
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Robust control of single input multi outputs systems

Introduction. Most of mechanical systems are nonlinear and complex, the complexity of these latter lies on highly nonlinear
characteristics, or on dynamics that stimulate the development or change of the process through an applied force in a disturbed
environment. Single input multi outputs (SIMO) systems, which are structured into subsystems, are considered as complex systems. The
task to control their degrees of freedom is more complicated, and it is not easily reachable, due to the fact that nonlinear laws are not
directly applicable to those systems, which requires to trait them in a particular way. Problem. First order sliding mode control (FOSMC)
has already been applied in several previous works to this kind of systems, and due to its robustness property, this control gave good
results in term of stabilization and tracking, but the chattering phenomenon remains a big problem, which affects the control structure and
the actuators. Purpose. In order to address the problem of chattering encountered when applying the FOSMC to a category of second
order subsystems, a second order sliding mode control (SOSMC) is designed. Methods. This work consists of developing an appropriate
second order system structure, which can go with the sliding control expansion, and then studying the SOSMC for this chosen system. The
hierarchical structure of the sliding surface which is made using a linear combination between subsurfaces, according to the system
structure, allows the only control input to affect subsystems in graded manner from the last one to the first one. Results. We have applied
the constructed control law to a SIMO system for two cases with and without disturbances. Simulation results of the application have
shown the effectiveness and the robustness of the designed controller. References 30, figures 10.

Key words: nonlinear system, single input multi outputs system, stability, robustness, sliding mode control.

Bcmyn. Binvwicmy mexaniunux cucmem HeniHitini ma CKIAoHi, o NOASAE Y 3HAYHO HENTHIHUX XaPAKMEPUCMuKax abo 6 OUHamiyi, axa
CIMUMYTIIOE PO36UMOK Ab0 3MIHY Npoyecy 3a ONOMO20I0 NPUKIAOeHOT cunu Yy 30y0xcenomy cepedosuwyi. Cucmemu 3 0OHUM 6X000M Ma
Kinokoma euxooamu (SIMO), axi cmpykmypoeani y niocucmemu, po32A0aiomvcsa AK CKIAOHI cucmemu. 3a80aHHA YNPAGNIHHA iX
cmyneHamu c80600u CKAAOHiuLe, i OHO CKIAOHO OOCAN’CHE Yepe3 me, W0 HeAiHIliHI 3aKOHU He 3ACMOCO8YIombCs 6e31n0cepeoHbo 00 YuX
cucmem, wo eumazac xapakmepusyeamu ix nesuum uunom. Ilpoonema. Ynpaeninua kossuum pesxcumom nepuio2o nopsaoky (FOSMC)
80iCe 3ACMOCO8Y8ANOCS 8 KLTbKOX NONEpeOHix pobomax 00 ybo2o muny cucmem, i 3a805Ku C80ill HAOIHOCMI Oane YNpaeiiHHa NOKA3AN0
Xopouwii pezynomamu 3 MOYKu 30py cmadinizayii ma i0cmedicenHs, ane Asulye Giopayii 3aIUaemvcs 8eIUKO NpodIeMor, IKd
BNAUBAE HA CIMPYKMYPY YNPasinHa ma npusoou. Mema. /s supiwenns npobremu sibpayii, wo sunuxae npu 3acmocysanti FOSMC 0o
Kamezopii niocucmem 0py2020 nopsoKy, po3poONeHO Kepy8aHHI KOBIHUM percumom opyeozo nopaoky (SOSMC). Memoou. 1 po6oma
CKIA0AaemuCsl 3 po3podKu 8I0NOGIOHOI CIMPYKmMypu cucmemu 0py2020 HOPAOKY, KA MOJice MU 3 POSUIUPEHHAM KOB3HO20 Kepy6aHHs, a
nomim eusuenna SOSMC ona yiei obpanoi cucmemu. lepapxiuna cmpykmypa KO83HOI NOGepXHi, AKA 3poOieHa 3 BUKOPUCMAHHAM
JUHITIHOT KOMOIHAYIT Midc NION0BepXHAMU, BIONOBIOHO 00 CMPYKMYPU CUCeMU, 00380JAE EOUHOMY BXIOHOMY CUSHANY YNPAGTIHHA
enaugamuy Ha niocucmemu paoyuo8aHum UYUHOM 6i0 ocmanHboi 00 nepuoi. Pesynsmamu. 3acmocosano noOyoosanuti 3aKOH
ynpasninns 0o cucmemu SIMO 0ns deox eunaodkie i3 36y0dicennam ma 6e3 Hbo2o. Pe3ynomamu MoOemnosants nokazaiu eqeKkmugHicme
ma naoditinicms pospobnenozo konmponepa. bioin. 30, puc. 10.

Kniouosi cnosa: nentiniiiHa cucrema, cucTeMa 3 OJHUM BXOJI0M Ta KiJIbKOMa BUXOIaMH, CTiliKicTh, HAiliHiCTh, KepyBaHHSI KOB3HUM
PeKIMOM.

Introduction. The control of single input multi
outputs (SIMO) systems has been constantly evolving for
several years. The complexity of these systems
(nonlinearity, single input of control and decomposition),
makes the task of designing and developing a control
more difficult, and performed more slowly.

A structured system with subsystems is nonlinear
system, which has a minimum number of control inputs
compared to what it needs. This property limits the
application of conventional and classical theories of control,
which has been established for nonlinear systems. The use of
the control with variable structure, such as the sliding mode
control (SMC), it has been adopted and applied to control
SIMO systems, using their new structure, but unfortunately
this control has the drawback of chattering.

Mainly, applications in robotics, automotive and
automation are essential sources that motivate the analysis
and control of this category of systems. Generally,
researchers rely on benchmarks set up in laboratories,
which are the subject of in-depth studies and a source of
knowledge that makes it possible to develop more and
more control techniques. For this raison this category of
subsystems is of great importance.

Among the most effectiveness robust control, we
find the SMC, this later has been widely applied for
different type of systems linear, nonlinear, complex,
uncertain systems, as in [1-5], it also has been applied for

power converter as in [6, 7] and for photovoltaic systems
as in [8]. Many works based on SMC has been developed
for SIMO systems. A stable sliding mode controller has
been designed in [9] for a class of second-order
mechanical systems, an SMC of double-pendulum crane
systems has been designed in [10]. More recently, sliding
mode controller has been developed, as an effective
strategy against uncertainties, in such important
applications as self-balancing robots, mobile robots [11,
12] and submarines as in [13]. Using incremental SMC
system method, in [14] was proposed a robust controller
for a class of mechanical systems for the trajectory
tracking. An adaptive multiple-surface sliding controller
based on function approximation techniques for a
nonlinear system with disturbances and mismatched
uncertainties, has been proposed in [15].

An approach to design an SMC for a specific
structured mechanical system in cascade form has been
presented in [9]. In this approach, the system has been
decoupled using a systematic approach to transform a
class of mechanical systems into a subsystems form. In
this work, we have adopted this approach to develop our
controller. SMC achieves robust control by adding a
discontinuous control signal across the sliding surface,
satisfying the sliding condition. Nevertheless, this type of
control has an essential disadvantage, which is the
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chattering phenomenon caused by the discontinuous
control action. To treat these difficulties, several
modifications to the original SMC law have been
proposed, the most popular being the boundary layer
approach [16]. The chattering phenomenon can have a
detrimental effect on the actuators and manifests itself on
the controlled quantities. This difficulty can be solved
using the second order sliding mode control (SOSMC),
several works have adopted this strategy of control as in
[17, 18]. This technique consists of moving the
discontinuity of the control law on the higher order
derivatives of the sliding variable [19]. The conventional
SMC technique implies that the control input appears
after the first differentiation of the sliding manifold, in
other words, the relative degree of the sliding manifold is
equal to one. For nonlinear systems where the relative
degree is greater than one, higher-order sliding mode
methods have been developed, which have attracted
considerable research interest in the last three decades
[20]. SOSMC controller is a special case of higher order
SMC which preserve the desirable properties, particularly
invariance and order reduction but they achieve better
accuracy and guarantee finite-time stabilization of relative
degree two systems [21]. A number of different
algorithms based on high order SMC, have been
developed to achieve finite-time stability in a variety of
system, but twisting (TA) and super-twisting algorithms
(STA) are two of the best-known SOSMC methods [22].

To resolve the problem of chattering, encountered in
SMC while applying it on SIMO systems, we have
proposed to use the SOSMC, where we have used STA
taking into account the sliding surfaces combination of
subsystems.

Model development of the second order
mechanical system. Mechanical systems are nonlinear,
and have specific properties, which make the control
more difficult, these properties come from several
reasons, either the dynamics are not completely actuated
which belong to SIMO systems (by conception in order to
reduce the cost and the weight, and maybe for security
reason when one of the controller fails), or the system is
non affine in control. The variety and the complexity of
those systems lead to classify them in several classes and
study them case by case. In this work we focus on second
order mechanical systems, which have the following
Lagrangian [23, 24]:

ad)=K -V =2 H@N V().

where V(q), K(g) are respectively the potential and kinetic
energies; ¢ = (¢1, ¢»)" is the configuration vector; and

HZFMQQ hﬂ%U_gmnmmmmmx
i(42) 2(42)

From some mathematical development, using Euler-
Lagrange equation, we can obtain the following matrix
representation:

o) il g o) @

where G(i = 1, 2) is the vector which represents
centrifugal, Coriolis and gravity term, where:

Gi(g.9) EEQQQ+}zg”ﬁ+h@% 3)
Galand)= 220025+ 20N 1), o
where bl(q)=agT(lq) and bz(q)=657(2q).

Thus, the system can be presented as the following
state representation [19]:

X =xp;
% = filx)+ g (U +a(e) )
5('3 = X4,

x4 = fo(x)+ g2 (x)U +d(0),
where d(¢) is the vector of extern disturbances; f;(x), g1(x),
f2(x), g2(x) are the nonlinear functions.

We suppose that system in (5) is bounded input
bounded output and all state variables signals are measurable.

First order sliding mode control procedure
(FOSMC). SMC strategy is a very powerful nonlinear tool
that has been widely employed by researchers [25, 26]. It
has been also applied for nonlinear and complex
mechanical systems.

In this work, we will apply this controller to the
mechanical system presented in (5), the objective is to
construct a control law which simultaneously leads errors e,
and e, converge to zero, such that: e; = x; — x14, €3 = X3 — X34,
X14, X34 are desired values [9, 17].

The first sliding surface is chosen as:

S|=01€té). (6)
The second sliding surface is chosen as:
S;=0€e3+s5;. ™

The third and the last sliding surface is given by:
s3=03e4+5; . 3
Lyapunov functions V| — V; are defined as:

1 o 1 29 1 5
Vi=—s{ =—of ef +oye1e,+—e5, 9
=St =Soie toja et ©)

for V; to be greater than 0, it must be oje;e,>0.

l 5

1 29 |
Vo=—s5=—05e5 +0ye385+—s 5 10
2 2 2 b 23 26391 b 1 (10)

for V; to be greater than 0, it must be cze351>0, so we have:

[

1
-8 <ES%:OSV1SV2;

an

1 1
250'32 EZ +03€45) +5S§,

for V, to be greater than 0, it must be c3e45,>0, so:
1 1
ESzz <ES§ ZOSVI SV2SV3.

where o;, i = {1, 2, 3} are the positive constants chosen
such that: oje1e,>0, 03e35:>0, 03e45,>0.
From the derivative of (11) we can get the control
law of the whole system as follows:
U=Upy+Ugy -~
_O10 0 X o3 Ht o1 Ne —Yid | (12)
0382 + 81
L O2%34 + 03 X3 — ksign(s3)
0382 + 81 ’
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where U,, is the equivalent control; Ui, is the switching
control; & is a positive constant.

Stability analysis for the FOSMC procedure. The
Lyapunov expression is given by (11), we calculate its
derivative as follows:

V3=s5383 = 53(0384+5)

13)
V3 = 33(0'3 fr+o3bU+0yx4 +01%0 + £ +b1U)—

— 0y 3y — 01 iy — Kig — 03 g + (03 +1)d.
Substituting the control law (12) in (14), we can get:
Vy=—ksign(s3). (15)

(14)

So:

V3<0. (16)

From (16), we can conclude that the system is stable.

SOSMC procedure. A basic approach to avoid
chattering problem is to augment the controlled system
dynamics, by adding integrators at the input side, so as to
obtain a higher-order system in which the actual control
signal and its derivatives explicitly appear. If the
discontinuous signal coincides with the highest derivative
of the actual plant control, the latter results are continuous
with a smoothness degree depending on the considered
derivative order. This procedure refers to higher order
SMC, as mentioned in [27].

Among the most algorithms which are used in
SOSMC we find the TA and the STA. In this work we
have chosen to use the STA, because of its simplicity and
durability, and in this algorithm the convergence of state
variables is faster and more precise, than other techniques.
This method has been applied in several fields [28]. In the
STA, the system trajectory rotates around the phase plan
origin, approaching it in typical way (Fig. 1).

A5

~]

Fig. 1. Super twisting controller trajectory in the phase plane

The control objective is to establish a second order
sliding regime with respect to s3, such as: s3 = s3 = 0. The
continuous control law is composed of two terms, the first
one is defined by a continuous function of the sliding
variable and the second is defined by its discontinuous
time derivative.

Since our system is of relative degree equal to 1 with

. 0
respect to S, which means % # 0, then we have:

§=alx,t)+ plx,1)U,
where « and f are the bounded functions:
alx,t)= fi+016 —fig +03f2 + 0263 =03 %345 (19)
Blxt)=g+o3g,. (20)

(18)

To state a rigorous control problem, (reach ability of
the sliding surface and boundedness of 5 ), the following
conditions are assumed [29, 30]:

1) Control values are part of the set

v= {U : |U| < UM}, where Uy > 1 is a real constant,
moreover the solution of the system is well defined for all
t, provided that U(¥) is continuous, and V¢,U (t) ev.

2) There exists U,(f)e(0, 1), such that for any continuous
function U(¢), U (t) > U, , there is #, such that s(r)U(¥)>0 for
any t > t;. However the control U(f) = —U,, sign(s(t)),
where #, is the initial value of time, allows to reach the
variety s = 0 in finite time.

3) Let _é(x,t,U ), the derivative with respect to time

of the sliding surface s(x, ¢), there are positive constants
s0.Ug <L, 1,303y, such that if |s(x,tl<s0, So:

o .
0<rms%s(x,t,U)er,VUeu,xeX, and the

inequality |U | >U, leads sU >0.

4) There exists a positive constant ¢ such that in the
region |s(x,t] <8y , the following inequality is satisfied:

%é(x,t,U)—i—a—iS(x,t,U)fc <g.

The control law of our system is given by:

U=Ug,+Uy., 1)
such that:
Uy = —(o1x + o x4 +03 fo + fi— o1 d1a)
0382t &1 (22)
(o3 530 —F1g + 02%34).
0382t &1 ’
Uy =—q |s3|psign(s3 )— CrS3+ @, (23)
and
o= —c3sign(a))— £53, (24)

where U,, is the equivalent control; U, is the super
twisting control; ¢ — ¢; are the positive constants.

Stability analysis for STA. The Lyapunov function
candidate is given by:

R SN S 3
V—2s3+2ga) ; (25)
V = 5383 Lo ; (26)
&
V= S3(— cl|S3|psign(S3)— Cp83 + a)) +
! @7
+—o(- cysign(w) - &3 )
£
V=— |S3|'D+1 —c2S32 —C—3|a)| , (28)
£

such that -1 < p < 0.5 and &> 0, therefore V <0, which
guarantees the stability of the system.

Simulation results. The studied controller is applied
to a cart-pendulum system as presented in Fig. 2. The
objective of the control is the stabilization of this system
in its equilibrium points (x, ) = (x, 0), which are the
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linear position of the cart and the upright position of the
pendulum. The dynamical model of this system is given
by (5) [19], where:
o YY)
fl(x): smﬁ(mglcosﬁ2 ml~6 );
Z(M + msin 6’)
((M + m)g — mglcos06* )sin@
e (x)z ) ’
Z(M +msin 6?)
/
gilx :T—);
1( ) I\M + msin® @
—cosd

gz(x): Z‘M + msin? 6’) ’

where M, m are respectively the masses of the cart and the
pendulum; / is the length of the pendulum; U is the
controller signal; y is the output vector.

m &

*

Zy

k.)

i
-
¥
Fig. 2. The cart-pendulum system

Case 1 (without disturbances). Parameters of the
system are: / = 0.25 m, M =2 kg, m = 0.1 kg. The initial
conditions of the system are:

(1.5)=02.0), (0,0)= (—%,Oj ,

and the desired position is chosen as:

(xq,%q)=(0,0)= (edﬁd)Z (0,0).

From the development, we refer x by x;, and &by x;.
From Fig. 3, 4 we can see that the system could follow the
reference trajectory when using the two controllers —
FOSMC and SOSMC. We can also see in Fig. 5 that the
sliding surface is stable and converge to 0. Figure 6 shows
the control signal; this latter is very smooth when using
SOSMC, which presents the advantage of the second
controller in reducing or even eliminating the chattering
phenomenon.

03

—— X1(®/FOSMC
—X1d(y
—— X1®/SOSMC

-01

X1, X14, M

02 4
-0.3)

-04

-0‘50

5 10 5 20
Fig. 3. The output x,(¢) for case 1

X3, X34, M ——X3()/FOSMC
——X3d{)

——X3(/SOSMC

L I ! '
4 8 ] 10 12 14 18 18 20

Fig. 4. The output x;(¢) for case 1

04 T T T T T T

53 —— S3(/ FOSMG
—— S3(t) SOSMC

02k -

R 1 I L L ! | L
0 2 4 6 8 10 12 14 16 18 20

Fig. 5. The sliding surface s5(¢) for case 1

——U()/FOSMC
——U(/SOSMC

e e .

80 T T T T T T T
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Fig. 6. The control signal U(%) for case 1

Case 2 (with disturbances). In this section, we
assume that the system undergoes structured external
perturbation, and parameter uncertainties. The parameter
uncertainty of the pendulum’s mass is Am = 0.1 kg, and
the perturbation is d(¢) = 0.05-randn(1, ¢f), where d(¢) is a
Gaussian white noise function of 1 row and #f columns.

The initial conditions of the system are:

(r.5)= (0.00). (0.6)- (%oj ,

and the desired position is chosen as:

(xg,%4) = (2.0)= <Hds‘9d): 0,0).

Figure 7 shows the sliding surface, so we can see
that it is stable. Figure 8 shows the control signal, it is
clear that using SOSMC this signal is smooth than using
FOSMC. We see that despite the existence of
disturbances and uncertainties, the system was able to
follow its reference, but the response of the system is
slower when using SOSMC, which is shown in Fig. 9, 10.

Enexkmpomexnixa i Enexmpomexanixa, 2025, Ne 4

23



—— S3{FOSMC
—— S3(ISOSMC

R | i I | | i i | I
o 2 4 8 8 10 12 14 18 18 20

Fig. 7. The sliding surface s5(¢) for case 2

" [—uorosmc
—U/SOSME

20| : : b

40 T T T T T T T

30

20H}-

LBO R e e e o]

.40 L L L | 1 H I L
0 2 4 ] :3 10 12 14 16 18 20

Fig. 8. The control signal U(¢) for case 2

T T T T
: : ——X10)/FOSMC
—X1d(t

——X1(/SOSMC

T T
X1, X1g, M

05 : : i

‘ ‘ . : . ; ‘ s LS
00 2 4 6 8 10 12 14 16 18 20
Fig. 9. The output x;(¢) for case 2
0.4 T T
—— X3®/FOSMC
X3, X34, M ey
Lo | I T | ——XawisosMe
0.2]
0.1 H
MN\\/\,\/\ O
VR
-0.1 .
02 ,
-0.3)
0d j i i j ; j j ; LS
o 2 4 6 8 10 12 14 16 18 2C

Fig. 10. The output x;(7) for case 2

Conclusions. In this paper, a SOSMC has been
given to stabilize a category of second order SIMO
systems which are structured into subsystems.

SOSMC is an extension of the first order SMC, and can
preserve the robustness property of this latter. In this work,
we had presented the mathematical development of the two
controllers, and then we applied them to the system.

The proposed SOSMC controller is effective, it
guarantees robustness with good performances, namely
the stability and the good precision, which is shown in
simulation results, and resolve the problem of chattering
encountered in FOSMC that affects the actuators, by

shifting the control law discontinuity, to the higher order
derivatives of the sliding variable.

As perspectives, we can propose to enhance the
performances of the system (such as the response time
and the precision) by developing an integral SOSMC
controller for this category of systems. Also, it will be
more significant, if we resolve the problem considering
unstructured uncertainties and perturbations.
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Comparative analysis of principal modulation techniques for modular multilevel converter and
a modified reduced switching frequency algorithm for nearest level pulse width modulation

Introduction. The Modular Multilevel Converter (MMC) is an advanced topology widely used in medium and high-power applications,
offering significant advantages over other multilevel converters, including high efficiency and superior output waveform quality. Problem.
The modulation techniques and submodule capacitor voltage balancing significantly affect the performance of the MMC, influencing output
voltage and current quality, capacitor voltage balancing, and power losses. Goal. This study presents a comparative analysis of 3
modulation techniques for a 3-phase MMC: Level-Shifted Pulse Width Modulation (LS-PWM), Nearest Level Control (NLC), and hybrid
Nearest Level Pulse Width Modulation (NL-PWM). In addition, this study proposes a modification to the Reduced Switching Frequency
(RSF) capacitor voltage balancing algorithm to adapt it for use with the NL-PWM technique. Methodology. The performance of each
modulation technique is evaluated through simulations using MATLAB/Simulink software, in terms of output signal quality, capacitor
voltage balancing, converter losses, and behavior under a line-to-ground fault. Results. The results show that both LS-PWM and NL-PWM
generate lower harmonic content compared to NLC. However, the NLC technique presents the lowest switching losses, followed by NL-
PWM and LS-PWM. The NL-PWM technique shows intermediate performance, making it more appropriate for medium-voltage
applications. The results also confirm the proposed modifications to the RSF capacitor voltage balancing algorithm. Additionally, the LS-
PWM technique shows greater robustness under fault conditions compared to the other techniques. Originality. For the first time, a
comparative analysis of 3 modulation techniques for the MMC, LS-PWM, NLC, and NL-PWM has been conducted, highlighting their
performance under different operating conditions. The study also proposes a modified RSF capacitor voltage balancing algorithm
specifically for NL-PWM, which has not been previously explored in the literature. Practical value. The results of this study contribute to the
selection of the most suitable modulation technique for MMC for specific applications. References 34, table 5, figures 17.

Key words: modular multilevel converter, level-shifted pulse width modulation, nearest level control, nearest level pulse width
modulation, capacitor voltage balancing, reduced switching frequency.

Bcmyn. Mooynenuii 6acamopisnesuii nepemeopiosay (MMC) — ye 80ockonanena mononozisi, wo wupoKo UKOPUCHIOBYEMbCS 8 CUCEMAX
cepeonboi ma BUCOKOI NOMYICHOCMI, NPONOHYIOUU 3HAYHI nepesacyu HAO IHWUMU 6A2aMOPIGHESUMU NepemBopIosaiam, GKIIOUAIOYU
BUCOKY egexmugHicms ma siKicmo euxionoi popmu cuenany. Ilpodnema. Memoou mooynayii ma barancyeants Hanpyau Ha KOHOEHCAmopax
nioMoo0yie cymmeso snusaioms Ha npooykmusricmos MMC, eniuearouu Ha SKicmb 6UXIOHOT HANPYy2u ma cmpymy, OAIaHCY8aHHsL HANpYeu
Ha KoHOeHcamopax ma empamu nomyxcrocmi. Mema. Le 0ocnioscenns npedcmasniac nopigHANbHULL AHATI3 MPbOX Memo0ig MOOYIAYiT Ol
mpugasnoco MMC: imnynecha wupomua mooynayis 3i scyeom pienie (LS-PWM), xepyeanns natibauscuum pisnem (NLC) ma eibpuona
IMIYIbCHA wupomua Mooyayis Hauomuxcuum pienem (NL-PWM). Kpim moeo, ye 0oCnioxcerHss nPONOHye MOOUQIKAYIio aneopummy
OanancysanHsa Hanpyeu Ha KOHOeHCamopax 3i 3HudceHolo yacmomoio nepemuxanus (RSF) ona adanmayii' tio2o O0ns 6UKOpUCmanua 3
memooom NL-PWM. Memooonozia. I[Ipodykmugnicmb KOJICHO20 Memody MOOVAYIl OYIHIOEMbCS 3 OONOMO20I0 MOOENO6AHHs 3
BUKOPUCIMAHHAM npocpamHozo 3abesneuennss MATLAB/Simulink 3 mouxu 30py sikocmi 6uxioH020 CucHALy, OANAHCY8AHHS HANpYeU HA
KOHOeHCcamopax, empam nepemeoplosaia ma noGeoinKu npu 3aMukanti misxc ainicio ma 3emneio. Pesynomamu noxazyioms, wjo sax LS-
PWM, max i NL-PWM eenepyioms nusicuuii emicm eapmouix nopignsano 3 NLC. Oonak, memoo NLC mae naunudicui empamu Ha
nepemuranisi, 3a Hum tioymo NL-PWM ma LS-PWM. Memoo NL-PWM demoncmpye npomizichi xapakxmepucmuxu, wo pooums tio2o 6inviu
npuoamHum O 3aCmocyéanb cepednvoi nanpyeu. Pesynomamu maxodic niomeepoxcyloms 3anponoHosani mMoou@ixayii areopummy
banancysanns manpyeu xkomoencamopie RSF. Kpim mozo, memoo LS-PWM Oemoncmpye Oinbuty cmilikicms 6 yMOBAX HECHpA8HOCHI
NopieHsHO 3 THuwuMuy Memodamu. Opuzinanvricms. Bnepuie 6y10 nposedeHo nopieHsIbHULL aHAi3 MpPbox Memooie mooynsyii ons MMC,
LS-PWM, NLC ma NL-PWM, wo niokpecmoe ixnio epekmueHicms 3a pisHux ymos ekcnayamayii. ¥ 0ociiodcenti makosic npononyemscsi
Moougikosanuil aneopumm OanaucyeanHs Hanpyeu Konoencamopié RSF cneyianvho ona NL-PWM, saxuil pauiwe He 00cnioxcyeascs 6
nmimepamypi. Ilpakmuuna snauumicme. Pesynomamu yboeo 00cniodicenHs cnpusiioms 6UuO0py HaubIbu RIOX00SUW020 Memoody MOOYIAYIL
onst MMC ons konkpemuux 3acmocyeans. bion. 34, tabn. 5, puc. 17.

Kniouoei cnosea: mopyibHuil OaraTopiBHeBHIl IepeTBOPIOBAaY, LIMPOTHO-iMIYJbCHA MOAYJIAWiA 3i 3MilleHHAM piBHA,
KEePYBaHHA HAWOJAMKYMM piBHeM, IIMPOTHO-IMIYJbCHA MOIYJsALisl HAHOIMKYUM piBHeM, O0alaHCYyBaHHS HaNpyru
KOH/IEHCATOPA, 3HUKEHA YaCTOTa KOMYTaii.

Introduction. The modular multilevel converter
(MMCO), initially proposed in the early 2000s by Lesnicar
and Marquardt, has become a widely adopted solution for
high-power and high-voltage applications, owing to its
features, including modularity, scalability, high
efficiency, capacitor-less DC link, and transformer-less
operation [1, 2]. The MMC is capable of generating high-
quality voltages at elevated levels with low-rated power
devices and with reduced energy losses [3, 4]. The MMC
is currently employed in various projects, including
HVDC electric power transmission system [5], wind
energy systems [6], photovoltaic energy systems [7],
energy storage systems [8], and static compensators
(STATCOM) for reactive power [9].

The MMC necessitates a complex control structure to
ensure optimal performance across of control dynamics,
circulating current, capacitor voltage, harmonic content, and
energy losses. In recent years, the MMC has engendered
substantial interest among academic researchers, resulting in

numerous research publications focusing on various aspects,
including control strategies [3], circulating current
suppression [10, 11], modulation methods [12-14], and
balancing capacitor voltages [1, 15].

The modulation techniques significantly influence
various aspects of MMC performance, including
harmonic content, capacitor voltage balancing, and
switching losses [12, 16]. These techniques can be
classified into 3 categories according to their switching
frequency [17]. Techniques that utilize high switching
frequencies include space vector pulse width modulation
(PWM) [18], selective harmonic elimination PWM [19],
and multicarrier PWM. The multicarrier PWM techniques
are commonly employed in low-level MMC for their
simplicity, although they result in high switching losses
[10, 13]. Furthermore, the number of carrier signals rises
proportionally with the increase in the number of
submodules (SMs) within the MMC, thereby
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complicating the implementation of carrier-based PWM
methods [20, 21]. The multicarrier PWM techniques can
be divided into 2 principal based on the position of the
carrier, either level-shifted (LS-PWM) [20] or phase-
shifted (PS-PWM) [22]. A comparison between these 2
types of multicarrier PWM modulation was conducted in
[23]. The PS-PWM technique allows for a uniform
distribution of power and balanced use of switches.
Conversely, the LS-PWM technique provides lower
harmonic distortion for low-level MMC but results in an
uneven power distribution [24]. In contrast, low-
frequency modulation methods such as selective harmonic
elimination [25] and nearest level control (NLC) [26],
operate at the fundamental switching frequency, thereby
minimizing switching losses. The NLC method is simpler
than the selective harmonic elimination method, which
necessitates more complex calculations. However, the
NLC method produces lower-quality waveforms in low-
level MMC, including low-order harmonics, which
consequently leads to a high total harmonic distortion
(THD). However, by employing a greater number of SMs,
the NLC method can improves the voltage output quality
and the reduction of THD, making such an approach more
suitable for high-level MMC in HV applications [27].
Furthermore, there are different hybrid modulation
methods in the literature. In [28] was presented a hybrid
technique, combining both PS-PWM and LS-PWM
methods to exploit the advantages of each. In [29] was
proposed a hybrid method that combines low and high
frequency modulation schemes, applying one technique to
half of the SMs in each arm and the other technique to the
remaining SMs. Moreover, this method incorporates an
additional rotation strategy aimed at ensuring an even
distribution of power among all the SMs. In [12] was
proposed a hybrid nearest level pulse width modulation
(NL-PWM) method, which integrates NLC control with
PWM method, to take advantage of the reduced switching
frequency (RSF) offered by the NLC technique and the

P JLde :
SM,
SM,

A Upper
arm

sM, |

sM, |

=

N

SMs | SMs |

Lam 8

low harmonic distortion achieved by the PWM technique.
Therefore, the NL-PWM technique is considered better
suited for medium voltage applications.

One of the challenges in controlling the MMC is
maintaining the SM capacitor voltages at their nominal
values. Imbalance in capacitor voltages results in lower order
harmonics in the output voltages, thereby decreasing their
quality [1]. Existing methods for balancing capacitor
voltages are based on a sorting algorithm, where the
capacitor voltages are sorted in each control cycle and the
SMs to be inserted are selected based on the capacitor charge
state [30]. However, this sorting method results in a higher
and variable switching frequency, increasing switching
losses and threatening the reliability of semiconductor
devices (IGBT/GTO) [15]. To address this problem, several
methods have been proposed in the literature, including the
RSF voltage balancing algorithm, which eliminates certain
unnecessary switching operations to lower the switching
frequency and associated losses [15, 31].

The goal of the paper. This research aims to provide
a comparative analysis of 3 modulation techniques from
different categories for the MMC, namely LS-PWM, NLC,
and NL-PWM. The study will evaluate the impact of these
techniques on output voltage and current quality, capacitor
voltage balancing, switching losses, and their robustness
under short-circuit fault conditions. This analysis aims to
facilitate the selection of the most suitable modulation
technique for specific applications. Furthermore, the
capacitor voltage balancing of the SMs in this study was
performed using the RSF algorithm. Additionally, to the
best of the author’s knowledge, the NL-PWM technique
cannot be directly applied with the RSF algorithm. To
address this limitation, the paper proposes a modification to
the RSF algorithm, enabling its compatibility with the NL-
PWM method and opening new perspectives for enhancing
MMC performance.

MMC  topology and
operation principle. The MMC

! topology utilized in this study is
a 3-phase, 9-level configuration
(Fig. 1,a). It comprises 6 arms,
each of which consists of an

I
I
I
|
I
c =LUe
I
I
I
I

inductance (L,,) and 8 SMs
connected in series. The

sM, |

= SM, SM, |

| ST 'HSM8|

Lower
arm

SMg

This SM is composed of a pair of switches and a
capacitor (C), with each switch comprising an IGBT or
MOSFET and an antiparallel diode. The half-bridge SM is
widely utilized in HV applications, particularly in HVDC
systems, due to its high efficiency, reduced number of
components and low energy losses [20, 32]. The SMs
operate according to 2 normal operating states: the active
state and the bypass state. In the active state, the lower
switch (S;) is OFF while the upper switch (S;) is ON. In this

Fig. 1. Topology of the 3-phase 9-level MMC (a); half-bridge submodule (b)

§§ inductances serve to limit the
circulating current in the arms
to protect the system in the
event of a short circuit [32].

A variety of SM types are
available, with the full-bridge
SM and the half-bridge SM
being the most common [33]. In
this study, we have used the
half-bridge SM (Fig. 1,b).
mode, the output voltage of the SM (Ugy,) equals the voltage
across the capacitor (Ug), and the capacitor charges or
discharges based on the direction of the arm current flow
(Fig. 2). Conversely, in the bypass state, switch S; is
deactivated while S, is activated. The voltage across the SM
remains at zero, and the arm current does not flow through
the capacitor. Table 1 summarizes the operation of the SM
based on the switching state and the direction of the current
in the arms.

a)
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Table 1 The output voltage of the SM is expressed as a
Switching state of sub-module - function of the SM insertion index (S%) as follows:
Mode| S S i U Capacitor state k k yrk
L 1 [0 00U Charging 1 Uswii =Sji Ui W
2 1 0 | <0 | U- Discharging 1 where j is the indices of the upper (1) or lower (/) arms,
3 0 1 |>0] 0 Bypass 0 respectively; i = a, b, ¢ corresponds to the phase indices;
4 0 1 <0 0 Bypass 0 k is the index of the k-th SM; qu-,- is the SM capacitor
voltage, which can be calculated as:
o ;idc ) Uc = Vdc / N. . (2)
A ;) iya fub éluc The voltage of each arm is Fhe sum
of the output voltages of the inserted
uuaT'\" UubT"’ chT"-' SMs and is expressed as:
Vae N
v, =Sskuk . @3
Lo § Lo E Lo 8 Ji le Ji Y )
, ga oa The MMC equivalent circuit
I—o J*“f’“ plb op Mmodels the SM capacitors as a voltage
A J'J:‘\ f’i ple oc source shown in Fig. 3, where
Lo, é Lun E Lom B il U, u; are the upper and lower arm
Ve voltages, respectively; #; is the line
> current, which is expressed as:
=1, — i “4)
ulaT'\' u le ~N) HICT'\: where i,;, ij; are the circulating cprrents in
i i i the upper aqd lower arm, respectively.
o According to the Kirchhoff’s voltage
Fig. 3. Equivalent circuit of the MMC law, the arm voltages are expressed as:
Ve diy,; . are illustrated in Fig. 4. For an (N+1)-level converter, each
Uy = o amT4 T Vi s ) arm requires N carrier waveforms, where the carriers are
) amplitude-shifted, have the same amplitude (V;/N) and
w; = Ve _ L %Jr v (6) frequency [14]. This method can produce a (2N+1)-level

2 arm dr Vi »

where V,; is the internal AC voltage of the MMC, which
can be defined by the following equation:

Uyi

uy; — 1 .
V= hT = EVch 51n(27y’ot) , 7

where M is the modulation index of the voltage; f; is the
fundamental frequency.

Ideally, neglecting the voltage of the inductance and
according to (5), (6), the DC bus voltage can be expressed as:

Vdc = Uy + Uy (8)

MMC modulation methods. The modulation
technique influences the behavior and performance of the
MMC, particularly in terms of output voltage quality and
energy losses. This work presents 3 modulation
techniques for MMC: LS-PWM, NLC and NL-PWM.
Each technique offers specific advantages and limitations.
An analysis of their characteristics will guide the selection
of the most appropriate technique for specific projects.

Level-shifted PWM techniques are widely employed
in various applications and are categorized into 3 main
types: phase disposition (PD), phase opposition disposition,
and alternate phase opposition disposition. This study
employs the PD-PWM technique, the principles of which

waveform by introducing a phase shift of 7= between the
lower and upper arm carriers.

The PD-PWM technique operates by comparing the
arm voltage reference with N carrier signals. When the
reference signal exceeds a carrier signal, a pulse of 1 is
generated; otherwise, the pulse is set to 0. These
comparisons are performed in real-time, and the resulting
pulses are summed to determine the total number of SMs
to activate in the arm (V,,), as depicted in Fig. 4,b.
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Fig. 4. Principle of PD-PWM:
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Nearest level control. The NLC technique offers
several advantages, including reduced switching losses,
excellent harmonic characteristics in high-level MMC,
and simplified implementation. The principle of this
method is illustrated in Fig. 5, where the reference signal
is divided by the capacitor voltage and then rounded to
the nearest value to determine the number of SMs to be
inserted in the arm. The output signal generated by the
NLC method is discrete and can approximate a sinusoidal
shape when a large number of SMs are used.

The arm reference voltages are:

Uy = Ny U ©)
up =Ny -Ug, (10)

where N,;, Nj; are the number of SMs activated in the
upper and lower arms, respectively.

The arm voltages generated by the NLC technique
are expressed as:

u .
u,; =round - |-U,; (11)
ui [UCJ C
uy; = round[%] U, (12)
(4

where «round» is the function that rounds a number to the
nearest integer. If the decimal part is 0.5 or higher, the number
is rounded up; if it is less than 0.5, it is rounded down.

According to (2) and (9)—(12), the number of SMs to
be inserted into the upper and lower arms can be
calculated as:

N,; = N -round| —xi_ | (13)
Vdc

N, = N -round| —i_ | (14)
Vdc

e y
i A\

@é@ = [ )

{

Fig. 5. Principle of the NLC technique

Nearest level PWM. The NL-PWM modulation
technique combines the 2 previous modulation approaches,
offering an effective solution to 2 major challenges
encountered in power converters: high-frequency switching
in PWM techniques and the low-order harmonic issue
found in the NLC in low-level MMC [12].

The strategy of this technique is illustrated in Fig. 6. In
this technique, each arm of the MMC has an SM operating in
PWM mode to reduce harmonic distortion, with the
capacitor voltage balancing algorithm determining which
SM operates in PWM mode. The reference signal is
quantified by the «floor» function to determine the number
of SMs operating in the active state (Fig. 7,a). The remainder
of the signal is then used to generate the reference signal for
the SM operating in PWM mode (Fig. 7,0). Additionally, the
converter can generate (2N+1)-level by using opposing
carriers in both arms [12].

s e

.
uj i_pwm

Sp\\‘m

Fig. 6. Strategy of the NL-PWM technique
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Fig. 7. NL-PWM technique: number of SMs to be inserted (a);
reference wave of the PWM module (b)

The number of SMs in active mode is calculated as:

3
u .
N,; =floor| - |; (15)
ui (UC]
*
Uji
Ny; =floor| — |, (16)

where «floor» represents the mathematical function that
rounds a number down to the nearest integer.

The reference voltages for the SMs in PWM mode
are expressed as:

& *
* _ u,; Uyi | .
Uyi  pwm —ULC’—ﬂoor[U—C’J ; (17)
& *
* oy us;
Wi pwm —U—Z—ﬂoo{U—:J. (18)

Capacitor voltage balancing algorithm. Balancing
the capacitor voltages of the SMs is essential for ensuring
the stability of the MMC converter. In this study, the RSF
voltage balancing algorithm is employed, and a modified
version is proposed to adapt it to the NL-PWM technique.

RSF capacitor voltage balancing algorithm. The
RSF algorithm is based on the classical principle of
capacitor voltage balancing, which aims to discharge
overcharged capacitors and charge undercharged
capacitors. Accordingly, when the arm current is positive,
the SMs with the lowest voltage are inserted. Conversely,
when the arm current is negative, the SMs with the
highest voltage are inserted [14]. In addition, the RSF
algorithm includes specific operations to avoid sorting
when the number of SMs inserted or bypassed in an arm
remains constant, thereby reducing both switching losses
and energy losses in the MMC [15].

The principle of the RSF balancing algorithm (Fig. 8)
involves inserting or bypassing specific SMs based on the
variation in the number of SMs activated during each
control cycle (AN). |AN| indicates the additional number
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of SMs to insert or bypass during the current control
cycle. N,, is the number of SMs to activate, while N, prey
is the number of SMs activated in the previous cycle. The
RSF voltage balancing algorithm operates as follows:

e When AN is positive, |AN] SMs must be inserted.
These SMs are selected from those in a bypass state, with
no switching applied to those already in an active state.

e If AN is negative, certain active SMs must be
switched to a bypass state, with no SMs currently in a
bypass state being activated.

e If AN is zero, no changes are made.

AN = Non - Non_prev

AN=0

YIS @ No No change Yes @ No

Switch to the
active state the
AN SMs with the
lowest voltages
among those in
the bypass state

Switch to the
bypass state the
JAN| SMs with the

Switch to the
bypass state the
|AN| SMs with the
highest voltages highest voltages lowest voltages
among those in among the active among the active

the bypass state SMs SMs

Switch to the
active state the
AN SMs with the

Fig. 8. Flowchart of the RSF voltage balancing algorithm

Modified RSF voltage balancing algorithm. The
NL-PWM technique cannot be used with the RSF
balancing algorithm, as the latter requires adjustments for
selecting the SM that should be activated in PWM mode.
The SM operates in PWM mode alternates between the
active and bypass states, resulting in a reduction in the
discharging or charging currents of its capacitor compared
to other SMs operating in the active state. This work
proposes modifications to the RSF algorithm to adapt it
for compatibility with the NL-PWM technique (Fig. 9).

The principles of the modified RSF algorithm are
explained below:

e When AN is positive, the last SM selected in PWM
mode is switched to the bypass state. Then, among the SMs
in the bypass state, AN SMs are switched to the active state,
and one SM is activated in PWM mode. These SMs are
selected based on the direction of current flow.

e When AN is negative, the last SM activated in PWM
mode is switched to the active state, while |AN| others
SMs are switched to the bypass state, and one SM among
those in the active state is selected in PWM mode.

AN =Non - Non_prev
N>0. AN=?

I = 1
Switch off the last SM AN=0 Switch on the last SM
activated in PWM activated in PWM
mode No change mode
I\{esNol iYesNol

Switch on AN
SMs with the
lowest voltages
among the SMs
off-state

Switch on AN
SMs with the
highest voltages
among the SMs
off-state

l

Activate in PWM
mode, the SM
with the highest
voltages among
the SM off-state

Switch off |AN|
SMs with the
highest voltages
among the SMs
on-state

Switch off |AN|
SMs with the
lowest voltages
among the SMs
on-state

Activate in PWM
mode, the SM
with the lowest
voltages among
the SM off-state

Activate in PWM
mode, the SM
with the highest
voltages among
the SM on-state

Activate in PWM
mode, the SM
with the lowest
voltages among
the SM on-state

Fig. 9. Modified RSF voltage balancing algorithm

Simulation results. The LS-PWM, NLC and NL-
PWM modulation techniques, along with the modified

voltage balancing algorithm presented in this paper, were
evaluated by simulation using MATLAB/Simulink
software. The simulated system consists of a 3-phase
MMC with an R-L load. Table 2 presents the system
parameters.

Table 2
Parameters of the MMC system

Parameter Values
DC-side voltage V., kV 11
Number of SMs per arm N 8
SM capacitor C, mF 25
Load resistance R, Q 10
Load inductance L, mH 15
Arm inductance L,,,,, mH 0.1
Rated frequency f;, Hz 50
Carrier frequency of LS-PWM, kHz| 3
Carrier frequency of NL-PWM, kHz| 1
Voltage modulation index 0.95

Output and capacitor voltage analysis. The
3 modulation techniques studied were evaluated in terms of
line current quality, phase voltage, and capacitor voltage
balancing. The results are presented in Fig. 10-13. Figure
10 shows the line current, while Fig. 11 presents its THD.
Similarly, Fig. 12, 13 illustrate the output voltages and their
corresponding THD, respectively.

Figure 11 shows that the THD of the line current is
less than 5% for the 3 techniques studied, with the NLC
technique providing the lowest quality. For the output
voltage (Fig. 12, 13), the MMC generates the lowest
THD (6.86%) using the LS-PWM technique due to the
absence of lower-order harmonics. The THD obtained
with the NL-PWM technique (7.05%) is close to that of
LS-PWM. In contrast, the NLC technique has the
highest THD (9.33%).

These results are summarized in Table 3.

Table 3
Analysis of line current and phase voltage
Current Voltage
Fundamental, A | THD, % | Fundamental, V | THD, %
LS-PWM 494.6 0.28 5475 6.86
NLC 500.5 1.28 5548 9.33
NL-PWM 492.4 0.56 5412 7.05

However, the NL-PWM and LS-PWM techniques
are well-suited for low-level converters due to their low
THD. In contrast, the THD decreases with an increasing
number of SMs when using the NLC technique, making it
more suitable for high-level converters.

Figure 14 shows the capacitor voltages in the upper
arm of phase A. When the RSF balancing method is used
with the LS-PWM technique, the capacitor voltages
converge to the nominal value. The NLC method shows
more pronounced oscillations due to a lower switching
frequency, indicating a greater need for higher
capacitance capacitors in low-frequency modulation
techniques.

In contrast, the NL-PWM technique shows less
oscillations compared to the NLC technique, with
capacitor voltages varying around the nominal value of
1375 V. These results confirm that the RSF algorithm is
suitable for use with the NL-PWM technique, validating
the proposed adjustments to the RSF algorithm.
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Power loss analysis. Power losses in the MMC
include those associated with both diodes and IGBTs. The
total losses for the IGBTSs can be expressed as:

Ploss 1687 =Fe 1687 + Pow 1GBT > (19)
where P, ;gpr 1s the conduction losses; Pj,.;ger 1S the
switching losses. Switching losses occur during

transitions between the on and off states, resulting from
the energy dissipated during the switching period.
For diodes the total losses are given by:

(20)

where P, ioq. 1S the conduction losses; Pec.diode 1S the
reverse recovery losses, generated during the transition
from the conducting to the blocking state.

In this study, the FZ3600R17HP4 IGBT/diode
module was used, and its characteristics are presented in
Table 4. The power losses were calculated according to
the methods described in [34].

Plosxidiode = Pcidiode + Precidiode >

Table 4

Parameters of IGBT module FZ3600R17HP4
Vegs, V 1700
Tcpom A 3600
IGBT Ve, V 2.25
E,,, m] 800
E,p mJ 1500
Verit, V 1700
. I, A 3600
Diode %% )
E,.., mJ] 1100

Figure 15 illustrates the switching pulses for the 4
SMs in the upper arm of phase A. Table 5 shows the total
power losses and efficiency associated with each
modulation technique. The results show that conduction
losses are relatively similar among the 3 techniques, which
is explained by their independence from the modulation
method. In contrast, the switching losses vary considerably.
The NLC technique has the lowest switching losses,
characterized by a single switch per period, while the LS-
PWM technique results in the highest losses.
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Fig. 15. Gate signals of 4 SMs in the upper arms of phase A:
LS-PWM(a); NLC (b); NL-PWM (c)
Table 5
Power losses and efficiency of the MMC

Power losses LS-PWM| NLC |[NL-PWM
IGBT conduction losses, kW 18.575 |18.846| 18.729
IGBT switching losses, kW 54.084 124.472| 31.634
Diode conduction losses, kW 1.992 [1.973| 1912
Diode reverse recovery losses, kW| 0.569 |1.829| 1.073
Total power loss, kW 7522 |47.12] 53.35
Efficiency, % 97.98 |98.75] 98.39

Analysis under fault condition. To evaluate the
robustness of the modulation techniques under fault
conditions, a line-to-ground (L-G) short circuit was
simulated. This type of fault is one of the most common
in power transmission systems. The fault was applied
between phase 4 and the ground at ¢ = 1.4 s, with a
duration of 50 ms. The impact of this fault on the RMS
value of the voltage and on the capacitor voltages is
illustrated in Fig. 16, 17, respectively. The performance of
the each modulation techniques was compared in terms of
their ability to maintain stability and balance the capacitor
voltages after the fault is eliminated.

At the time of the L-G fault ( = 1.4 s), as depicted in
Fig. 16, an immediate drop in the RMS voltage is
observed for all the techniques studied. The NLC
technique exhibits the most significant disturbance,
followed by NL-PWM, while the LS-PWM technique
shows the least voltage decrease. During the fault period,
the LS-PWM technique maintains the most stable RMS
voltage, with minimal oscillations. After the fault, LS-
PWM is characterized by a rapid and stable return to the
nominal value, in contrast to the NLC and NL-PWM,
which show significant overshoot before stabilizing.

Moreover, as shown in Fig. 17, the fault significantly
affects the balancing of the capacitor voltages.
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The LS-PWM technique exhibits the most subdued
oscillations and the fastest return to equilibrium. In contrast,
with the NLC technique, the capacitor voltage increases up
to 3 times its nominal value at the start of the fault, causing
significant oscillations and a longer stabilization time. The
NL-PWM technique shows intermediate performance,

offering more effective balancing than the NLC technique,
but less effective than the LS-PWM.

Conclusions. This article presents a comparative
analysis of the performance of 3 modulation techniques
for the MMC: LS-PWM, NLC and NL-PWM. The
analysis focused on key criteria, including the harmonic
content of the output signals, power losses, behavior
under short-circuit conditions, and the impact on capacitor
voltage balancing. The study was conducted on a 9-level
3-phase MMC connected to an R-L load. LS-PWM and
NLC modulation techniques were used with the RSF
capacitor voltage balancing algorithm, while the NL-
PWM technique was used with the modified RSF
algorithm proposed in this study.

Simulation results show that the LS-PWM and NL-
PWM techniques generate output signals with similar total
harmonic distortion, which is lower than that obtained with
the NLC technique. Furthermore, capacitor voltage balancing
was effectively achieved with the NL-PWM technique,
validating the modification of the RSF algorithm proposed. In
addition, the NLC technique exhibited more pronounced
oscillations in the capacitor voltages compared to the other
techniques, indicating that low-frequency modulation
techniques require capacitors with higher capacity.

In terms of power losses, the NLC technique is
characterized by lower switching losses than the others, with
an efficiency of 98.75 %. Furthermore, regarding fault
robustness, the LS-PWM technique shows the best
performance, with a rapid and stable return to equilibrium
after a short circuit.

The results of the study demonstrate that the LS-
PWM and NL-PWM techniques are particularly suited for
low-level MMC wused in low or medium-voltage
applications, while the NLC technique is more suitable for
high-level MMC, intended for high-voltage applications
such as HVDC systems.
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Experimental analysis of the effects of potential-induced degradation on photovoltaic module
performance parameters

Introduction. Photovoltaic (PV) power plants are subject to various forms of degradation that can impair their performance and lead to
significant faults within PV systems. Among these, Potential-Induced Degradation (PID) stands out as one of the most severe, impacting
the efficiency and output of PV generators while shortening their lifespan. Problem. This phenomenon is the result of a decrease in the
shunt resistance of the cells encapsulated within the PV module, directly associated with a reduction in its insulation resistance. Although
extensive research has been conducted in this area, our understanding of the factors contributing to PID, as well as its detection and
effects on PV systems, remains incomplete. The goal of this work is to investigate the variations in insulation resistance at the module’s
glass and frame, and to map the changes in shunt resistance at the module level to identify the most vulnerable areas, characterized by
lower insulation resistance values and significantly affected by PID. Methodology. This study utilizes a comparative experimental method
to investigate the behavior of two identical PV modules under similar climatic conditions, where one module is exposed to voltage stress
while the other remains unstressed. A high-voltage insulation resistance tester was employed to apply voltage stress between the terminals
of the stressed module and its metal frame, with insulation resistance systematically measured at various points to analyze changes in
electrical properties. The originality of this study lies in the estimation of the shunt resistance based on the operating voltage of the PV
string, which depends on the types of grounding, climatic conditions such as temperature and humidity, as well as the position of the cell
within the PV module. This estimation is correlated with the I-V characteristic curves of two PV modules, one of which is subjected to
operating voltages under well-controlled environmental conditions. The results reveal that an increase in the test voltage leads to a
reduction in insulation resistance, a phenomenon that becomes more pronounced in humid environments. This highlights the vulnerability
of PV modules to PID, which can significantly affect their lifespan and performance, particularly through the reduction of shunt resistance
and the distortion of the characteristic curve of the stressed module affected by this phenomenon, thereby causing increased difficulty in
extracting its maximum power. References 30, table 3, figures 17.

Key words: potential-induced degradation, insulation resistance, maximum power point tracking, solar photovoltaic system.

Bemyn. @omoenexmpuuni (PV) enexkmpocmanyii cxunvhi 00 pisnux gopm deepadayii, ki MOJNCYms ROIPUUMU IXHIO NPOOYKIMUGHICMb §
npuzsecmu 0o sHaunux Hecnpasrocmeii y PV cucmemax. Ceped nux nomenyianoHo-inoykoeana oecpadayis (PID), eudinsemucs sk oona 3
Haulcepuio3HIWUX, SNIUBAIOYU HA epeKmusHicmby ma euxioHy nomydcHicmv PV eenepamopis, 00HOUACHO CKOpOuyOuU mepmin iXHbOI
cyorcou. Ilpoonema. lle ssuwe € pe3yivmamom 3HUNCEHHS ONOPY ULYHIMYIOU020 3 €OHAHHS eneMenmis, oyoosanux y PV mooymi, wo
be3nocepeoHbo nos A3aHo 3i 3HUNCEHHAM ONopy tioeo izonayii. Xoya 6 yiii 2any3i 6Y10 NPOBEOEHO WIUPOKI OOCTIONCEHH S, HAUle PO3YMIHHA
gaxmopis, wo cnpusioms PID, a makooic iioco eusenenns ma enuusy na PV cucmemu, samuwuaemocs nenosnum. Memoro pobomu e
00CTIOIHCeHHA 3MiH ONOPY [301AYil Ha CKAI Ma KapKaci MoOYs, a MAaKoXiC KapmoepaghyeanHs 3MiH ONOpY WyHIMYI0Y020 3 €OHAHHSA HA PIGHI
MO0V 0N BUAGTEHHSA HATIOIILI 8PASIUBUX 30H, WO XAPAKMEPUIVIOMbC HUMCHUMU 3HAYEHHAMU ONOpY 301yl ma 3HAYHO 3a3HAIOMb
ennusy PID. Memooonocia. Y ybomy 0ocniodcenti 8UKOPUCIOBYEMbCS NOPIGHANbHUL eKCHEPUMEHMATbHUIL MemoO O OOCTIOJNCEHHS
noeedinku 060x idenmuunux PV modynie 3a nodibnux knimamuunux ymos, de 0OuH MOOYIb NiOOAEMbCs GNAUGY HANPYU, d THWULL
3AMUUAEMbCS. HEHANPYJHCEHUM. [JIsl 3aCMOCY8AHHA HANPY2U MIJC KIEMAMU HANPYICEHO20 MOOYISA Md 1020 Memanesum Kapkacom Oyo
BUKOPUCIAHO BUCOKOBOJILMHULL mecmep Onopy 301ayil, npu ybomy Onip 301ayil CUCMEMAMUYHO SUMIPIOBABCSL 8 PI3HUX MOYKAX OJis
amanizy 3min enekmpudHux énacmuocmei. OpuzinanbHicmb 00CTIONCEeHHA NONAAE 8 OYIHYT ONOPY WYHIMY HA OCHO8I pobouoi Hanpyau PV
Kona, 5IKa 3a1edCUMb Gi0 MUNie 3azemienHs, KIiMamudHux yMos, maKkux K memMnepantypa ma 80102icmb, a MAKodiC NONOICEHHS eleMeHma
6cepedui PV modyns. s oyinka kopentoe 3 BAX 06ox PV mooyrie, 00un 3 axux niooaemvcs poooyill Hanpysi 8 000pe KOHMPOIbOBAHUX
yMO8ax HagKomuuHbL020 cepedoguwya. Pezynemamu noxasyrome, wo 30inbuienns 6unpodysanvioi Hanpyau npu3eo0unms 00 3HUIICEHHS
onopy izonayii, asuuje, ke cmae OLIbLU UPAdICEHUM Y 801020MY cepedoguudi. Lle niokpecmoe spaznusicmv PV moodynie do PID, wjo mooice
CYMMEBO GNIUHYMU HA IXHIU MepPMIH CIyiHcOu ma NpOOYKMUSHICHb, 30Kpemd Hepe3 3MEHUICHHS. ONOpy WYHMY md CHOMEOPEHHS
Xapakmepucmuk Mooyns, wjo ni00acmvbCsi GHNAUGY Yb020 SAGUWA, WO HPU3600Umb 00 30UTbUeHH MPYOHOWI8 6 OMPUMAHHL U020
MaxcumansHoi nomyoicnocmi. bion. 30, Tadm. 3, puc. 17.

Kniouosi cnosa: moteHumiajJbHO-iHAYKOBaHA Aerpajanis, omip i3ousimii, BiAcTeskeHHSl TOYKH MAaKCHMAJIBHOI NOTYKHOCTI,
coHsTYHA (OTOETEeKTPHYHA CHCTEMA.

Introduction. The contemporary energy and such as solar, photovoltaic (PV), wind, hydropower,

environmental landscape is defined by a significant
demand for primary energy sources. Despite the growth
of renewable energy, fossil fuels continue to dominate the
global energy mix [1, 2]. The International Energy
Agency estimates that global energy demand could rise by
45 % by 2030 due to population growth and
industrialization in developing nations. This increase
would lead to higher carbon dioxide (CO,) emissions, the
primary greenhouse gas produced by fossil fuel
combustion, which significantly contributes to global
warming and climate change, impacting agriculture and
water resources [3—5]. To address these challenges,
humanity must explore sustainable, renewable, and cost-
effective energy alternatives. Renewable energy systems

biomass and geothermal energy represent promising
options. Among these, PV energy stands out as a
sustainable and economically viable technology. Over the
past decade, global PV installations have surged from
229 GW in 2015 to 1,177 GW by the end of 2022. That
year alone, 239 GW of solar capacity was added, marking
a 45 % increase compared to 2021. If this trend persists,
global PV capacity could reach 800 GW by 2027 and
1 TW by 2030 [6]. The work [7] analyzes the effects of
aging on PV modules, showing an annual power loss of
1 % and a resistance increase of 12.8 % over 20 years,
impacting large-scale systems. The article [8] examined
the effect of aging PV modules on the electrical
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performance of grid-connected systems, revealing a 1 %
annual reduction in maximum power and a 12.8 % increase
in resistance over 20 years. Projections indicate a
cumulative capacity of approximately 4.7 TW, accounting
for 16 % of the global electricity mix by 2050. This rapid
expansion has enhanced attention on PV technology
reliability, considering factors such as system
configurations, module size, technology, climatic zones,
and  degradation mechanisms like  microcracks,
discoloration, hot spots, glass breakage, corrosion, and
specific forms of degradation such as ultraviolet light-
induced degradation, light-induced degradation, moisture-
induced degradation, and Potential-Induced Degradation
(PID) [9-12]. The reliability of PV modules is affected by
degradation mechanisms such as PID, which significantly
reduces power output, especially in rooftop installations
and hot climates, and although difficult to detect through
annual production data, it was clearly identified by infrared
imaging and linked to a linear decrease in the performance
of a 314 kWp plant [13]. Diagnostic advancements include
real-time thermoelectrical models linking degradation to
environmental factors [14], modified Maximum Power
Point Tracking (MPPT) techniques for defect detection
[15], and artificial intelligence tools enabling rapid and
accurate fault diagnosis in under 9 s [16]. Studies highlight
PID’s substantial impact on mono- and multi-crystalline
modules, with power losses of up to 18.7 % after 96 hours
of stress [17], and explore its mechanisms, evaluation
methods, mitigation strategies, and recovery under
environmental influences [18]. The works [19-21] examine
common defects in PV modules, including cell cracks and
hot spots. These insights aid in improving module
durability and performance monitoring. Among these, PID
has been observed in all PV technologies and in almost all
operating climates. It does not occur so frequently, but if it
does it effect can lead to a severe performance loss within a
short period PID identified as a major contributor to higher
degradation rates, particularly in younger modules. With
the accelerated deployment of large-scale PV plants,
designers aim to boost profits while keeping investment
and operational costs low. To achieve this, they increase
the voltage across PV strings by connecting more modules
in series. This approach reduces ohmic losses in wiring and
lowers installation and operational costs by decreasing the
number of cables, connectors, junction boxes, and inverters
required. Consequently, PV module voltage levels have
evolved from 600 V in 1990 to 1 kV in 2010, with the
current industry standard being 1.5 kV. Research is
ongoing to explore even higher voltage levels. Discovered
in 2010, PID has been extensively studied to understand its
underlying mechanisms and develop mitigation strategies.
Its significance has grown in recent years due to its
potential to cause severe module failures under certain
conditions [22, 23]. The paper [24] studied the
recombination behavior of solar modules affected by PID,
and based on the findings, analyzed the relative mismatch
losses of these PID-affected modules. The mismatch effect,
resulting from partial shading, is highlighted in [25]. The
phenomenon generated impacts the maximum power
extraction technique mentioned in [26]. PID results from a
high potential difference between PV cells and the module
frame, particularly at the ends of PV strings in grid-
connected systems. This potential difference can cause

leakage currents, leading to performance degradation [27].
The trend toward higher system voltages (up to 1.5 kV)
exacerbates this issue. PV systems, which consist primarily
of PV strings and inverters, are characterized by electrical
parameters such as open-circuit voltage (V,.), short-circuit
current (I,), DC voltage connecting each string to the
MPPT input of the inverter, and AC voltage output from the
inverter. The work [28] presents an innovative loT-based
system for fault detection in hybrid PV installations, aimed
at improving reliability, grid stability, and fault
management through advanced algorithms. The paper [29]
proposes an optimized sensor placement model, validated
through simulations, enabling precise fault detection and
enhancing system reliability and maintenance. Finally, the
work [30] develops a fuzzy logic-based algorithm to detect
and classify 12 types of faults in PV systems, ensuring
optimal energy production and improved reliability.

The goal of this work is to investigate the variations
in insulation resistance at the module’s glass and frame,
and to map the changes in shunt resistance at the module
level to identify the most vulnerable areas, characterized
by lower insulation resistance values and significantly
affected by PID.

This study focuses on a comparative experimental
analysis conducted on two identical PV modules exposed
to the same climatic conditions. A high-voltage insulation
resistance tester was employed to apply a voltage stress
between the terminals of one module and its metal frame
while measuring the insulation resistance at various
points. Subsequently, the /-V curves of both modules were
plotted under similar climatic conditions. The objective is
to examine the variation in insulation resistance at the
module’s glass and frame, identified as a critical factor
contributing to PID.

Methods. Modeling of PV string elements. In a grid-
connected PV system, inverters are designed to
accommodate various input voltage ranges, typically up to
600 V, 1 kV, or even 1.5 kV, depending on standards and
design specifications. This flexibility enables the
maximization of power generated by PV modules. To meet
these operational requirements, multiple modules are
connected in series to form a PV string, ensuring that the
voltage at its terminals aligns with the inverter’s input range.

PV cell is the smallest component of a PV string,
designed to capture irradiation and convert it into electricity
through the PV effect. It serves as the core element of the
PV conversion process and can be likened to a current
source. When exposed to light, a PV cell generates a high
current (typically ranging from 6 A to 8 A) compared to its
relatively low voltage (0.4 V to 0.6 V), which results in a
limited power output. Therefore, it is essential to connect
multiple cells in series or parallel configurations to produce
a usable power level.

We adopted a five-parameter model of PV cell. It
consists of a photocurrent source (/,,) generated by
irradiation, placed in parallel with a diode D and a parallel
resistance Ry, which represents the path for leakage current
at the edge of the cell, caused by impurities, electron-hole
recombination, irregularities in the N-P junction thickness,
and the presence of cracks in the cell. Additionally, a series
resistance R; is connected in series with these components,
representing ohmic losses in the collectors, fingers, the
contact resistance between the metal and semiconductor, as
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well as the interconnections between PV cells (Fig. 1). The
photocurrent /,, generated by a single PV cell is directly
proportional to the incident irradiance (G, W/m?) and
dependent on the temperature (7, K).

Irradiation : N
T eee—

1- Back contact
2- P-type Material silicon

y————3 doped by Boron
F 3-P-NJunction
y s 4§ w4 4- N-type Material silicon
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L— ———— Textur;d fronf with  5- PV cell finger
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coating screen-

+ +
printed finger of PV
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Fig. 1. PV cell

In accordance with the equivalent scheme of a PV
cell (Fig. 2), and applying Kirchhoff’s law, the current-
voltage characteristic equation of a PV cell is:

I=1,, =151, )
where [ is the output current; /,, is the photocurrent.

Equations (2), (3) also define the diode current /, and the
shunt resistor current /g,

V+R.I
1, =1,|exp| —=|-1|; 2
d sd|: P( a7, ] :l (2)
V+R.I
Iy =—-"—; 3
sh Rsh ()
Vi=kT/q; (4)

V+RSIJ_1}_V+RSI’ )

I=1,,-Iy exp[
b S|: Ry,

where R is the series resistance; 4 is the diode ideality factor
(typically ranging from 1 to 2); Ry, is the shunt resistance; V;
is the thermal voltage of the diode; k& is the Boltzmann
constant; ¢ is the electron charge; 7 is the cell temperature.
The saturation current I is influenced by
temperature, the surface area of the diode (and thus the
PV cell), and the properties of the junction. It varies
exponentially with temperature and can be represented as:

t

3
Top qu 1 1

Iy =1 exp Ll e
* * Tref Ak Tref Top
G

]ph=1.€c+ki(Top_Tref)G_a (7
0

where I, is the short-circuit current of the PV cell; T, is
the operating temperature of the PV cell; T, is the
reference temperature of the PV cell; E, is the optical
band gap of the material; k; is the temperature coefficient
at short-circuit; G, is the irradiance under standard test
conditions; G is the irradiance under the operating
conditions.

J

I
™~
£

<

Fig. 2. Equivalent scheme of a PV cell

PV module is a device designed to capture sunlight
and convert it into electricity through the PV effect. It is an
essential component in PV systems. The module is made up
of several identical PV cells connected in series or parallel to
achieve specific required characteristics such as voltage,
current, and fill factor. To obtain a usable voltage across the
terminals of a PV module, the cells that constitute it must be
connected in series to increase the voltage at the terminals
and reduce ohmic losses. However, with this configuration
of cells, in the case of partial or total shading of a cell, the
current generated by that cell will decrease, leading to a
reverse voltage across its terminals. This causes a local
temperature increase and generates the phenomenon of hot
spots, which can result in cell failures and module
malfunction. Therefore, adding bypass diodes is crucial to
limit this effect also to minimize the effect of shading on PV
modules and reduce ohmic losses, a half-cell technology has
been developed and commercialized. This technology is
based on the parallel connection of identical half-cell groups,
which are connected in series. PV cells are only a part of the
overall laminated structure. This structure also includes
components such as the module packaging (protective glass,
encapsulant, backsheet), internal circuitry (electrodes,
interconnections), bypass diodes, junction boxes, frame,
cables, and connectors. Each of these elements can affect the
reliability of the PV module (Table 1).

Table 1
Example of characteristics of a PV module

Characteristics Value
Maximum power P, W 165
Open-circuit voltage V,., V 23.45
Short-circuit current /., A 8.8
Voltage at maximum power Vy,,, V 19.4
Current at maximum power I, A 8.51
Maximum system voltage, V 1000
Temperature coefficient for Py, % —0.45
Number of cells connected in series N 36
Type of cell polycrystalline
Number of bypass diodes in the junction box 2
Diode quality factor 1.3
Series resistance R, 0.15
Parallel resistance Ry, Q 120
Optical band gap of the material £,, eV 1.1

PID in PV systems. Connecting multiple PV
modules in series to achieve the required voltage range for
the inverter results in high voltage within the PV string.
The selection and proper grounding of the DC side are
crucial for ensuring the stable operation of the electrical PV
system. Furthermore, to guarantee safety, the metal frames
of the PV modules must be grounded (Fig. 3).

Case 1 Case 2 Case 3

Jonction Box \

T

Fig. 3. Types of groﬁnding for PV module frames

Depending on the type of inverter (with or without a
transformer) and the selected grounding configuration, a
significant voltage may develop between the module
frames and the PV cells. This can lead to PID, which
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shortens the system’s lifespan and may cause operational
failures. The following sections outline the various
inverter configurations based on grounding topologies
that are adapted for PV Generator.

A floating ground. Transformerless inverters do not
offer galvanic isolation between the DC and AC sides,
which may lead to specific potential differences within
the system. When these inverters are used, a floating
ground topology is often employed, as it is the most
commonly used configuration, particularly in humid
areas. This approach reduces the need for complex
isolation systems and lowers the installation cost. The
negative voltage generated across the PV string gradually
induces the PID effect through the progressive
accumulation of charges. This voltage draws electrical
charges toward the surface of the PV cells, disrupting
their operation and leading to a loss of efficiency. Over
time, the PID effect degrades the performance of PV
cells, reducing their electricity production capacity.

The maximum voltage responsible for this effect, as
shown in Fig. 4, is given as:

Wm=—%%%a (8)
where 7, is the number of modules in a PV string; V,, is the
operating voltage of a PV module; Vpyp is the PID voltage.

Vop

ng

— Vop

Fig. 4. Conversion with a transformerless inverter

Positive pole grounding. This topology is
implemented with a transformer-based inverter that
provides galvanic isolation between the DC and the AC
sides. It is rarely used because it leads to a significant PID
effect. This phenomenon results from the high negative
voltage applied to the modules at the end of the string, this
increases their susceptibility to PID, as illustrated by the
negative voltage generated along the entire string, shown in
Fig. 5,a, and represented as

Veip = _nsVop . )

Negative pole grounding. Installations located in dry
or moderately humid environments favor this configuration
(Fig. 5,b) due to the relatively low risk of corrosion
compared to coastal or highly humid regions. This
topology is implemented with a transformer-based inverter,
providing galvanic isolation between the DC and the AC
sides (Fig. 6). It ensures a positive voltage between the PV
cells and the module frame, thus reducing the risk of
degradation caused by PID. Furthermore, this configuration
is particularly suitable for large-scale installations, as it
helps extend the lifespan of the modules, although it may
increase their vulnerability to corrosion.

The main cause of PID is the high voltage between
the solar cells and the glass surface at the front of the
module, as illustrated in the following figures.

Vop

~Vop
a) grounding the negative pole

Fig. 5. Conversion with transformer-based inverter

Pv+ DC
GRID
| CONNECTED
Ij AC

Isolated Inverter Transformer

b) grounding the positive pole

PV array

Fig. 6. Grounding topc;logy for the negative pole of the PV string

PID affects the PV cell by increasing the leakage
current. Leakage current refers to the current flowing
from the base to the emitter without passing through the
load (Fig. 7). This current can be categorized into 4
distinct types. First, the current may leak through the
sodalime glass and the water molecules present on the
surface (I;). Second, current can leak due to electrons or
ions on the upper surface of the cell (I,). Third, leakage
can occur through the ethylene-vinyl acetate (EVA)
encapsulation layer (I3). Finally, current can leak through

the rear contact, thus completing the circuit (I,).
Detail 1 - Glass

- Cell

-Back support

- Encapsulant

- Gasketing

- Metal frame

- 5iNx Anti-refl ective
coating

B = Y O B

e
=

Fig. 7. Leakage current caused by the PID effect

To clearly explain PID at the cell and module levels,
a voltage divider circuit is used. It is hypothesized that the
intensity of the electric field in the SiNx layer plays a key
role in the development of PID (Fig. 8,a). Three
resistances, representing each layer, are connected in
series to model the main path of the leakage current
(glass, encapsulation sheet, and SiNx anti-reflection
coating on the solar cell).

A

CelH
(B

Glass

Voo = KV

i

Detail 1
a b
Fig. 8. Cross-sectional modeling of a PV module

The voltage across the SiNx layer can be estimated
using the model shown in Fig. 8,0
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RSiNx
RSiNx + RPoly + RGlass
where Vpp is the voltage between the front glass of the module
and the surface of the encapsulated silicon cells; Vg, is the
voltage between layer SINX; Ry, Rpons Ross are respectively
the resistances of SiNx layer, EVA layer and glass.

The glass or polymer layers have high resistivity, while
the silicon nitride (SiNx) layers are highly conductive. This
combination helps resist PID by reducing the voltage across
the SiNx film. The encapsulation material surrounding the
PV cells provides thermal stability, protection against
moisture, UV degradation resistance, and electrical
insulation for the module components. A higher overall
resistivity leads to a lower leakage current for a given
potential difference, which reduces the accumulation of
voltage on the surface of the solar cells, thus mitigating the
effects of PID. The variation in resistance between the PV
cell and the module frame is a critical indicator of PID in a
PV system. This measurement helps assess the module’s
integrity and identify anomalies related to insulation.

PID modeling. Researchers have studied how PID
affects PV modules at different voltages (750 V, 500 V,
250 V) under constant conditions of 70 °C temperature and
100 g/m* humidity. They found that the degradation over
time follows an exponential pattern. At first, the
degradation happens quickly, but the rate slows down over
time. Eventually, the PID degradation rate becomes very
small or almost zero. This behavior can be described as:

PID(t) = PID,,[1-¢""/7], (1)
where PID, = lim PID is the maximum degradation
t—0
level of a PV module caused by PID at infinite time; ¢ is
the PID stress duration; 7 is the time constant.

PID,, increases as the applied voltage rises, for
instance, at 250 V, 500 V and 750 V. The value of 7
indicates the rate at which PID reaches its limit. It
depends on the PID resistance properties of the PV
module materials and the environmental conditions. PV
module with high PID resistance will have a higher z,
requiring more time to reach PID,. Conversely, a PV
module with low PID resistance will have a lower 7,
reaching PID,, in a shorter time. Therefore, we can define:

Ry deg(t)= Rshoe(_t/ o, (12)

where Ry q4e0(f) is the degraded shunt resistance value
corresponding to PID,,

Through extensive experiments and testing, a model
was developed to understand the impact of various
parameters on PID. It was observed that the leakage
current increases proportionally to the square of the
operating voltage (panel-to-ground voltage). Similarly,
the leakage current is also proportional to the square of
the panel’s lifespan and the square of the relative
humidity. Additionally, the leakage current follows an
Arrhenius relationship, with activation energy of 0.94 eV.
The shunt resistance in the equivalent circuit of the PV
cell models the leakage current. Its variation is fitted to
the following [14]:

Ry deg (1) =

(10)

Vsine = Veip»

1

(13)

_ 90700 ) 5
7-107°V,2 RE; exp(— }2

avg

where V,, is the operating voltage of the panel (panel-to-
ground voltage); Ry is the relative humidity; R is the gas
constant; T, is the average temperature; ¢ is the time.

The degraded shunt resistance also depends on the
position of the PV cell relative to the metal frame of the PV
module. When the cell is closer to the frame, the degradation
rate caused by PID becomes more severe. Similarly, cells
located in the corners experience an even higher intensity of
degradation. To do this, a factor that characterizes this
condition is added to (7), as shown in Fig. 9.

Fig. 9.The distribution of the parallel resistance of a PV cell
based on its position within the PV module

At the corner of the PV module, degradation by the
PID process is maximal, while at the center of the PV
module, degradation is minimal. We can define a function
whose lowest value is at the center of the panel and the
highest value is near the edges. Therefore, the following
equation determines a normalization coefficient which
represents the position of PV cell encapsulated in the PV
module relative to its center

(L/2P +(2P

Rsh,deg(n,m) = Rsh,deg Tn,m)» (15)

where R degnm 15 the degraded shunt resistance in
relation to their position within the encapsulation; 7, is
the normalization coefficient; X, Y are the horizontal and
vertical positions of the center of the PV module,
respectively; L, [ are the length and width of the PV
module, respectively.

Experiments. All measurements are carried out under
stable weather conditions, with uniform illumination,
consistent temperature, and identical tilt angles for both
modules. This method ensures measurement reliability by
reducing the impact of environmental variables. The
experimental parameters, such as irradiation, humidity
(both high and low), air temperature and panel temperature
were carefully controlled throughout the tests. The average
irradiance was estimated at 800 W/m?>, and the ambient
temperature was approximately 32 °C during the tests, which
were conducted around noon from September 25" to 30", a
period characterized by hot and sunny days. Regarding

Hnm) = (14)
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humidity, module 1 was exposed to both dry and humid
environments, with a relative humidity exceeding 85 %. This
exposure was essential to analyze and compare the
behavior of the two PV modules subjected to outdoor
rooftop conditions for 5 years without being operational.
Both modules experienced similar climatic and
environmental conditions during this period. These field
testing conditions differ significantly from laboratory tests
conducted in accordance with the IEC 62804 standard.

We examined two identical PV modules (Module 1
and Module 2) from the same brand, exposed to the same
climatic conditions (Fig. 10). For this reason, under both
dry and humid conditions, we used an insulation tester
Megger 5 kV to practically demonstrate how the voltage of
a PV string (V,,) affects the insulation resistance and
triggers the PID degradation process in a PV module.
Initially, both modules exhibited similar /- behavior under
both dry and humid conditions. We applied a DC voltage
of up to 1 kV between the positive terminal and carefully
selected points on the metal frame and glass surface of the
front of the PV module to measure the corresponding
insulation resistance. This test helps determine whether the
PV module maintains adequate insulation or shows signs of
degradation that could impact its long-term performance.
Moreover, while ensuring similar climatic conditions, we
conducted voltage and current measurements at several
operating points of both Module 1 and Module 2. This
allowed us to plot their /-V characteristic curves, providing
an overview of their performance. It also illustrated how
the voltage in a PV string affects insulation resistance and
triggers the PID process.

1 — insulation tester; 2 — two variable resistors, each rated at 10 A;
3 —ammeters and voltmeters

Measurements and results. The insulation resistance
of a PV module is significantly influenced by the applied
test voltage. For this reason, under dry or humid conditions,
we applied different levels of DC voltage between the
positive terminal of the PV module and its metal frame,
while accurately measuring the corresponding insulation
resistance for each voltage level, as shown in Fig. 11, 12.
The purpose of this test is to simulate the module’s real
operating conditions by subjecting it to voltages generated
by the Megger, similar to those it encounters during its
actual operation in a PV string.

The insulation resistance of the module (Table 2)
indicates that an increase in the test voltage leads to a
decrease in the insulation resistance. Furthermore, a
humid environment also causes a significant reduction in
this insulation resistance compared to the value measured
in a dry environment.

22006 . . . : : 9400
198061 ; /___F_dd—f—f——‘ 846.0
1760 G} /’j 4 7520
13206 5640
110061 4 a0
830,01 4 6o
660.0M f- 4 2820
440,00} 4 1880
200u}- - a0

Y R0 251(m:s) v

30 SecDiv

Fig. 11. Insulation resistance of the module under of 1 kV DC
in a damp environment

44006
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35206t
y 800,0
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26406} 8000
22006 L 500,0
Ll i 4000
S N R
880.0M - d ! : : : ! : i 2000
aa0omp | i : : ; : i1 1000
0,000 : : 0,000

R, Q 4:08 (m:s) v,
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Fig. 12. Insulation resistance of the module under of 1 kV DC
in a dry environment
Table 2
Isolation resistance values for dry and damp conditions

Insulation resistance, GQ

Applied voltage, V | Dry environment | Damp environment
500 4.24 247
700 4.17 2.19
900 4.13 1.98
1000 3.96 1.76

The degradation rate D is:

D=[I—MJ~IOO%,
M 2 max

where Pjjimax, Pipmax are the maximum power generated
by Module 1 and Module 2, respectively.

The theoretical maximum power of the module
shows degradation, dropping from 142 W before testing
to 123 W after dry condition tests, representing a decrease
of 11 W or a degradation rate of 7.7 %. Conversely, after
wet condition tests, the power reaches 123 W, reflecting a
drop of 19 W, equivalent to a degradation rate of 13 %.
This reduction in theoretical maximum power is attributed
to the decrease in short-circuit current (/,.), as shown in
Table 3.

(14)

Table 3
Values of V. and /. before and after dry and wet testing
Dry env. Humid env.
Not stressed module stressed module |stressed module
Voer V 20.1 19.93 2091
L., A 7.07 6.58 5.91
Pooe W 142.107 131.139 123.578

The increase in open-circuit voltage (V,.) under wet
conditions is due to the reduction in module temperature
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caused by these testing conditions. It can be concluded in
this section that the reduction in insulation resistance may
increase the electric field within the SiNx layer,
potentially causing polarization of this layer. Such
polarization can interfere with current generation, leading
to a loss of efficiency in the PV module due to PID.

The procedure for the insulation resistance test
involves selecting specific measurement points on the
module. Three points (no. 2, no. 3, no. 4) are chosen
diagonally on the front glass surface, with a lengthwise
spacing of 25.4 cm and a widthwise spacing of 11 cm
(Fig. 13). Additionally, two points are identified on the
aluminum frame: point no. 1 is located at the top-right
corner of the frame, while point no. 5 is positioned at the
center of the right vertical rail. Once these points are
established, the resistance between the module’s positive
terminal and each of these points is measured. The
measurements are conducted under a dry environment and
a wet environment.

r—:f 4 :?1#4’#7,‘5 4 :,-u——l-—:s 4 :m—i\

—_—

Fig. 13. Measurement points for insulation resistance test

The insulation resistance of the module, measured at
different points on the glass and the frame, reveals that
the resistance at the selected points on the frame is lower
compared to that measured on the glass. The insulation
resistance at the corner of the frame (point 1) is lower
than at point 2, located in the middle of the frame’s
vertical rail. This indicates increased susceptibility to PID
at this location. As one moves toward the center of the
module, away from the frame, the insulation resistance
increases, providing better protection against PID. It can
be concluded that PV cells located at the corners of the
module’s frame are the most stressed and the first to
experience the effects of PID.

Characteristics of the two modules and
comparison of results. At this stage, Module 2 was
chosen as the reference module, as it had not been
exposed to the high voltages previously applied to
Module 1. To determine the operating points of the PV
module, a variable resistor was utilized. Under the same
weather conditions, similar measurements were conducted
simultaneously on Module 1.

By identification, Ry, represents the slope of the
characteristic /-V curve of the module to the left of the
maximum power point

Iz[sc_(V/Rsh)' (15)

In our case, Ry, refers to the specific value (R, = 120 Q)
that reflects the rate of change in current with respect to voltage
before reaching the maximum power point (Fig. 14, 15).

Ly
47

4,6
45
4,4

4.3
4,2 Vi V
a 2 4 3 g8 io iz 14 16
Fig. 14. I-V characteristics for a reference PV module
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4,68

4,66

As shown in Fig. 16, 17, it is observed that the shunt
resistance Ry, of the stressed Module 1 has been evaluated
Ry ~ 90 Q is lower than that of the reference Module 2.
Since Ry, represents the resistance of the parallel paths
through which current can leak when a voltage is applied, we
can conclude that the Ry, parameter of Module 1 has been
degraded due to the voltage levels applied during the tests.
Additionally, our module, equipped with two bypass diodes
(a 32-cell module), shows bends in the I-V curve, even under
uniform lighting conditions. These irregularities point to the
effect of PID on the module’s behavior. The bypass diodes
are designed to protect the cells from overloads and shading;
however, the presence of these bends suggests that, despite
uniform lighting, certain cells experience performance
losses. This could be due to increased resistance at
connection points or variations in conductivity caused by
PID. This phenomenon highlights the importance of
monitoring and assessing the integrity of PV modules, even
when lighting conditions appear to be ideal.
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Fig. 16. I-V characteristics of PV stressed module
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Fig. 17. Ry, represented by the inverse of the slope of the dashed
line (stressed module)
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Discussion. The test results conducted on the PV
modules reveal several key aspects related to their
performance and lifespan. The anomalies observed in the
I-V characteristic curves, even under uniform illumination,
suggest that PID negatively impacts the functioning of the
cells. This implies that certain cells may be less efficient,
leading to a reduction in the current generated. By
comparing the values of R, between the reference module
(Module 2) and the stressed module (Module 1), it is
evident that Ry, in Module 1 is lower. This indicates that
the parallel paths through which current can flow are
compromised, which can impair the efficiency and
reliability of the module. This degradation appears to be
correlated with the voltages applied during the tests,
emphasizing the importance of careful voltage management
to maintain the performance of PV modules. The bypass
diodes integrated into the module are designed to protect
the cells from overheating and shading. However, the
anomalies in the /-V curve could suggest that these diodes
activate at certain times to compensate for current losses
caused by PID. This raises questions about the potential for
optimizing module design to better address these
challenges. The results indicate that PID can have long-
lasting effects on the reliability and efficiency of PV
modules. Therefore, it is essential to regularly monitor their
performance, with a particular focus on shunt resistance
and I-V characteristics, in order to anticipate and address
degradation issues. To reduce the impact of PID, it is
recommended to choose high-quality materials, design
optimized circuits, and install monitoring systems for early
detection of anomalies. Additionally, a thorough evaluation
of operating conditions, including voltage levels, is crucial
to ensure optimal performance of PV modules.

Conclusions. This study offers a comprehensive
evaluation of the performance of two identical PV
modules under strictly controlled conditions, including
irradiation, humidity (both high and low), air temperature,
and panel temperature. The tests were conducted with an
average irradiance of 800 W/m’ and an ambient
temperature of approximately 32 °C, around noon
between September 25" and 30", during hot and sunny
days. By maintaining uniform illumination and stable
temperature, we were able to isolate the effects of the
applied voltage on the insulation resistance and electrical
performance of the modules. The results indicate that an
increase in test voltage leads to a decrease in insulation
resistance, with a more pronounced reduction in a humid
environment. Also significant decrease in the shunt
resistance of the stressed module, from 120 Q to 90 Q,
compared to the identical non-stressed module. This
highlights the modules’ susceptibility to potential-induced
degradation, which could have significant implications for
their longevity and efficiency. The analysis of the various
measurement points on the modules revealed that the
areas located at the corners of the frame are the most
vulnerable, exhibiting lower insulation resistance values.
This suggests that special attention should be given to
these areas during the design and installation of PV
modules. Regarding the [-V characteristics, the
comparison between the reference module and the module
subjected to high voltages showed clear signs of
degradation, particularly in terms of shunt resistance. The

irregularities in the /-7 curve of the stressed module
emphasize potential performance losses, even under
uniform illumination. In conclusion, this study highlights
the importance of regular monitoring of PV installations
and continuous performance evaluation. To ensure long-
term efficiency of PV systems, it is essential to explore
solutions to mitigate the effects of potential-induced
degradation and establish preventive maintenance
protocols. Future research could focus on innovations in
design and materials to minimize the vulnerability of
modules to voltage-related degradation.
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I. Kovacova, D. Kovac

Designing the optimal number of active branches in a multi-branch buck-boost converter

Introduction. Multi-branch buck-boost converters, widely used in energy conversion from alternative sources, offer significant advantages
over single-branch configurations. Critical, however, is the question of the appropriate number of branches for optimal efficiency and the
given output power of the converter. The novelty of the proposed work consists in the development of a precise method for determining the
optimal number of branches in a multi-branch buck-boost converter for a specified output power. Additionally, the findings enable the
development of adaptive control strategies that dynamically adjust the number of active branches based on the converter’s instantaneous
power. This approach enhances the overall efficiency of the converter. Goal. The study aims to analyze the efficiency of multi-branch
buck-boost converters, focusing on the optimal number of branches and the required output power. Methods. The problem was addressed
through a theoretical analysis of the converter’s electrical equivalent circuit. The theoretical results were validated through practical
measurements conducted on a prototype converter. Results. A detailed equivalent circuit for the converter was developed and analyzed for
various operational modes. Based on this analysis, the converter’s losses were quantified, and a relationship was derived to determine the
optimal number of parallel branches, taking into account the desired output power. Practical value. The findings provide guidelines for
selecting the optimal number of branches in a multi-branch buck-boost converter based on the desired output power. Furthermore, they
enable the implementation of adaptive switching strategies to maximize the converter’s efficiency. References 22, table 2, figures 20.

Key words: multi-branch buck-boost converter, power losses, efficiency.

Bemyn. bacamozinkosi noHudiCy8anbHO-nioBUUy8aibHl NEpemeopiosayi, wo WUPOKO SUKOPUCHIOBYIOMbC 8 Nepemeopenti enepeii 3
AIbMEPHAMUSHUX 0dicepeit, NPONOHYIOMb 3HAYHI nepeazu NOPIBHAHO 3 00HORIIKOGUMU KoHizypayisimu. OOHAK KPUMUYHUM € RUMAHHS
BIONOBIOHOT KIbKOCMI 2INOK Ol ONMUMATbHOT  eqhekmueHocmi ma 3adanoi 6uxionoi nomyoichocmi nepemsoprosaua. Hoeusna
3aNpONOHOBAHOT pobOMU NONSI2AE 8 PO3POOYL MOUHO20 MEMOOY GUIHAYEHHS ONMUMAIbHOI KIIbKOCMI 2UIOK Y 0aeamoziikogomy
NOHUIICYBATIHO-NIOBULYYBATILHOMY Nepemsoplosayi 0t 3a0anoi uxioHol nomyacHocmi. Kpim mozo, ompumani pezyivbmamu 0036015110Mb
PO3poOIAMU A0anmueHi cmpameczii KepyeanHs, AKi OUHAMIYHO pPe2ynoIoms KIIbKICIb aKMUGHUX 210K HA OCHO8I MUIMMEBOT NONTYHCHOCHI
nepemeoprosaua. Takuil nioxio nidguwye 3aeaivbHy epexmuenicmo nepemeopiosayda. Memoio Oocriodcents € anani3 egekmueHocmi
0a2amociNKOBUX NOHUNCYBATTLHO-NIOBULYBATILHUX NEPEMBOPIOBAUIE, 30CEPEONHCYIOUUCy HA ONMUMATbHIN KIIbKOCMI 2II0K ma HeoOXiOHil
Buxiouiti nomyowcnocmi. Memoou. Ilpobnemy eupiwieno 3a 0ONOMO2010 MEOPEeMmUtHO20 AHATIZY eNeKMPUYHOL eKIBaNeHmHOI cxemu
nepemeopiosaua. Teopemuuni pesyromamu nepegipeni 3a O0ONOMO20I0 NPAKMUYHUX BUMIDIOBAHb, NPOBEOCHUX HA NPOMOMUNI
nepemeopiosaua. Pesynomamu. bynia pospobnena ma npoananizosana oemanvbha eK@iGaIeHMHA cXemd nepemsopiosaya Osl Pi3HUX
pedxcumie pobomu. Ha ocHosi ybo2co ananizy 6yn0 KIIbKICHO GUBHAUEHO 8Mpamu Nepemsoprosaya ma 6UBeOeHO CRIBBIOHOWEHHS OIS
BUBHAUEHHST ONMUMATILHOL KITbKOCHI NAPANEbHUX 20K 3 YPaxyeawHsam 6adicanol euxionoi nomyocrnocmi. Ilpakmuuna 3nauumicme.
Ompumani pesyromamu Ha0aioms pekoMeHOayii wooo 6ubopy OnmumaibHOi KinbKocmi 2ok y 6a2amociiko8omy HOHUICYBANLHO-
NiOBUULYBATTLHOMY NePemBopIosayi Ha OCHOBI badxcanoi euxionoi nomyoscnocmi. Kpim moeo, 6onu dossonaroms peanizyéamu adanmugHi
cmpameczii nepemMuKkants 01 Makcumizayii epexmusnocmi nepemeoprogaua. biom. 22, tabm. 2, puc. 20.

Knrouoei cnosa: 6araTorijikopuii NOHMKyBaIbHO-NiIBUIYBAJILHUIA IePeTBOPIOBAY, BTPATH NMOTYKHOCTI, e)eKTUBHICTD.

Introduction. Multi-branch DC/DC converters offer Mnl L Dn2
several advantages over their single-branch counterparts. ﬁ%f is
Key benefits include significantly reduced output current Fom ]
ripple at the same switching frequency [1-4], a narrower 2
range of operation in discontinuous current modes [5-8], ' ! :
and increased energy conversion efficiency from input to L™ D; 0
output [9-11]. This is achieved by eliminating operational —1%1_ iz
intervals where energy is merely stored within the Ao |
converter without being transferred to the output. M22

However, the optimal number of active branches in Ml L D2
these multi-branch configurations remains an open L1 _.”_mm Bt ;
question [12, 13]. The study aims to analyze the - [U 1 Kon | UZI 2
efficiency of multi-branch buck-boost converters, M,ﬁ
focusing on the optimal number of branches and the

Rpyy Lp,y  Mnl Ry, L, Dn2 Rpm Lpn

required output power. Addressing this issue requires an
analysis focused on maximizing the converter’s _\H i B

. . . Mn2
efficiency. Therefore, the subsequent sections provide a | q

detailed analysis of the calculation for the optimal number b L M Ry L 22 Ben Lem

of active branches, considering both buck and boost »-i:lﬂm—l fat :I-:%—B}-:&—Nm—' b)

operating modes. The topology of such a converter is ] ’ J': M22

illustrated in Fig. 1. Ren L = MU Ru D12 Rez  Lrz
Analysis of buck-boost converter operation in )& 21 Zimr—] ;'2 i

buck mode and associated losses. The configuration of _ lU & o2 = ul ||z

the analyzed converter operating in step-down (buck) Dz

mode with n branches is shown in Fig. 2 [14-16]. In this

case. the second transistor for the n-th branch is not Fig. 1. Circuit diagram of the n-branch buck-boost converter
cons’i dered a) principle design; b) including parasitic elements
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Fig. 2. Configuration of the n-branch buck-boost converter
in buck mode:
a) fundamental design; b) including parasitic elements

All components in the circuit diagram marked with
the index p represent the parasitic elements of the circuit.
According to the 1% Kirchhoff’s law (KCL), the currents
in the circuit satisfy the equation (1):

n

i:Zij. (1
j=1

Each branch of the converter operates with identical
switching behavior, but the control signals for individual
branches are time-shifted relative to each other by an
interval of 7/n, where T is the switching period and # is
the number of branches in the converter [17-19].
Fundamentally, the operation of each branch can be
divided into two primary intervals.

1" Interval. During this phase of operation, the
transistor in the branch is switched on, allowing energy to
accumulate in the circuit’s main inductance, which is
supplied by the input voltage source with a value of U.

This scenario is illustrated in Fig. 3.
Rpai Lpyy  Mnl Ry, L, Dn2 Rpy, Lpy

n —_—

UF

D22 Rpy, Ly,

Fig. 3. Equivalent circuit for the first operational interval
of the converter

For the n-th conductive loop of the converter, the
equation can be written according to Kirchhoff’s voltage
law (KVL):

-U+ RPnlin + LPnl % + rDS(on)nin + RLnin +
di di @
+L,—2+Ufg + Rp,pi, + Lpn—2+U, =0,
dt dt
where U is the input voltage; Rp,; is the resistance of the
supply conductor; Lp,; is the parasitic inductance of the
supply conductor; 7psn) is the resistance of the MOSFET
transistor in the on-state; Ry, is the resistance of the main
inductor; L, is the inductance of the main inductor; Uk is
the voltage drop across the diode; Rp,; is the resistance of
the conductor leading to the load; Uy is the voltage across
the load.
Since the described circuit contains only an ohmic-
inductive load, the current waveform will take the form
depicted in Fig. 4.

iy 1* Interval 2"d Interval

'
'
'

1
'
'
'
'

1
'
'
'
'
'
'
'

: T !
Fig. 4. Current waveform in the n-th branch

The n-th loop of the converter, shown in Fig. 3, can
be simplified by concentrating the parameters:

n
Uzzz.izz.zil.zz-n~in; (3)

i=1
Up =Uro +7piy; )
Ryt = Rpny +1Ds(on) + Rin + Rpna + 755 ®)
Ly =Lpp+Ly+Lpys, (6)

where Urg is the threshold voltage across the diode; Z is
the magnitude of the load impedance; R, is the resistance
of the n-th branch during the first interval; 7¢ is the
forward resistance of the diode; L,; is the inductance of
the n-th branch during the first interval.

By considering (3) through (6), the initial equation
(2) takes the following form:

UTO—U+Z~n-in+Rn1in+Ln1‘iii=0. )
t

The solution to this equation, expressing the current
i,, 1s obtained as follows:
(Rnl +nZ ) ¢
U-U
- 2 7¥10 |1, L

 (Ry +nZ)

(Rnl+nz)t
Li . (®)

iy nl +Lie

If, in this temporal expression of current, the time ¢ is
substituted with ¢ = ¢,, = z/f, then at this specific moment,
the current i,, as shown in Fig. 4, assumes the value /,:

(R +nZ) z (R, +nZ) z
L= U-Uro |,_, La [ Li [, (9)
(R, +nZ)

+11€

where z is the pulse width (duty cycle) of the converter’s
control; f'denotes its switching frequency.
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2" Interval. During the 2™ operational interval of
the converter, the transistor is switched off, allowing the
energy stored in the inductance L, to be transferred to the
load through diodes D,; and D, (Fig. 5).

Ry, L, Dn2 Rpyp Lpny
e "
UF
Dnl
D21 Rp, L, D22 Rpp Lpy,
iy >
At ue UF
Ry, L, DI2 Ry Lpip
i — i
UF
fur Ul ||z
D11

Fig. 5. Equivalent circuit diagram for the second operational
interval of the converter

For the n-th conductive loop of the converter, the
equation can be formulated based on KVL as follows:

di di
UZ +UF +RLni’1 +Ln%+UF +an2in +LPn2%:O’ (10)

where equation (3) applies, along with the following
equations:
Ryy = Rpp +2rp + Rpya s (1)
Lyy=L,+Lpy; . (12)
Based on the information provided above, a
modified version of (10) can be derived:

(13)

Solving the equation yields the time-dependent
behavior of the desired current i,, which is expressed by
the following formula:

_Ryp+nZ),
= ﬂ l—e le2
(Ryz +nZ)

y
nZi,, + 2Ug0 + Ryiy + Ly % =0.

_(Ryp+nZ),

; +he (14

Substituting the value of time ¢ = 1,5 = (1-2)/f into
the equation provides, as illustrated in Fig. 4, the
expression for the current i, with a magnitude of /;:

(Ryp+1Z) (1-2) (Ryp+nZ) (1-2)
| :ﬂ l—e Im S Lyy I (15)
(Ryp +12)

+12€

Based on (9) and (15), it is possible to derive
expressions for the initial values of currents /; and I, at
the beginning of both intervals of the converter. These
values are determined solely by the circuit parameters.
The value of current 7, from (9) is substituted into (15),
resulting in the following expression:

(Rp+nZ) (1-2)
lzﬂ 1_87 Lo [ +
(R +n2) (1 6)
(R, +nZ) z (R, +nZ) z (R,p+nZ) (1-z2)
YU |y ta S lype tn Sl e T
(Rnl +na

The final expression for the current /; value is
obtained after manipulating (16) in the following form:
(Rpp +nZ).(1—z)

“2Uro |y_, Lo [ |4
(Ry +nZ)
(R +nZ) z (R, +nZ) (1-2)
(g - UTZ) l—e Ly f e Ly, f
1 +n
o ! .(17)
1= (Rp+nZ) = (R,+nZ) (1-2)
l—e Ln [, L, S/

The magnitude of the current /, is determined by
substituting (17) into (9):

_Ry+nZ) z
2:7U_UTO l-e L”] f +
(Ryy +nZ)
_(an +nZ).(1—z)
—2Uro l—e Im A
R, +nZ
(Ryp +nZ) (18)
(Rpy+nZ) z (R,,+nZ) (1-z)
U-Upo lee Im Tlg In f
(Rl‘ll + }’lZ)
+
_Rp+nZ) (1-2)
; —e LHZ f
(R +nZ) z
e Lnl f

Based on (8), (14), (17), (18), the time-dependent
current through any branch of a multi-phase buck-boost
converter can be expressed.

However, determining the optimal number of
branches for the converter also requires calculating the
total losses in the system as a function of the number of
branches. These losses are categorized into steady-state
losses, occurring during both operating intervals, and
dynamic losses, arising during transient processes. The
composition and notation for these losses are as follows:

Steady-state losses:

Prpn1 — losses due to the resistance of the input conductor
in the n™ branch.

Py — losses on the MOSFET transistor in the ON state.
Pyr — losses on the MOSFET transistor in the OFF state.
Prin — losses due to the resistance of the inductor in the
n' branch.

Ppg — losses on the diode in the ON state.

Ppr — losses on the diode in the OFF state.

Prpny — losses due to the resistance of the output
conductor in the #n™ branch.

Dynamic losses:

Pyon — switching losses on the MOSFET transistor during
turn-on.

Pyoir — switching losses on the MOSFET transistor during
turn-off.

Ppqr — switching losses on the diode during turn-off.

Ppqr — switching losses on the diode during turn-on.

Considering standard waveforms for the switching
processes and using (1), the total losses P. of the
converter can be expressed as:

Fc = Prppt + Pyr + Py + Prin + Ppr + Ppr +

(19

+ Prpn2 + Pron + Patofr + Ppor + Ppor -
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The average value of the current in a branch of the
converter can be determined as:

I,,(AV):(11+12)/2:I/n, (20)
where [ is the average current of the converter. Based on
this, the total losses of the converter can be expressed as:

Fc =nRpy, ([n(A V))ZZ + ”VDS(on)(In(A V))zz +nUIps(1-2)+
+nRy, (]n(A V))2 + 2”(UTO +1F (]n(A V) ))]n(A V)(l —z)+

+ "(UTO + FF(In(A V)))]n(A vz +nUlpz + nRPnZ(In(A V))z +

+0,51nULty, f +0.50Ulyt 1.f +0,5n0,Uf +0,5nUpplst 1.1,
where rpgn) is the on-state resistance of the transistor;
rpset 18 the off-state resistance of the transistor; /g is the
reverse current flowing through the diode; Ipges is the
current flowing through the transistor during its off-state; #,,
is the time required for the MOSFET transistor to transition
from the off-state to the on-state; # is the time required for
the MOSFET to transition from the on-state to the off-state;
Oy is the reverse recovery charge of the diode; Ugp is the
voltage across the diode during its transition from the off-
state to the on-state, governed by the time constant #.

By reformulating (21) and applying (20), a simplified

final form of the expression is obtained, enabling the
calculation of the total losses within the converter [20]:

(e2)

2
Fe _[HJ.(RPnIZ"’VDS(on)Z_'_RLn +2rF(l_Z)+rFZ+RP"2)+

+nUIpg(1-z2)+2Urol (1- 2)+ Upplz+nUlg 2 + (22)
+ O,Sl’l UIlt{)nf + 0,5}’[ UIthf + O,5nQ,,,Uf+ 0,5}’[ UFP[2t_ﬁ'.f'

The efficiency of the converter can then be
expressed by the following equation:

:Poutput:Pinput_PCZI_ Fe — _i (23)
Pinput Pinput Pinput ur

From (23), it is evident that overall efficiency is
primarily influenced by the total power losses. These losses
can be minimized through the careful selection of individual
circuit components. Additionally, the total losses can be
further influenced by the number of parallel branches in the
converter, as the input current is distributed linearly among
the branches, while resistive losses decrease quadratically. As
a result, converters with multiple branches may exhibit lower
overall losses compared to a single-branch configuration.
However, due to the additional losses introduced by the
parallel branches, the assertion that increasing the number of
branches always reduces losses does not hold true universally.

Consequently, determining the optimal number of
branches for a given input power requirement becomes
essential (assuming constant input voltage, desired input
current, and a fixed duty cycle). The converter can be
dynamically managed by adjusting its topology and duty
cycle to achieve maximum efficiency for any given input
power level. This optimization assumes fixed construction
parameters and characteristics of the converter components.

To determine the optimal number of branches, equation
(22) must be differentiated. By deriving this equation with
respect to #, the number of branches, it is possible to identify
the local extremum, which corresponds to the number of
branches that minimizes the total power losses:

2
1
[%' :—[2}'(an12+rDs(gn)Z+RLn +27F(1—Z)+}"FZ+RP”2)+
n

+UlIps(1-z)+ Ulgz +0,5Ult,, f +0,5ULt / f + (24)

+0,50,Uf +0,5Uplyt ..

If the result of the differentiation is set equal to zero
and solved for n, the equation takes the following form:

Rpp1z +7ps(on)z + Rn +
L 2re(l—z)+rpz+ RP,,ZJ

Ul ps(1—z)+ Ul gz +0,5Ult,, f +

[+ 0,5Ul4t 7 f +0,50,,Uf +0,5U zplyt fj

. (25)

The above discussion indicates that, based on (25),
the optimal number of branches for a buck-boost
converter operating in buck mode can be determined
using its design and operational parameters. This ensures
that the converter delivers maximum power to the load
under all operating conditions.

Experimental results. To verify the derived results, a
single-branch and a three-branch buck-boost converter with
resistive load R were implemented. The circuit diagram of
the single-branch buck conxerter is shown in Fig. 6.

B " rP1 mBR20100CT R RPL
— N
106uH MBR20100CT  19m

2
(e l -

2

RG1 D1 RG2 I]Er RFS40N

5R6 T1 o

D2 RP2 Qg7

A%l
%

LOAD
4RS

5R6
IRF540N
L a)
- T L1
RP1.4 "N werzotooct & RPL1 D2 RP2.1
n —YN
vvvvv 106Ut 34m MBR20100CT 18m
2.4
R RG1 A1 RG2 RFSA0N
11 -
o 5 =
O O -Vout

RG5
=
6

b)

Vout

Fig. 6. Schematic of the implemented
a) 1-branch; b) 3-branches converter

The operational and design parameters of the converter
are as follows: U=20 V, Ry,=19 mQ, L,,=1.5 pH,
Riy=34 mQ, L,=106 pH, Ryn=19 mQ, L,,=0 H,
rDS(ON):77 mQ, IDS:2~25 mA, tONZSS ns, tf:96 ns,
=50 kHz, r7=34 mQ, Upc=0.43 V, =6 mA, 0,=0 C,
Upp=0 V, t;=2 ns, Z= R = 4.5 Q, The catalog data for the
MOSFET IRF540N and the diode MBR20100CT were
used in the implementation. The example of a practical
implementation of the converter is shown in Fig. 7 [21].

Fig. 7 Practical realization:
a) 3 branch buck-boost converter;
; b) galvanic separation;
. ¢) control development board
— Nucleo-F746ZG

The waveforms of the measured main quantities for
different input power levels (i.e., duty cycle values) and for
different configurations of the number of phases are presented
in Fig. 8 — 13. For all oscillograms, the following applies:

C1 —900 mA/div: input current; C2 — 7 V/div: input voltage;
C3 —900 mA/div: output current; C4 —4 V/div: output voltage;
M1 — average input power; M2 — average output power;
M3 — average efficiency.
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Fig. 8. Measured time waveforms of voltages and currents
for the single-phase buck-boost converter in buck mode
with 1 W input power
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Fig. 9. Measured time waveforms of voltages and currents
for the single-phase buck-boost converter in buck mode
with 15 W input power
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Fig. 10. Measured time waveforms of voltages and currents
for the single-phase buck-boost converter in buck mode
with 50 W input power

Based on the equations provided above and the
parameters of the converter’s equivalent circuit, the
theoretical efficiency of the buck-boost converter in buck
mode at a given power input can be calculated. The
results obtained in this manner are presented in Table 1,
where they are compared with the measurement results.

To provide a clearer understanding of the obtained
results, graphs have been created (Fig. 14, 15).
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Fig. 11. Measured time waveforms of voltages and currents
for the three-phase buck-boost converter in buck mode
with 1 W input power
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Fig. 12. Measured time waveforms of voltages and currents
for the three-phase buck-boost converter in buck mode
with 15 W input power
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Fig. 13. Measured time waveforms of voltages and currents
for the three-phase buck-boost converter in buck mode
with 50 W input power

The comparison of results obtained through
calculations, simulations, and measurements shows a
sufficient agreement, indicating that the theoretically
derived equations can be considered correct. The deviation
between the calculated and measured efficiency values is
less than 3 %. From this, it can be inferred that (22) is
valid, and consequently, equation (25) for determining the
optimal number of branches in a multi-branch buck-boost
converter in the buck mode is also valid.
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Table 1
Summary of results obtained from calculations and measurements

Single-phase converter in buck mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
1,05 58,39 1,058 56,36
5,05 80,02 5,056 78,23
10,08 85,4 10,08 85,49
15,01 87,75 15,06 87,92
20 89,17 20,07 89,33
30 90,78 30,08 91,16
40 91,71 40,06 92,38
50,1 92,32 50,09 93,56
Three-phase converter in buck mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
1,02 41,92 1,01 39,35
5 77,11 5 75,71
10,02 84,96 10,02 84,72
15,07 88,33 15,05 88,12
20,04 90,25 20,09 91,08
30,07 92,44 30,00 93,47
40,03 93,65 40,04 94,95
50 94,4 50,04 95,78
o, % R — —
90 L
2 7
7 /17
o 1/
o ////
40 3//
30 5/
20
10 7

P, W

0 5 10 15 20 25 30 35 40 45 50
Fig. 14. Calculated efficiency of the converter as a function of
input power and number of branches (1, 3, 5, 7)
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Fig. 15. Measured efficiency of the converter as a function of
input power and number of branches (1, 3)

To illustrate the implications of the calculated results,
Fig. 16 presents the computed dependence of the
converter’s efficiency on its output power for a higher-
power converter. The implementation of this converter
assumes the use of the following components: IRG4PH50S-
EPbF and BYV29-500, alongside the circuit parameters:
U=200 V, Ryp=19 mQ, L,=1.5 pH, R,=34 mQ,
Ln:330 ],J.H, an2:19 mQ, Lpn2:1 IJ,H, rDS(ON):47 mQ,
IDS:1 mA, ION:61 ns, tf:1270 ns, FSO kHZ, VF:19 mQ,
Uro=0.7 V, Iz=50 pA, 0,=40 nC, Upp=2.5 V, ;=200 ns,
Z=R=10Q.

The figure illustrates that the efficiency difference
between  the  single-branch  and  seven-branch
configurations of the 3 kW converter can reach up to 5 %
at an output power of 500 W.

POUD W

Figl.‘ 16. Calc.alated efficiency 01; “t'he hig};e-;power‘c"gnverteruz;;
a function of output power and number of branches (1, 3, 5, 7)

The next subsection presents the calculation of the
optimal number of branches for the boost mode.

Analysis of the operation and losses in the boost
mode of a buck-boost converter. The configuration of
the analyzed multi-branch buck-boost converter in boost
mode with n branches is shown in Fig. 1 [22]. Since the
first transistor remains continuously open in this mode, its
resistance in the closed state will be considered in the
analysis of the converter.

All components in the circuit, indicated with the
index p, represent parasitic elements. According to KCL,
the equation (1) applies to the currents in the circuit.

Each branch of the converter operates similarly to
the buck mode, where the control signals for the
individual branches are time-shifted by 7/n, with T being
the switching period. The operation of each branch can be
divided into two basic intervals.

1* Interval. During this operational interval, the
transistor in the corresponding vertical branch is closed,
causing energy to accumulate in the main inductance of
the circuit, which is powered by the input voltage source
with a value of U. This situation is depicted in Fig. 17.

RPnl LPn 1 Mnl RLn Ln
i ]
Ibs_2(on)+In ‘ Jg
_—
Tos_1(on)+in Mn2
Rpyi Leyy  M21 Ry L,

—I M22 |l

Fig. 17. Substitute diagram for the first operational interval
of the converter in boost mode

For the n-th conductive loop of the converter, the
equation can be formulated based on KVL as follows:

. di . .
—U+Rpy1 i+ Lpy '_n+rDS71(an) by Ry, i+
dr (26)

di .
+L, 'd_;l+rDS_2(on) +1, =0.

The current waveform follows the same pattern as
depicted in Fig. 4. The loop of the n-th branch of the
converter, as shown in Fig. 17, can be simplified using
lumped parameter modeling.
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Ry =Rpp1 +1ps 1(on) ¥ Ron +1Ds 200mys  (27)

Ly =Lpp+L,. (28)

Considering (27) and (28), the initial equation (26)
takes the following form:

—U+Rn1-in+Ln1~%’:0. (29)
Its solution yields:
R R
i, =——:1-e ™ |+[j-e ™ . (30)

nl

If the time variable ¢ = ¢,, = z/f'is substituted into this
time-dependent expression for the current, the current i, at
the specified moment will, as shown in Fig. 4, attain the
value I,:

R, z
U B 2

Ry Ry 2
J1ee Lm f +1-e Ln [

G

nl

2" Interval. In the 2™ operational interval of the
buck-boost converter operation in boost mode, the
transistor is switched off, and the energy stored in the
inductance L, is transferred to the load through the power

supply and diode D,y, as illustrated in Fig. 18.
Rpny Lpyy  Mnl Ry, L, Dn2 Rpy, Lpn

UF
_—
105_1(on)-1n

RPZI LPZI M21 RLZ

RPll LP]I M1l RLI

Fig. 18. Equivalent circuit for the second operational interval
of the buck-boost converter in boost mode

For the n-th conductive loop of the converter, the
equation can be written based on KVL as:

. di, , ,
—U+Rpyy iy +Lpy - dt +rDSil(0n)'ln+RLn'ln+

. . (32)
di, . di,
+Ln 'E-FUF +RPn2 1, +LPn2 ‘E_‘_UZ =0,
where (3) and the following equations hold:
Ry =Rpu1 +7ps_1(on) ¥ Ren +77 + Rppas (33)
Ly =Lpy+L,+Lpyy. (34)

Based on the above, the modified version of (32) can
be derived.

di
~U+Ryy iy +Ly -%+UT0 +Z-n-iy=0. (35
t

The solution yields the time-dependent waveform of

the desired current, expressed by the following equation:
_Rip+nz,
in:M l—e LDn + e L,

an +n-Z

_Rptnz
. (36)

By substituting the time variable ¢ = t,57= (1-2)/f , the
expression for the current i, with a magnitude of /; is
obtained, as shown in Fig. 18:

R+nZ 1-z
= YU |y, tn s
Rn2 +n-Z

R,+nZ 1-z

Lo (37)

+12€

Based on (31) and (37), expressions for the initial
values of currents /; and /, at the beginning of both
converter intervals can be derived, with these values
determined solely by the circuit parameters. The current /,
from (31) is substituted into (37):

Ry+nZ 1-z
U-U L
I :—TO. 1—e LnZ f +
an +I’I'Z
(38)
R, z R, z R+nZ 1-z
U
+| —- l_e Lnl f +Ile Lnl f .e LnZ f .

nl

The final expression for the current /; is obtained by
rearranging (38) in the following form:

Ry+nZ 1z

U-U L

YTYI0 |1, Le S|y

an +n-Z
R, z
Lnl f

Ry+nZ 1-z
Ln2 f

+L- 1-e

nl

‘e

39
R, z R+nZ 1-z (39)

l_e Lnl f .e Ln2 f

The expression for the current /, is obtained by
substituting (39) into (31).

Based on (30), (36), (39), (40), the time-dependent
current waveform for any branch of a multi-branch buck-
boost converter in boost mode can be expressed.

By considering the standard waveforms of the
switching-on and switching-off processes, along with
equation (1), the total losses P¢ of the converter can be
expressed similarly to the buck mode, as given in (19):

U 7Rnl z
L=—1-¢ tn /|4
nl
RptnZ 1z
U - UTO . 1 e Ln2 f +
Rn2 +n-Z
(40)
R, z Ry+nZ 1-z
+L l—-e Lnl f .e LnZ f
R}’ll _Rnl Zz
+ e Lnl
R, z Ry+nZ 1-z

l_e Ln] f.e LnZ f

The average current of a converter branch can be
determined using (20). Using this, the total losses of the
converter can be expressed as:
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Fc =nRpy (In(A V))2 +1IDS 1(on) (In(A V))z +nRy, (1 (A V))2 +
2
+NIPS (on)? (1 (A V))2 +n1ps 2o Do) 1—2) +

41
+”RPn2(1n(AV))2(1_Z)+”(UTO +VF(1n(AV)))1n(AV)(1—Z)+ (41
+ nUIR + O’SHUDS(OH)Iltonf + O’SHUDS(Off)Ithf +

+0,510,,Ups(on)f +0.5nUpphyt .,
where Ups(on) is the voltage across the transistor just before
it turns on, which can be expressed using (42); Upsfr) 1S
the voltage across the transistor that increases shortly after
it turns off, which can be expressed using (43):

Upson) =Uro +11-(rp + Rppp +Z) 5 42)

Ups(ofry =Uro + 12 -(rp + Rppp +Z) . (43)

By manipulating (41) and applying (20), a simplified
final form of the relationship is obtained, which can be
used to calculate the total losses in the converter:

2
e [In]'(RPnl +7ps 1(on) +Ry,+1p(1-2) Jr"'DS72(071)Z+1€Pr12(172))+

(44)
+11ps 2o Dsto1—2) +nUlg +Urol (1-2)+
+05nUpsion/tont +0.5nUpsiomlat 11 +0.5n0,Upsion f +
+05nUpplyt 5. f

The efficiency of the converter is given by (23). From
(23), it is evident that the dominant factor affecting
efficiency is the total loss power. The magnitude of these
losses can be influenced by the appropriate selection of
individual design components. Additionally, the total losses
can be affected by the number of parallel branches in the
converter, as the input current is linearly divided among the
branches, while the losses in the branch resistors decrease
quadratically. Therefore, the total losses may be smaller
with multiple branches than with a single branch. However,
due to additional losses in the parallel branches, it is not
necessarily true that a greater number of branches will
always result in lower losses. Given these considerations, it
is possible to determine the optimal number of branches for
the desired input power (under constant input voltage, for
the desired input current, and thus for a specific duty cycle)
in the boost mode. The converter can, therefore, be
controlled by adjusting the topology and duty cycle to
achieve the highest possible efficiency for any given input
power. This is, of course, under the condition of fixed
design components and their characteristics.

To determine the optimal number of branches,
equation (44) must be differentiated. By differentiating it
with respect to 7, the result for the local extremum can be
obtained, providing an expression for the number of
branches corresponding to the minimum loss power:

2
= {”J : (RPnl +1ps_1(ony T Rea+1r(1=2)+1Ds 2omZ + Rpia(l —Z))+

2 . 45
+zUIR +1ps 230 Ds(of)1=2) +0.5UpsonitonS + (43)

+O’SUDS(Qf])[2tff+O’SerUDS(()n)f+0’5UFP[2tﬁ'f'
If the result of the differentiation is set equal to zero

and solved for n, the equation takes the following form:

[RPnl +7ps_1(on) T Rpn +1r(1-2) +]

+7ps_2(omZ + Rppa(1-2)

- ‘(46)

2 :
zUIR +1ps 2001 DS(ofr) 1= 2)+0,5U psony Litonf +
+O’SUDS(Off)Ithf+O’SQFVUDS(OH)f‘+0’5UFP12thf
It follows from the above that, based on (46), the
optimal number of branches can be determined using the

design and operating parameters of the converter in boost
mode, ensuring that the converter delivers the maximum
power to the load under all operating conditions. The
validity of the formula for the buck mode has also been
experimentally confirmed. A comparison of the results
obtained through calculation and measurement is
presented in Table 2. For the boost mode, the same circuit
parameters were used, except for the input power source
and load. In this case, the calculation was performed with
a 10 V power supply and a 20 Q load.

Table 2

Efficiency results of the boost converter mode as a function
of power and the number of branches

Single-phase converter in boost mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
5,03 92,95 5,05 92,25
10,03 93,91 10,05 93,49
15,02 93,5 15,08 93,10
20,02 92,58 20,06 92,22
30,03 90,25 30,07 89,83
40,06 87,66 40,08 87,14
50,04 84,99 50,06 84,38
Three-phase converter in boost mode
Calculated Measured

P, W Efficiency, % P, W Efficiency, %
5,05 90,7 5,01 89,65
10,04 93,2 10,05 92,71
15,01 94,2 15,02 93,72
20,07 94,7 20,05 94,12
30,05 94,93 30,09 94,38
40,08 94,5 40,00 93,97
50,01 93,85 50,04 93,15

To provide a clearer understanding of the obtained
results, a graph has been created (Fig. 19).
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82
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Fig. 19. Graphical representation of the efficiency results as a

function of input power and the number of branches (1, 3, 5, 7),
obtained through calculations (—) and measurement (- - -)

To further illustrate the implications of the
calculations, Fig. 20 depicts the calculated dependence of
the efficiency of a converter operating in boost mode on
its output power.
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Fig. 20. Graphical representation of the efficiency results as a
function of output power and the number of branches (1, 3, 5, 7),
obtained through calculations for higher power converter
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This analysis pertains to a higher-power converter
implemented with the components and circuit parameters
described in the preceding text.

Conclusions. Based on the obtained equations, as well
as the presented waveforms, several critical factors
influencing the optimal design and operation of multi-
branch buck-boost converters can be identified. The analysis
reveals that for operating points of a buck-boost converter
functioning in buck mode with power input up to
approximately 10 % of the installed power capacity (P;), a
single-branch configuration is more efficient than a seven-
branch configuration. At 10 % of P,, the efficiency
difference between these configurations can reach up to 10
%. For a converter with an installed power capacity of, for
instance, 3 kW, this efficiency gap could result in
operational losses of up to 300 W. A similar situation arises
for operating points of the buck-boost converter operating in
boost mode. However, in this case, the single-branch
configuration demonstrates a clear efficiency advantage
only for power input levels up to approximately 6 % of the
total installed capacity. Within this range, the single-branch
configuration remains up to 10 % more efficient than the
seven-branch configuration. It is important to note,
however, that the absolute magnitude of the converter’s
losses is influenced not only by the number of branches but
also by the parameters of the components used in the circuit.
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Improving the operation of an asymmetric inverter with magnetically coupled inductors
for energy storage systems

Introduction. Bidirectional DC-DC converters are widely used in energy storage systems for efficient energy transfer. One of the effective
converters for such systems is the asymmetric inverter with a magnetically coupled inductors. To enhance the efficiency of this converter
for energy storage applications, it is necessary to optimize its parameters. Objective. The objective is to develop a mathematical model of
an asymmetric inverter with magnetically coupled inductors and based on this model, to establish the conditions for improving the energy
efficiency of the inverter in energy storage systems. Methods. The study uses the state-space averaging method and simulation modelling
to analyse operational processes. Results. Analytical expressions were derived for calculating current parameters of the magnetically
coupled inductor within switching intervals. A correlation was identified between the inductor’s inductance and power source parameters
under conditions that eliminate circulating currents, thus reducing static energy losses in the inverter. Novelty. Based on these
expressions, new analytical and graphical dependencies were established, illustrating relationships between the inductor parameters and
the magnetic coupling coefficient of its windings. These dependencies determine the boundaries of the discontinuous conduction mode for
the asymmetric inverter with a magnetically coupled inductors within its switching range. Practical value. The application of these
dependencies during the design phase allows for a reduction in both static and dynamic energy losses in the inverter using discontinuous
conduction mode. This will also improve the dynamics of transient processes during changes in the direction of energy flow, which is a
significant advantage in the development of hybrid power systems for electric vehicles. References 19, figures 9.

Key words: energy storage systems, bidirectional DC-DC converter, asymmetric inverter, magnetic coupling inductors,
circulating current.

Bemyn. B cucmemax HaxonuyenHs eHepii WiUpOKO 6UKOPUCIOBYIOMbCA Nepemeopiosayi NOCMIUHOI Hanpyau 6 pescumax
oeonanpaenenoi nepeoaui emepeii. OOHUM 3 eeKMUBHUX NePemEOPIOSAIbHUX NPUCPOI8 O 3ACMOCYEAHHS 8 MAKUX CUCHEeMAax €
acumMempuyHuil iHeepmop 3 MAcHimMOo36 A3AHUMU THOYKMOpOMU. J{NA SUKOPUCMAHHA 6KA3AHO20 Nepemeopiosaia 6 Cucmemax
EHePeOHAKONUYEHHS HeOOXIOHUM € YOOCKOHAICHHS 1020 napamempie 0iis nioguujeHHs egpekmusHocmi nepemeopiosaya. Mema. Memoio
€ po3pobKa MamemamuiHoi MoOeni ACUMEMpPUYHO20 IHBEPMOPA 3 MACHIMO38 SA3AHUMU THOYKIMOPAMU MA 8U3HAYEHHs. HA 1T OCHOBI YMO8
niOBUUEeHHsl eHepeemUYHOI eeKMUEHOCMI MAaKo2o THEepPmMopa Npu 3acMOCY8AHHL 8 CUCMEMAX HakonuweHwHs eHepeii. Memoou. [Ipu
docnioxcenHi npoyecie ¢ pobomi GUKOPUCAHO MemOoO YCepeOHeHHs 8 NPOCMOpI CMAHIE ma Memoou IMImayitiHo2o MOOe08aAHHSL.
Pesynomamu. Po3pobieno ananimuyni eupasu 015 poO3paxyHKie napamempis cmpymie MasHimo3e a3aHux iHOYKmopie Ha iHmepeaniax
KOMymayii, BU3HA4eHO 63AEMO38 130K Midic 11020 IHOYKMUBHICMIO ma napamempamu Odicepes eieKmpodICUBNIeHHA, Npu  AKUX
YUPKYTAYIIHI cmpymu 6I0CYymHi, wo 3menuye cmamuuni empamu enepeii ineepmopa. Hoeusna. Ha ocnosi pospobnenux eupasie
OMPUMAHO HOGI AHATIMUYHI MA 2PAPIUHT 3ANeHCHOCE MIdC RAPaAMempamu IHOYKmopa ma KoepiyieHmom MAeHImHO20 36 3Ky MidC ix
06MOmMKaMU, Wj0 BUIHAYATOMb MediCi 0bnacmi nepepuguacmoi pobomu acumempuyHo2o iHeepmopa 3 MAazHimo3e A3anumu iHOyKmopamu
6 dianasoHi tioeo komymayii. IIpakmuyuna 3nauumicms. Buxopucmanua ompumanux 3anedcHocmett Ha emani npoekmy8ans 00360151€
SMEHWUMU CMAMUYHL Ma OUHAMIYHI 6Mpamu eHepeii IHeepmopa 3a605KU GUKOPUCTAHHIO PeXCUMy nepepugiacmoi npogionocmi. Lle
MaKoxc 003801UNMb NOKPAWUMU OUHAMIKY NEPEeXIiOHUX NPOYECie Npu 3MIHU HANPAMKY NPOMIKAHHS eleKmpoeHepeil, wjo € CYmmesoo
nepeeazoio npu CMeopeHHi CIGPUOHUX CUCIeEM eNIeKMPOICUBTEHHSL eNeKMPOmpancnopmuux 3acobie. biom. 19, puc. 9.
Knwouosi  cnosa: cHCTeMHM HAKONMHYEHHSI eJIEKTpoeHeprii, IBOHANpaBJeHUHl IepeTBOPIOBAaY MOCTiiiHOT
acHMeTPUYHUIi iHBepPTOP, MarHiTo3B’s13aHi iHIYKTOPH, IUPKYJIIOKYHIi CTPYM.

HANpyTH,

Introduction. Batteries and supercapacitors are the
most common and economical choices for energy storage
today. This drives strong demand for bidirectional DC-
DC converters, which facilitate energy transfer between
storage units and power-consuming devices. These
converters support bidirectional energy flow and flexible
control across all modes of operation, making them
integral to a range of energy systems, such as hybrid and
fuel cell vehicles, renewable energy system, and beyond
[1-3]. In renewable energy systems, a bidirectional DC-
DC converter is used to combine different types of energy
sources [4-14], with different voltage levels, providing a
quick response when changing the direction of the
electricity flow.

Currently, numerous circuit topologies for the
potential implementation of bidirectional DC-DC
converters are known [5-18]. These topologies are
primarily classified into two types: non-isolated and
isolated converters, each suited to specific applications.

A typical structure of a non-isolated bidirectional DC-
DC converter combines a buck converter and a boost
converter in a half-bridge configuration [4, 9, 13]. These
converters can operate independently to create a
bidirectional flow of electrical energy, although this leads
to inefficient use of electromagnetic components and power

switches. However, unidirectional DC-DC converters can
be configured as bidirectional converters based on the half-
bridge inverter topology by utilizing the built-in diodes
within the switches and shared inductance. There are
several disadvantages to the half-bridge inverter topology
when used as a bidirectional converter. Firstly — excessive
energy losses. Significant energy losses occur due to diode
reverse recovery or faulty simultaneous conduction of both
switches, which can lead to device failure. The
conventional solution is to introduce dead time into the
switching interval. However, this approach leads to duty
cycle losses and limits the switching frequency. Secondly —
poor transient response. The shared inductance used for
current ripple smoothing negatively affects the dynamic
response during changes in the direction of power flow,
which is a major issue for hybrid power systems. This
problem arises due to a reduction in stored energy, for
example during the transition to regenerative breaking in
electric vehicle power systems [4].

Many studies have been done to research bidirectional
converters with efficient power flow management [7—15],
as well as various control strategies to improve power
quality. Recently, new converters based on an asymmetric
inverter with magnetically coupled inductors have been
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introduced as an alternative to traditional bidirectional DC-
DC converter topologies [4, 9, 15]. These structures have
been applied in various applications due to their immunity
to short-circuit issues and low losses during diode reverse
recovery. This unique characteristic is achieved using
magnetically coupled inductors and the structure of the
asymmetric inverter, such as the dual buck inverter and the
split-phase PWM inverter. The converter offers two key
advantages: firstly, shoot-through currents are avoided
because no active power switches are connected in series in
each phase’s arm; secondly, energy dissipation during the
reverse recovery of the power switch is significantly
reduced, as discrete diodes with superior dynamic
characteristics compared to the internal diodes of power
switches can be utilized.

The bidirectional converter using the topology of an
asymmetric inverter with magnetically coupled inductors
is shown in Fig. 1.

I

Fig. 1. Schematic of the bidirectional converter based on the topology
of an asymmetric inverter with magnetically coupled inductors

The device consists of four switches, of which
switches S and S, are controllable. This converter topology
allows operation in both buck and boost modes in both
directions of power flow. When transferring energy from
source U, to U, switch S; is activated while S, remains
OFF; conversely, during energy transfer in the reverse
direction from source U, to U,, switch S, is activated.

The converter has some disadvantages when using a
magnetically coupled inductor, especially when there is a
significant voltage difference between the low-voltage
and high-voltage sides. In this scenario, circulating
currents may arise during certain operating modes of the
converter [4], resulting in power loss.

Research has shown that the presence of circulating
currents increases the static energy losses in the inverter. On
the other hand, the efficiency of the inverter also depends on
the dynamic energy losses. Dynamic power dissipation is
reduced by operating in discontinuous conduction mode,
which allows transistors to switch at zero current.

To date, research aimed at reducing circulating
currents, improving transient response quality and
increasing energy efficiency has mainly focused on
modifying the structure of the asymmetric inverter or
implementing new control methods [12, 13, 15, 17]. While
structural modifications or the implementation of advanced
control strategies can partially solve these issues, they also
have certain disadvantages, such as an increased number of
components, greater circuit complexity and higher energy
losses. In addition, the implementation of new control
methods increases the complexity of the control system.
Analysis of the processes in inverters shows that the use of

non-magnetically coupled inductors prevents the
occurrence of circulating currents but also eliminates one of
the main advantages of the asymmetric inverter, which is
the fast transition dynamics between energy storage and
discharge modes [15, 16]. Also, the use of counter-rotating
inductor windings does not provide significant benefits due
to the complexity of additional filtering systems [17]. It is
known that in an asymmetric inverter with non-
magnetically coupled inductors, circulating currents are
absent; however, this leads to slow transient processes
when changing the direction of power flow. Inverter
structures with magnetically coupled inductors provide
good speed during changes in power flow direction;
nevertheless, under certain parameter ratios of the power
sources on the low-voltage and high-voltage sides [4],
circulating currents may arise [17]. Thus, it can be
concluded that a strong magnetic coupling in the inductor
leads to circulating currents, while the absence of magnetic
coupling prevents them. These studies do not consider the
relationship  between an  asymmetrical inverter’s
parameters, its magnetically coupled inductors, and the
parameters of additional inductive filters (additional
inductor) that can minimise circulating current.

In this work, we focus on the elimination of some
disadvantages of the asymmetric inverter with
magnetically coupled inductors and additional inductor
(Fig. 1) by developing analytical expressions for the
calculation and rational selection of effective parameters
when used in a bidirectional DC-DC converter for energy
storage systems. Solving these problems is expected to
improve the overall energy efficiency of the asymmetric
inverter. Furthermore, the use of analytical expressions
will simplify the design and development of the
asymmetric inverter for energy storage applications.

The objective of this work is to develop a
mathematical model of an asymmetric inverter with
magnetically coupled inductors, and based on this model, to
determine the conditions for increasing the energy efficiency
of such an inverter when used in energy storage systems.

Methods. To solve this problem, we need to
optimise the parameters of magnetic coupling inductors,
at which sufficient performance is kept, and the current
circulation tends to zero. We will also find the ratio of the
converter parameters at which it can operate in the
intermittent conduction mode.

The study of the asymmetric inverter with
magnetically coupled inductors was performed by
analysing its operating modes using the PSIM circuit
simulation software, based on the developed simulation
model shown in Fig. 1. This model included magnetically
coupled inductors with L; = L, = 30 uH and an additional
inductor of Ly = 6 pH, designed to block unwanted
circulating current. It was assumed that the switching
elements of the converter operate instantaneously, the
active resistance in the open state is zero, and the active
resistance of the inductor winding is also zero. In the
circuit illustrated in Fig. 1, the supply voltage U,>2U,.

In Fig. 2, the calculated results of the currents are
presented: i;(¢) is the current through inductor L, iy (f) is
the current through inductor L,, and #3(¢) is the current
through inductor L; in the circuit shown in Fig. 1, during
the operation of the bidirectional converter in the mode of
discontinuous currents.
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Fig. 2. Graph of the calculated current results during
the operation of the bidirectional converter
in the discontinuous mode

When transferring energy from source U, to U, the
circuit operates as a buck regulator with the active
transistor S;. During the energy accumulation phase, with
transistor S; in the ON state, voltage U, is applied to the
inductors L;=L,. Due to the magnetic coupling of the
inductors, the voltage at L, at the connection point of
inductor L exceeds Ui, resulting in circulating current
through the diode of transistor S, and inductor L,. This
increases static losses due to the current flowing through
the antiparallel diode of transistor S,. When the transistor
is turned OFF, circulating current is absent, as shown in
Fig. 2. This indicates that blocking the antiparallel diode
in transistor S, prevents circulating current; however, it
causes additional static losses in the converter. The path
of the circulating current in the active mode of transistor
S is represented in Fig. 1 by the dashed contour /7.

When transferring energy from source U; to source
U,, the circuit operates as a boost regulator with transistor
S,. During the activation of transistor S,, voltage U, is
applied to inductor L,, and when the voltage U, is less
than U,, circulating current is absent. When transistor S,
is turned OFF, as shown in Fig. 3, circulating current
flows through diode D, and the inductor L, as the voltage

U,/2>U, is induced on the inductor L.
i(1)

08

0.2

04

0.0020105 0.002011 0.0020115
1S

0.002012

0.0020125 0002013 0.0020135

Fig. 3. Graphical representation of the currents in the inductors
of the asymmetric inverter during the energy transfer period
from the low-voltage source to the high-voltage source
in the discontinuous mode

The appearance of the circulating current 7,(f) in Fig. 2
leads to the fact that a part of the energy from the source
U,, accumulated in the inductor L, when the transistor S,
is open, does not enter the source U,. The path of the

circulating current after transistor S2 is turned OFF is
shown in Fig. 1 by the dashed contour /.

Let’s analyze what occurs in the inverter when
transistor S, operates in active mode. As shown by the
calculations in Fig. 3, when the inverter is operating, for
example in boost mode with discontinuous inductor
currents, four continuous operating intervals of the circuit
shown in Fig. 1 can be identified: the first interval, Ti(f—t),
occurs when the transistor S, is open while all other
switches are OFF; the second interval T(¢,—t,) during the
pause in the operation of transistor Sy; the third interval
T(tr—t3) during the time of reduction of inductor currents to
zero; the fourth interval (1-T) is the cutoff when all the
switches of the converter are closed.

The presence of three intervals during pauses in
transistor control is influenced by the coupling of the
inductors and the voltage ratios of the power sources. An
analysis of the time diagrams in Fig. 3 shows that the
waveforms of the converter state variables — currents iy, i,
i3 — exhibit a multistep character with several sequential
stages of rise and fall, while the current i, demonstrates a
varying sign.

The configurations of the equivalent circuits during
the intervals of interest 7j, 7y and T, (Fig. 3), are shown in
Fig. 4 — 6. Figure 4 shows the interval 7, where the
transistor S, is turned ON. Figure 5 shows the interval T,
after the transistor S, has been switched OFF, during which
the current i3(f) decreases to zero. Figure 6 shows the interval
T, the scenario in which the energy stored in the inductor by

the circulating current is returned to the power source U,.
L,

Fig. 6. Equivalent circuit during the time interval 7},
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We will define the parameters of the equivalent
circuits for which the circulating currents are negligible.
To analyse the processes, we will use the converter model
obtained by the averaging method developed in [19].
Accordingly, we will establish a system of differential
equations for the three switching intervals:

diy diy
L2410 22_y,;
2a S ar !
U dﬁ_LS%:UI;
dt d dt m
U +L %-FL dQ—Mﬂ—U'
a7 oz
diy . dj
L—+L,—=U,.
Var S ar !

We will move to a system of algebraic equations
with averaged variables concerning the currents iy, i, and
i3, taking into account the signs of the increments of the
state variable functions during the switching intervals of
the converter. Using the state-space averaging method
based on Lagrange’s theorems [19], we can express the
system of algebraic equations as follows:

Al Al
Ly =2+ L —2=Uj;
T; i
Al Al Al
—L MR- L R =Uy
T T, T;
Al Al Al
Up+L 2+ L, =2 -M—L-U,; 2)
Ty Ty Ty
Al Al
L=+, = L=U;
P Ty
AI1+AI2 ZAI3,

where Al, AL, Al; are the increments of the corresponding
state variable functions during the converter’s switching
intervals, equal to the ripple of these functions;

M=K o, +/Li - L, is the mutual inductance between the

inductors; K., is the magnetic coupling coefficient
between the inductors; 7 is the specified duration of the
first interval; T is the duration of the second interval; T, is
the duration of the third switching interval.

For further analysis of the processes in the converter,
it is necessary to solve the obtained system of algebraic
equations (2) with respect to the independent variables. The
solution to this system is given by the following equations:

VL) Mn)o -+ Loy
Ui
Al =T, ; 4
2L, @)
Aly = U @M+L+ L), - -M),

=T . ; (5)
(L+L)  (M+L)U (L + L )U;
U, (L2L1 + L Ly + L Ly +2ML, — M? ) .

Considering the case close to ideal magnetic
coupling between the inductors M~L,=L,=L, we will find
the relationship of parameters under which the current
increase A/; in Fig. 3 approaches zero during the second
interval. We express (3) in a simplified form as:

r Ui 2L +(Ly - L)U, '
H(L+Ly) 2LU ~ (L +L)U;
Setting (8) equal to zero, we can determine the value

of the additional inductor L at which the increase in
circulating current approaches zero.

_ Y200 )
U,
Using the notation k&=U,/U,, we transform (9) to the
following form:

®)

Al =

L

S

L 2

7 1 - (10)

According to (10), as the difference between the

power sources U,>>U; increases, a larger additional

inductance is required to prevent current circulation in the

asymmetric inverter. Figure 7 shows the graphical
solution of (10).

L./L PR
0.8 p P
q
0.6
04
02
0 k
1 10 100

Fig. 7. Graphical interpretation of the dependence of additional
inductance on the voltage ratio of power sources

From the analysis of the graph in Fig. 7, it follows
that if the voltage of source U, is twice as large as the
voltage of source U, then the additional inductor L, to
reduce the current circulation in the asymmetric inverter,
can be omitted. If the voltage source U, significantly
exceeds the voltage source U, the value of the additional
inductor tends to the value of the magnetically coupled
inductors L&=L,=L,=L.

To achieve high power density, bidirectional DC-DC
converters often use the discontinuous mode, which
allows the inductor to be minimised in size. The current
ripple associated with this mode can be minimised either
by employing multiphase configurations in power supply
systems or by utilizing large energy storage devices. In
particular, in hybrid electric vehicle power systems,
energy storage is implemented using various batteries,
supercapacitors, and generally large capacitive storage
solutions. Another significant advantage of operating in
discontinuous conduction mode is the zero losses during
turn-on, resulting in low losses during the diode’s reverse
recovery.

TO:Ti(LzJFLs)' (Ly+ LU = (M + 1y U, H(©
T =T. (L1+LS). M+L2)l]1+(LS_M)(]2 (7)
b I(L2+Ls) (M+L1)Ul_(Ls+Ll)U2 '
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The condition for the existence of discontinuous
conduction mode in the converter is that the sum of the
durations of its switching intervals must be less than the
duration of the switching period. The limiting condition is
when the sum of the durations of the intervals equals the
duration of the switching period 7, which leads to the
following equation:

Li+Ty+T,=T. (11)

Using the parameter values from (3—7), we obtain
the sum of the durations of the switching intervals:

LM, (12)

L2 + LS
and the condition for the existence of the discontinuous
conduction mode of the converter:

Lz + M
Ly + L
Let’s consider the following relationship y=Ty/T,
M=L,-(Keop/Ky), L=L,/K,>, y is the duty cycle of the
converter’s control pulses; K, is the transformation ratio
between the coupled inductors. In this case, we can
express the condition for the existence of discontinuous

conduction mode as follows:
Ll (1 + KtrKcop)

L+K2L,

Let’s express the relationship between the inductors
L, and L, using the parameter a=L,/Ls. From (14), we can

derive the following formula in relative units concerning
this parameter:

T+ T +Tp =

T.<T. (13)

<. (14)

< Ktzr .
‘l+Kt,Kcop E—l

Equation (15) defines the relationships between the
inductance values L, and L across the entire range of the
converter’s switching operation that ensures the operation
in discontinuous conduction mode.

In the graphical representation, the condition derived
in (15) corresponds to the range of values left and below
the thresholds shown in Fig. 8.

L LVLs

w i
: i

T
=

a

(15)

2 N
Keop =0 :ggggzgngmx
0
i 025 05 075 1 'J)

Fig. 8. Boundaries of the discontinuous conduction mode region
as a function of the duty cycle of the control pulses
of the converter for different values of the magnetic coupling
coefficient between the inductors

In Fig. 8, the boundary values are depicted for K=1,
as well as for several values of the magnetic coupling

coefficient between the inductors. From the analysis of (14)
and the graphs in Fig. 8, in the switching modes when
y<0.5, the converter maintains the discontinuous
conduction mode regardless of the magnetic coupling
coefficient and the relationship between the inductors
L, and L. Where L=L, L has been described above for use
in the expression (8—10).

Figure 9 shows the simulation results of a
bidirectional converter based on the asymmetric inverter
circuit with the following parameters: L,=L,=15 pH,
PWM modulation frequency is 300 kHz, power supplies
U=14 V, Uy=56 V. According to (7), the additional
inductance value is L,=8.57 uH.

: i
Sl Sl S: | S«
i(1)
08 ;
" (1) iy i) =i(1)
N L(1)=0 1),
02 - - (=0
7 L:(1) ()
08 )
0.001996 0.001998 0.002 0.002002 0.002004 0.002006

Fig. 9. The results of current calculations during the operation
of a bidirectional converter with an additional inductor,
whose parameters are determined by (7)

As can be seen from the simulation results, there are
no circulating currents. Despite the presence of the
additional inductor, the high-speed performance is
maintained when the direction of energy transfer is changed.
The work has therefore allowed the relationship to be
established between the key parameters of the asymmetric
converter with additional inductor to prevent circulating
currents in an ideal magnetically coupled inductors.

Conclusions.

1. The new analytical model of an asymmetric inverter
with magnetically coupled inductors for energy storage
systems has been developed, along with a methodology
for calculating its parameters. The derived analytical
expressions allow the inverter parameters to be calculated
at the design stage, ensuring improved efficiency.

2. The method for improving the structure of the
asymmetric inverter with magnetically coupled inductors
has been proposed, using an additional inductor to reduce
undesirable circulating currents in the converter, that lead
to power losses. The schematic implementation of the
inductor connection has been determined, as well as the
relationship between their inductance and the ratio of the
power supply voltages, under which circulating currents
are absent in the asymmetric inverter, reducing the static
energy losses in the device. It was found that the higher
the voltage of the high voltage power supply exceeds the
low voltage power supply, the greater the additional
inductance that needs to be added to prevent circulating
currents in the asymmetric inverter with magnetically
coupled inductors.

3. Analytical expressions and calculation methods for
the converter parameters have been developed to ensure
its ability to operate in discontinuous conduction modes.
Such modes contribute to the reduction of dynamic losses
in the converter, leading to an increase in the performance
of the asymmetric converter by reducing switching losses.
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It has been found that the asymmetric converter maintains
the discontinuous conduction mode regardless of the
magnetic coupling coefficient and the ratio between the
inductance of the inductors and the additional inductance,
provided that the relative duration of the control pulses is
less than 0.5.

The simulation carried out confirms the reliability of
the results obtained.
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M.I. Bapanos

OCHOBHI XapaKTepUCTUKH KaHAJY Jigepa npu npo6oi BUCOKOI0 iMIYJILCHOIO HATIPYT 010
JOBIOro0 MOBITPSIHOTO MPOMIKKY

Haoani pesynomamu po3paxyHko80-eKCHEPUMEHMANbHO20 SUSHAYEHHS OCHOBHUX XAPAKMEPUCIUK NAA3MOB020 KAHATY NOSUMUBHO2O
nidepa npu enexmpuyHoMy npoboi 0062020 NOBIMPAHO20 NPOMINCKY 080e1eKmpoOHoi pospsaonoi cucmemu (JEPC) «gicmps-niowuna»
CMAaHOAPMHUM KOMYMAYIUHUM anepiooudHum iMnynscom ucokoi Hanpyeu yacogoi ghopmu T,/T ~200 mxc/1990 mxc nosumusnoi noas-
pHocmi. 3anpononosano cnpoweny enrekmpo@izuuny Mooenb GUHUKHEHHS | PO36UMKY NO3UMUBHO20 Ni0epa 8 00820MY PO3PAOHOMY NO-
8impsiHoMy npomixcky docnioacysanoi JJEPC, Ha ocHogi KOl y KOMIIEKCHOMY 6Uisol Oyu 3HAUOEH] HACMYNHI OCHOBHI XapaKmepuc-
MUKYU NAA3MOB020 KAHAY 0aHO20 NO3UMUBHO20 Ni0epa. 2yCmuHa Ny, enlekmponis i enekmpuynuii nomenyian U,y 6 2onoeyi nidepa; no-
2OHHULL 3aPA0 1) TI0EPHO20 NAAZMOB020 KAHANLY, 2YCIUHA O,y eeKMPOHHO20 CIPYMY Iop, | Yeti cCmpym iy, 6 Kanani nioepa, HanpylceHo-
cmi cunbHo20 enekmpuuno2o noas ecepeduni Ep; i 306ui Ep, kanany nidepa; doscuna l; cmpumeproi 30nu nepeo 20106Koio nidepa, mMax-
cumanvha enekmponna memnepamypa T,,; 6 niazmi Kanauy aidepa, no2ouHull akmueruil onip Ry i nosuuil akmuenuti onip R;. kanany
nioepa. Bukonani na imuu3HAHOMY NOMYIUCHOMY HAOBUCOKOBONLIHOMY €NeKMpoOOIAOHANHT HA GIOKPUMOMY NOGIMPI 8 YMOBAX eNeKm-
pogizuunol iabopamopii 6UCoK06oIbMHI eKCHEPUMEHMU NIOMEEPOUIU NPAYE30AMHICMb | O0CMOGIPHICIb HU3KU OMPUMAHUX PO3PAXYH-
KOBUX CNigGIOHOUIeHb OJIs1 BKA3AHUX XAPAKMEPUCTIUK NIA3MOB020 KAHATY NO3UMUBHO20 1i0epa eleKmpuiHo20 po3psaoy, AKuil gopmy-
emucs i po3eusaemuvces 6 yitl ucokogorbmHuil nogimpaniu JJEPC. bion. 49, puc. 7.

Kniouosi cnosa: noBruii noBiTPsIHMIA NPOMIKOK, JilepHUi po3psl, e1eKTPUYHMI TPo0iil MPOMiKKY, Ia3MOBHUI KaHAJI N03H-

THBHOI'O .ni;[epa, XapaKTepUuCTUKHU IIO3UTUBHOI'0 .ni;[epa.

CTaH Ta aKTyaJIBHICTh 3a7a4i. 3riHO MOJIOKCHHIM
cydacHOl (Di3UKM Ta30BOTO PO3psiay enem“pnqﬂnﬁ npo6i171
SK JOBTUX (uomxnno;o Iy TOPSAZIKY (1-10%) M, siKa BizmoBi-
JIa€ Ta3oBiil 130J1A1i Haj- 1 BUCOKOBOJIBTHOTO €JIEKTPOTEX-
HIYHOTO OOJIaJIHAHHS), TaK 1 HAUIOBTUX (IOBXUHOKO /; TO-
panky (1-3)-10° M, sika XapakTepHa JUis HaIBHCOKOBOIBT-
HUX TPO30BHX PO3PSAAIB B 3eMHIH Tporocgepi) MOBITPSHIX
MIPOMIXKKIB BiIOYBaeThCs 3a JIIEPHUM €NEKTPOQPI3HIHNM
MEXaHI3MOM 1 3aBEpIIYEThCS ICKPOBOIO (HOPMOIO PO3PSIIY
Ta PEeKUMOM iX KOpoTKoro 3amukaHs [1—4]. B pesymprati
IHOTO TIPOOOFO Ta30BE CEPEIOBHIIE IUX ITPOMIKKIB 3 JTiere-
KTPUYHOTO CTaHy IEPEXONUTh B 30HI PO3MOBCIOIKCHHS
[BOTO PO3PSY B EJIEKTPOIPOBIIHE LIIIXOM HOro MepeTBo-
penHs B ruiasmy. [lpu npomy JtinepHuii po3psia B atMocde-
PHOMY TIOBITpi Ma€ OJIHY XapakTepHy BiacTBicTh [1-3]:
Bil /DKepena IUTy4YHOI (3apsPKEHOT0 3 BUCOKUM €JIEKTPH-
YHUM TIOTEHIIATIOM MOPIAKY ¢,~+1 MB meraneBoro enex-
TPOJY €JEeKTPOTeXHiYHOro npucrporo [1, 3]) abo mpupon-
HOi (3apsmkeHoi B Tpomocdepi 3emiri Tpo3oBoi xMapu 3
HAJBUCOKUM  €JEKTPUYHAM  TIOTEHIAJOM  TIOPSIKY
(pR:i(lOO—SOO) MB [2, 5]) enexTpuKy yriaud muX MPOMiXK-
KiB BKa3aHOIO JOBXHHOIO /; IPOPOCTAE TOHKHMA (pamyCOM
6ims R;~0,5-107 M [1, 3]) mra3moBuii TepMoioHi30BaHMIA
KaHaJI 3 TOJIOBHOIO C(EPUYHOI0 YaCTHHOIO (TOJIOBKOIO pa-
niycoM R,~R; 3 HagMipHUM 3apsiiOM ¢,; BiIIOBIIHOI HO-
JISIPHOCTI), IO SICKPaBO CBITHTBCS, SIKMH B eNEKTpOdi3uIi
BUCOKHX (HAJBHCOKMX) HAaNpyr OTPHMaB Ha3By <«JIiaep». 3
TOJIOBKH IIHOTO JIijiepa YOIK 3a3eMJICHOTO METAJIeBOTO elle-
KTPOJy PO3PSAHOI €JIEKTPOTEXHIYHOI cUCTeMH abo MoBep-
XHI 3eMITi 3 00’€KTaMH1 Ha Hil ITpu po3TJIsil JIiHiHOT Omc-
KaBKH PO3BUBAIOTHCS YHCICHHI CTPUMEpH, SIKi 3[aTHI JI0
posramyxyBaHHA. [licis 3ycTpidi TOIOBKH PO3BHHYTOTO
Jinepa, sKa Ma€ eNeKTpUIHUH moteHnian U, i3 3a3eMire-
HUM METAJIEBUM €JIEKTPOAOM (TIOBEpXHEO 3eMiti abo Haze-
MHUM TEXHIYHHUM O00’€KTOM), IO SIKOTO BiH PO3BHBABCH,
BIIL6YBa€TBC$I HeHTpamsauvI 3apsny *(., TONOBKH migepa i
B JIJIEPHOMY KaHalli BUHUKA€E CTafist MOTY)KHOTO 3BOPOT-
Horo pospsiy [1-3]. dani 3 mBmmkoctio 6ixst 107 m/c [1, 3]
y HamlpsIMKy [0 HOTEHLIaJIbHOTO eJIEKTPOy BKa3aHUX CHC-
TEM PO3IOBCIOJUKYETHCS CIIOYATKY XBHIISA 3HATTS IOTCHII-
aJty B JIJIEpHOMY KaHaJli i3 3HUKHEHHSM HOTo 3apsny ¢, a
TIOTIM XBHJISI BEJTMKOTO PO3PSIHOTO IMITYJILCHOTO CTPYMY i
BPEIITI-pEIIT Ha MICIi TOHKOTO 3WI3aroroaiOHOTro Jimep-
HOTO IUIa3MOBOTO KaHAILy 3 a0COIIOTHOIO TEMIEPaTypOIO

nopaaky T, ~(5-10)-10° K [3] #oro mmasmu dopmyerscs
CHJIbHOIOHI30BaHUH 1CKPOBMH IUIA3MOBHII KaHall 3 abco-
JIOTHOIO TeMIepaTyporo nopsaky (20-40)-10° K i maxcu-
MaJIbHUM PasilyCoM 7,,>>R;, SIKMH BU3Ha4aeTbcs (Gopmy-
noto Bparunckkoro [6, 7], mpu 00’eMHil TYCTHHI 71,; €IEK-
TPOHIB B HEOMY HOPSIKY 7,~(107'=107) M [1, 3].

Ha cporomgni 3 omyOJniKOBaHHX pe3yibTaTiB IOCIi-
JOKEHB JIIEPHOI 1 ICKPOBOI CTafill eNeKTPUIHOTO MPOOOI0
JTOBI'UX (HAJINOBIUX) MOBITPSHUX MPOMDKKIB B PI3HHUX PO3-
PSIIHUX E€NEKTPOJHUX CHCTEMaX (TOJIOBHUM UYMHOM B JBO-
€JICKTPOHUX HaJ- 1 BUCOKOBOJITHHX CHCTEMax «BICTps-
IUIOIIMHAY Ta «TPO30Ba XMAPa-3eMJIsD»), CHIIbHOCTPYMOBHUX
IMITyJIbCHUX PO3Ds/IiB B Ta30BUX 1 KOHJICHCOBAaHUX CEPEI0-
BUI[AX B 00JacTi TexHikn Bucokux Hampyr (TBH), Buco-
KOBOJIbTHOT iMmynbcHOi TexHiku (BIT) Ta armocdepHoi
€JIEKTPUKU 3 11 BEJIMYE3HUMHU 3aI1aCaMU €JIEKTPUYHOL EHEp-
rii 1 MOTY)XHUMH TPO30BHMH po3psaamu 3rigHo [1-33]
MaJIOBMBYEHHMH UTAHHIMH 3JIUILIIINCS Ti, SIKi TIOB’s13aH1
3 PO3paxyHKOBO-EKCHEPUMEHTATEHIM BU3HAYEHHSIM KiTb-
KICHMX 3HAa4€Hb TAaKHX OCHOBHMX XapaKTEPHCTHK ILIA3MO-
BOTO KaHAIy JIizepa B aTMOCc(hepHOMY TIOBITpI SIK:

® TYCTUHH 7, €IEKTPOHIB 1 €IEKTPUIHOTO ITOTEHIIIATY
U, B TOJIOBII JIiziEpa;

® [IOTOHHOT'O EIEKTPUYHOTO 3apsiy ¢, KaHaly Jizepa;

® TYCTHHH O, CNEKTPOHHOTO CTPYMY i 1 LILOTO CTPY-
MYy i.; B KaHaJIi Jiijepa;

® HaNpPYXXEHOCTEH CHJIBHOI'O €JIEKTPUYHOTrO TI0JIsl BCe-
penuHi E;; 1 30BHI E;, KaHATy JIiAEpa;

® JIOBXXHHH /; CTPUMEPHOT 30HH IIepe;1 TOIOBKOIO JIifiepa;

® MakCHMaJIbHOI eJIeKTpOHHOI Ttemmeparypu 7, B
TUTa3Mi KaHATy JIijepa;

® [IOTOHHOTO aKTHBHOTO ONOpPY R;; 1 TOBHOTO aKTHB-
HOTO OTI0py R, . KaHaIy Jizepa.

3HaHHS KITBKICHUX 3HAYCHD X XapaKTEPUCTHK 3H-
r3aronoAiOHOro MIa3MOBOT0 KaHAJY Ji/iepa CIPUITHMYTh
MOTTINOJIEHHIO HAYKOBUX 3HAHb MPO TAKE CKIIAIHE ENEKT-
podiznuHe sBUIIE B MPHUPOAI SK ENEKTPUYHMN MpoOii
JIOBTUX 1 HAJUIOBI'MX IOBITPSIHUX MPOMIXKKIB, SKi HE00-
XiHI HaM Ha OPaKTHLI Ui OOrPYHTOBAHOTO IPOEKTY-
BaHHS 1 IH)KEHEpHOT0 BHOOpPY BHCOKOBOJIBTHOI Ia30BO1
130JISILIH1 CHIJIOBOTO €JIEKTPOCHEPTETUYHOIO 1 €JIEKTPOTEX-
HIYHOTO YCTaTKyBaHHS Ul PI3HOMaHITHHX Ha3eMHHX 1
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MOBITPSIHUX TEXHIYHUX 00’€KTIB Ta 1X HaJIIHOTO 3aXHCTY
BiJl Bpaxxaro4oi il JiHIHOT OJIMCKaBKH.

MeTo10 cTATTi € pO3paxyHKOBO-€KCIIEPUMEHTAIILHE
BU3HAYCHHS OCHOBHHUX XapaKTEPUCTHK IUIA3MOBOTO KaHa-
Ty Jmifepa MpH eNeKTPHYHOMY IpoO0i JOBroro moBITpS-
HOTO TPOMDKKY B JBOEJIEKTPOIHIA PO3psAHIN cucremi
(JEPC) «BicTps-IJIOMIMHA» MITYYHOIO EJIEKTPUKOI BH-
COKOT IMITyJIbCHOT HAllpyT'y IO3UTHBHOT NOJISIPHOCTI.

1. IlocTtanoBka 3amaui. Po3risiHeMo po3MilieHy B
arMocdepHoMy 1oBiTpi BucokoBosbTHY JIEPC y BurIsiai
PO3PSIHOI CHCTEMH «BicTpsi-TutommHay [3, 27]) 3 moBiTps-
HUM TIPOMDKKOM JOBXHHOIO /; 3 mianazoHy 1 M</,;<100 m,
B SIKOMY y BEpTHKaJIbHOMY HAIlPSAMKY BiJ HOTEHIIaJIbHO-
TO METaleBOro enekrpoxy-cTprkHs uiei JJEPC pamiycom
7y 13 3aTOCTPEHNM HIDKHIM KpaeM 3 paaiycoM HOro Kpu-
BU3HU 7'.<<r( 10 1I 3a3€MJICHOI'O0 METAJIEBOIO E€JIEKTPOLLY-
TIJIONMHYU CIIOCTEPITaeThCS PO3BUTOK B Yaci 7 TUIa3MOBOTO
KaHaJIy MO3UTUBHOTO Jiizepa paiaiycoM R; (puc. 1).

Puc. 1. CxemaTn4ne 300pakxeHHs O3UTHUBHOTO JiJepa MPH
HOT0 PO3BHUTKY 1 pyXy B JOBrOMY MOBITPSIHOMY ITPOMIKKY
JEPC «sictps-rutommHay (1 — kaHan jigepa pagiycom R;; 2 —
TOJIOBKa JIiiepa pagiycoM R,;~R;; 3 — cTpuMepHa 30Ha Jiiepa)

Xaii 3MiHHI B Yaci ¢ eNeKTPHYHI TOTEHI{iali BKa3aHUX
enextponiB miei JJEPC piBHI BimnmoBigHO ¢.(f) 1 0((1)=0, a
TIOBITPS, SIKE PO3MIIIEHO MK HUMH, BiIIIOBia€ HACTYII-
HUM HOPMAaJIbHUM atMoc¢epHuM ymoBaM [34]: THCK MoIte-
KyJ HOTO ra3iB CTAHOBUTh Pﬁ(l,013iO,03)~105 IlIa; ix a0b-
COJIIOTHa Teminepatypa piBHa 7,~(273,15+10) K; BizHOCHa
BOJIOTIiCTh IUX Ta3iB MOpiBHIOE ),~(45+30) %. BBaxkaemo,
uto rycruna p(h) mositps B JAEPC, 1o posrisigaerhes, B
TepIoMy HaOJIMKEHHI MOXKe OyTH B 3aJIEXKHOCTI Bijl BUCO-
TH h=[; po3TalryBaHHs BiJHOCHO 3€MHOI ITOBEpXHi i Bepx-
HBOTO EJIEKTPOJLY 3 MOTEHLIAIOM ¢, opsaky 1 MB ommica-
Ha criBBigHOIIEHHAM BUTILNY [4]: p(h)=~p(0)exp(-h/H), ne
p(0)=1,293 Kkr/M’ — rycTHHA MOBITPS y 3€MHOI HOBEpXHi
[34], a H~7,5-10° M — BucoTa OHOPixHOI TpomochepH
3emui [35]. Tomy npu A=[~100 m Bignowmenus p(h)/p(0)
npuiiMae yrcenbHe 3HadeHHs Ourst 0,98. YV 3B’s3Ky 3 1M
BILIMBOM TycTtuHHU p(h) armocdepHoro nositps B JJEPC,
110 JOCIIJKYETHCSI, HA 3HAaYE€HHS pajiyca R; IIa3MOBOIO
KaHajly MO3MTHBHOIO JIiiepa B Hi MOXXHa B PO3IJIsisie-
MOMY BHUIIaJKy 3HEXTyBaTH [3, 7].

[Mpuitmaemo, mo paniyc R, xanany ninepa B JIEPC y
nepuoMy HaONMKEHHI KIIbKICHO BU3HAYAETHCS PIBHEM
R;=0,5 mm [1]. e 3nauenns g R, BiIMOBITAE BiTOMOMY
CHIBBIIHOIICHHIO UII MaKCHMAJIBHOTO pafiyca R, Toio-
BKH €JIEKTPOHHOI JIABUHU B TIOBITpi, K€ Ma€ HACTYITHHH
sursin: R,~0,5a; ", ne oc,le3 M- KoediIieHT ynapHoi
ionizamii armocdeproro moeirps B JIEPC [1, 3]. Bigomo,
o nmo3utuBHUH nigep B JAEPC, mo mocmimxyeTbes, Bu-
HHKa€ Ha OCHOBI PO3BUHYTOro B ii HOBITPi MO3UTHBHOTO
(KaTo0CIPSIMOBAHOT0) CTpUMeEpa MPpU 3HAYHOMY HarpiBi

cTpyMoM iforo kanany. Lleil noyaTkoBuil crpumep 3 ryc-
THHOIO M,y CIIEKTPOHIB B HHOMY 3apOIKY€EThCS B cepu-
YHIH 30HI pafiycoM 7/~x; aKTUBHOI yAapHOI i0Hi3amii erne-
KTPOHaMH MOBITPsi Ol aKTUBHOIO EJIEKTPOIY-BiCTps
JEPC, xonu MakcuMaibHa €JIeKTPOHHA TeMnepaT;lpa Tons
B Horo kaHaii gocsrae pisas ouis 7,,,~(5-10)-10° K [3].
Tomy nst abcomoTHa Temneparypa 7,,, € XapaKTepHOI i
JUTSE MAKCUMAJIBHOT €JIEKTPOHHOT Temmeparypu T, piBHO-
Ba)XKHOI ITa3MM KaHAJIy IO3UTUBHOTO Jiijiepa Ha MOYaTKy
foro BUHUMKHEHHS [3]. 3ynuHMMOCS Ha BHNAAKy Oararo-
CTPUMEPHO-JIIZIEPHOTO EJIEKTPUYHOTO PO3pPSAY B HOBITPI
JEPC [1, 3], konmu mobmm3y enekrpony-sictps miei JEPC
3 TOJIOBKU cpepuaHOi popMu pagiycoMm R, MO3UTUBHOTO
migepa yOiK i 3a3eMIICHOTO €NeKTPOAY-IDIOMIMHN OJHO-
JacHO cTapTye N, OKpEMHX IO3UTHBHHX CTPHUMEpIB 3
HaJMIpHUM MO3UTHBHUM 3apsiiOM ¢, B iX TOJIOBKax, pa-
niyc R I1a3MOBOTO KaHAJY SIKMX 3HAYHO MEHIIE Pajiycy
R, xaHajy NMO3UTHUBHOIO Jiijiepa 3 HAaJMIPHUM IO3UTHB-
HUM 3apsJIOM (., WOTO TOJIOBKH, SIKHI BiJIIOBIAE MOJY-
JII0 TYCTHHU 7, €JEeKTpoHiB B Hiil. [IpuitMaemo, 1mo mpu
qe1=Nsqes I TYCTUHA K,y CIICKTPOHIB B TOJIOBII pajiiycoM
R.=R;~0,5 mm [1, 3] mo3utuBHOTO Jinepa, mo Gopmy-
€ThCS B CepUIHIN 30HI pagiycoM 7/~x; aKTUBHOI yIapHOi
10HI3aI] eTeKTPOHAMH TIOBITPS MTOOIH3Y EIeKTPOIy-BiCTPS
uiei JIEPC, BinmoBinmae rycTuHi 7., €IEKTPOHIB B TOJOBII
OKpEMOT0 TO3UTHUBHOTO CTpHMeEpa paaiycoM R,<<R, 3
BUKOHAHHSIM HEPIBHOCTI My <<n,;. 3riguo [1, 3] rycruna
Heso €EKTPOHIB B MOYAaTKOBOMY PO3BHHYTOMY IO3MTHB-
Homy crpumepi JEPC mnoBuHHA CcKIamaTH MOPSAIKY
Nes0=10" M i Ginpme. [pu mux iswuHMX yMOBax Ta
BKa3aHUX BHIIE PIBHAX TeMmmepatypu I, 1 TYCTHHHU Mg
€JIEKTPOHIB B MOYAaTKOBOMY PO3BUHYTOMY ITO3HUTHBHOMY
cTpuMepi B cepUuHii 30HI paniycoM r/~x; MoOIm3y Io-
teHuiansHoro enekrpony AEPC «BicTps-miomuHa» Mo-
ke (opMyBaTHCS TO3UTHBHHUU JiIep, KW 3 IIi€i 30HU
OyzIe mpopocTaTH 3 MIBUAKICTIO v, YIIHO JOBrOro IOBIT-
psHOTO TpoMixky Iiei JTEPC 3a momomoror okpemux
MO3UTHUBHUX CTPUMEPIB y iX KimbkocTi N; (auB. puc. 1) i
(oroionizawii Mmonekyn armocepHoro mositps [1, 3, 15].
OOMEXHMOCST PO3TJBIIOM €IeKTPO(I3MIHOr0 BHIIA-
JIKY, KOJIM LIBHIKICTh 3MiHM B 4aci { BUCOKOI Hampyru
U()=p(t)—po(t))=pt) B8 JEPC, 1110 q0CHiKyeThCs, PH
noBxuHO0 1 M</,<100 M 3a70BOJBHSE HEPIBHOCTI BH-
sy dU(f)/de=5 kB/Mke [3] i po3BUTOK B Hiii TTO3UTHB-
HOTO Jtijiepa BifOyBaeThcst Oe3nepepBHO, TOOTO Oe3 cry-
MiHYacTOrO YTBOPEHHS B IOBFOMY PO3PSAAHOMY HPOMIXKKY
uiei JEPC «BicTpsg-muromuHa» OKpeMHUX JiIepHUX KaHa-
niB. lle momokeHHs BiTHOCHO BKa3aHOTO EIEKTPOQi3ud-
Horo BrumuBy noxiaHoi dU,(f)/dt na xapakrtep poO3BUTKY
MO3UTHBHOTO Jtijiepa B atMochepromy nositpi wiei JJEPC
JUIsL OKPEMOTO BHIIAJIKY, KOJIU TOBKUHA [; IBOTO MTPOMIXK-
ky B JIEPC BigmoBimana mianaszony 1 mM<[,<4 M, Hamu
OyJI0 MiATBEPIKEHO EKCIIEPUMEHTAIBHO 3a JOIOMOTO0
BITYM3HSIHOTO HAJBHCOKOBOJIBTHOTO 00aMHaHHs [4, 27].
[ToTpiGHO 3 ypaxyBaHHSIM PO3PaXyHKOBHX 1 OCIiJ-
HHUX JaHUX BM3HAUWTH B HAOJIM)KEHOMY BHIJISAI OCHOBHI
XapaKTEPUCTHKHU IJIa3MOBOTO KaHAITy ITO3MTHUBHOTO JIiJie-
pa B AEPC, 1o mOCHiIKYyeThCs, SIKi MICTATh 3HAYCHHS
HACTYNMHHUX (i3UYHUX TMOKA3HUKIB: TYCTHHU 7, €IEKTPO-
HIiB 1 enekTpuyHOTO moTeHmiany U, B TONOBII MO3UTHB-
HOTO JIiiepa; TOTOHHOTO 3apsay ¢y, JTASPHOTO MIa3MOBO-
T0 KaHally; TyCTHHH O,;, €IEKTPOHHOTO CTPYMY i, 1 IbOTO
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CTpyMy i,;, B KaHaJi Jimepa; HalpyXKEHOCTEH CHIBHOTO
eIEKTPUYHOTO TIONA BeepenauHi Ej; i 30BHI E;, KaHATy
Jiziepa 3 TUTOMOIO eJIEKTPOIPOBIIHICTIO ), OTO TIa3MU;
JIOBXHHH [; CTPUMEPHOI 30HW Tepel TOJIOBKOIO Jiepa;
MaKCHMAaJIbHOI €JIeKTPOHHOI Temmeparypu 1, B IUIa3Mi
KaHaJly Jiiiepa; akTUBHOTO OIOpy R, . KaHaJy Jiijiepa.

2. Bu3HayeHHs1 mapaMeTpiB 30HM aKTHBHOI yaa-
pHoi ionizanii mositps B JIEPC. Sk Bimomo, n1BOaTOMHI
MOJIEKYJIN KHCHIO O, Yy CKIJIafi Ta3iB aTMOC(EPHOTo IOBi-
tpsa JAEPC, mo nocmimpkyerbes, 32 00’€eMOM 3aiMaloTh J10
21 % Big pobodoro 06’eMy ii JOBrOro PO3PSIHOTO IIPO-
Mixky [34]. Ilpu mpomy 3rimHO maHmx Tadm. 1.6 3 [3]
eHepria ioHizamii W=W, monexyn kucHi O, €IeKTpo-
HHUM y/IapoM € OJHill 3 HaMEHINX IJIs OCHOBHUX aTo-
MiB (MOJIEKYJT) Ta3iB, 10 BXOJATH 0 CKJIAIy MOBITPS i€l
JEPC, Ta uncenbHO cknanae Oins W;=12,5 eB. lnsg no-
PIBHSHHS BK)XEMO, IO [UIS JBOATOMHUX MOJIEKYJ a30Ty
N,, sixi 3aiimaroTh 10 78 % 00’eMy MOBITPSHOTO MTPOMIXK-
ky JEPC «gicrps-momuHa» [34], eHepris ix ioHizamii
CJIEKTPOHHHUM yJapoM ckianae Oinst W~W;~=15,6 eB [3].
Tomy HaliMeHIIa TpUBAJICTh IpoLecy 10Hi3awii ra3is mo-
BiTpsiHOI i30isuii B wi JJEPC enekrpoHHMMH ynapamu
BH3HAYATUMEThCS CHEpTielo ioHi3amii W~W,, ii xpoaTom-
HUX MOJIEKyN KHCHIO (,. 3 ypaxyBaHHSM IIbOTO y TOJa-
JBIIAX PO3paXyHKaX MPOIecy aKTHBHOI yaapHOi i0Hi3aril
€JIEKTPOHAMH aTMOC(EpPHOr0 MOBITPS B JOCHIKYBaHIH
JEPC o0mexxuMocsi BUKOPUCTAHHSIM €Heprii ioHizarii
W, iKa XapaKTepHa IJIs H0ro MOJIeKyNI KucHI0 O,.

Po3riissHeMo BUIAIOK, KOJIM TPOIIEC JTABUHOIOAIOHO-
ro PO3MHOXXEHHS €JIEKTPOHIB B arMocepHOMy TOBITpi
JEPC, 1o mocnimKyeThesi, BAKOHYEThCS 32 paXyHOK y/a-
pHOI ioHi3awil FOrO MOBITPS MiJ BIUIMBOM X OJIHOTO IO-
YaTKOBOTO eNeKTpoHa (Ny=1) 1 ra3opo3psiqHuX Ia3mMo-
BUX YTBOPEHB, 110 OOYMOBJIEHI €10 HAJACHIBHOTO EJIEKT-
pu4HOTrO O B cpepHuHiil 30HI pagiycoM X/~7; aKTUBHOI
1OHI3aIii MOBITPS ENEKTPOHHIMH yJapaMy MOOIN3Y eIeKT-
poxny-sictpss JJEPC. Ilpu upomy enextpodizmaHOMYy TIpO-
Lieci Ha Kparo I1i€l 30HM pajilycoM X;~7; aKTHBHOI 10HIi3allii
eNIeKTPOHAMU aTMOC()EPHOro IOBITpS, PO3TAIIOBAHOI I1O-
O6mm3y moTeHmianpHOro MertaneBoro enekrpony JEPC,
YHCIIO €JIEKTPOHIB N, B FOJIOBI PO3BHHYTOTO O3UTUBHOTO
CTpHMEpa, IO YTBOPIOETHCS B Il 30HI i3-3a BKA3aHOTO
npouecy ix po3MHOMXEHHs, Y MepLuIoMy HaOJIMKEHHI OIH-
CyBaTHMETbCs 3anexHicTio [1, 3]: Nx:Noexp(ai*xi), e
a; =(an) — edexTHBHUI KoedilieHT ymapHOi ioHizamii
nositps B JIEPC, a 57 — KoediuieHT MpriINNaHHS eJIeKT-
pouiB B moBitpi miei JJEPC.

EstekTpoHu mpH ix Moy 3apsay e,=1,602:10"° Kx
i maci criokoro m,=9,109-107" kr [34] mixk cBOiMH ABOMa
HAaCTYITHHMHU OJHH 33 OJHHUM 3ITKHEHHIMH 3 €()ECKTHBHOIO
Y4acTOTOIO V,, 3 aToMaMH ab0 MOJIEKyJIaMH IOBIiTps (Ha-
npukiag, kucao 0,) B IEPC, mo mocnimkyerscs, Habu-
paroTh MoOJIM3y MOTEHLIAILHOTO ENEKTPOAY-BIiCTps Ii€i
JEPC B Ti HaJACHIBHOMY €JICKTPUYHOMY IIOJI 3 ycepe.-
HEHOIO HAIPYKEHICTIO E, MIBUIKICTh apeiidy MpuOIH3HO
Vea~eoE,/(m.v,) 1 BimnmoBimHO eHeprito W eoE Ve vy [1],
sIKa JUIsSl YMOBH TIOYATKy MPOLECY aKTHBHOI 10Hi3aIil 11b0-
rO IOBITPS NOBHMHHA SIK MIHIMYM JOPIiBHIOBaTH €HepTii
ionizamii W=W, #ioro monekyn kucHio O,. ToMy 3 piBHO-
cTi We:Wl»o:eozEvkz/(mevmz) MOXKHa OTPHMATH PO3paxyH-
KOBUM BHMpa3 JUlsl YCEpPEIHEHOIO 3HAYEHHS KPUTUYHOL
HaNpyXeHOCTI E,; €IeKTPUYHOrO MONA Ha Kpaw 30HU
i0oHi3amii aTMOC(EPHOTO MOBITPS, IO PO3ISIIAEThCA. Lle

3HAYCHHS BHSBISETHCS PIBHUM Exlﬁeo’lvm(meW,-o)m. [pu
v,~2,96:10"2 ¢! [1]1 Wy=12,5 eB [3] xputnuHa Hampyxe-
HicTh Ey enexktpuaHoro o B JIEPC, mo mocmimKyeThes,
npuiiMae KiTbKicHe 3HaueHHs 6ims Ey~24.9-10° B/m. Ipu
LBOMY MIBUAKICTh Ipeldy v./~eoEy/(m.v,) eNneKTpoHIiB
Ha IbOMY Kpato cepryHOi 30HH pasiiycoM X;~r; aKTUBHOT
yZapHOi 10Hi3awii MoBiTps NOOJIN3Y MOTEHIIAIBLHOTO eJie-
krpoay JJEPC mopiBHioe v.~1,48-10° m/c.

3rigHo [1] koedilieHT # NMPUIMIAHHS €JIEKTPOHIB JI0
MOJIEKYJT JJIsl NPUHHATOTO HaMKM aTMOC(EpHOro MOBITPS B
JEPC, 1o mocmimKyerbes, MPU YACTOTI iX MPUIHIIAH
\/,,:108 ¢! i mBumKocTi apeiidyy enexTpoHis v,~1,48-10° m/c
B IUIa3Mi KaHaJly IIO3UTUBHOTO CTpPHMeEpa pO3psdy B
JEPC npuiimae yncenbHe 3HAYEHHS 0171 #=V,/Ve~607 M
Tomy nput o~10° m' [1, 3] BILIMBOM IPUITHIAHHS EIEKT-
POHIB Ha iX PO3MHOXCHHS B MOBITPi uie;'i JEPC moxHa
3HEXTYBaTH, a apaMeTp ¢; B 3aJEKHOCTI IS UMCIIa eJe-
KTPOHIB N, B TOJOBIIi PO3BHHYTOT'O IO3UTHUBHOI'O CTPH-
Mepa y BKa3aHii 30Hi Horo ioHi3alii IpUHHATH PIBHUAM 0.

Bxaxxemo, mo pamiyc x;~r; 30HH aKTUBHOI yIapHOI
i0Hi3alil MOJIEKyJl aTMOC(EPHOTO TIOBITPS €J1EKTPOHHUMHU
yiapamMu MoOJM3y TOTEHLIaJbHOIO eJEKTPOIY-BiCTps
JEPC Bu3Ha4aeThCs 32 HACTYIIHUM PO3PaxXyHKOBUM BHU-
pasom: xi:ri:Ued/Exk:UedeOVn;l(meVViO)il/ , A€ Ued — Ha-
npyra nosisu B noitpsHii JJEPC Ge3nepepBHOro mosu-
TUBHOTO Jigepa [3]. 3rigno Gpopmynu (5.35) 3 [3] Hanpyra
U., B nocmimpkyBaniit JJEPC Bu3HauaeTbes 3a HaOmmKe-
HUM BUPA3oM: U E olmin/ke, 1€ Eq=23[1+1,22(r) ™71 3
po3mipHicTO (KB/cM) — modaTkoBa HampyKEHICTh €IeKT-
puanoro moins B JIEPC y kpato ii MeTanaeBoro enekTpoay-
BICTPA 3 €KBIBAJICHTHUM PaJiycOM HOTO KPUBH3HHU 7o =7,
a k~(14+1,50,i,) 3 PO3MIPHICTIO MiHIMAJIBHOT JOBXHWHHU
Inin OBiTpsiHOTO TIpOMiXKKY JIEPC B (M) — KpUTHYHE 3Ha-
4yeHHs1 0e3po3MipHOro KoedilieHTa HEOAHOPIAHOCTI ele-
krpuyHoro nojis B JJEPC. bauumo, mo enextpuyHa Ha-
npyra U, B JIEPC «BicTps-Iuoniaay 3aleXuTh K BiX
JIOBXXMHHU TOBITPSHOTO TPOMIKKY [~lni>1 M B JIEPC,
TaK i reomMeTpii (KpUBU3HM) Kpato ii MOTEHIIaIbHOTO eJie-
KTpPOAy-BicTps. [3 3pOCTaHHAM MOBXUHH /i, TIPOMIKKY B
JEPC ii BB Ha Hanpyry U,, 3MeHIIyeTbes. Binznaun-
MO, IO JOCTOBIPHICTH LBOTO PO3PAXYHKOBOTO BHpa3y
s x~r; B JIEPC, mo posrmsgaerses, mpu 1 M</;<4 M
Hamu OyJja MiATBEPKeHa eKCIIepUMEHTANBHO [4, 27].

Jnsa enexkTpo¢hi3ndHOro BUIAAKY, KO B BUCOKOBO-
netHIN JIEPC «BicTps-muionmHay, 10 JOCIIPKYETHCS, TIPH
PSHOTO TPOMDKKY MIHIMAJIBHOKO JIOBKUHOK [ ~[in=1,5 M,
sIKa BIJIIOBIA€ OBXKHHI TPSMOI, MPOBENEHOI BiX BICTPs
noteHuiansHOTO enekrpoay JJEPC 3a Hopmaumio 1o mioc-
Kol MoBepxHi il 3a3eMJIEHOI IUIOIIMHY, PO3PaxyHKOBa Ha-
npyra U,y 3TiTHO BKa3aHWM BHINE CIIBBIAHOMICHHSM 3 [3]
YHceNnbHO nopiBHIOE Oita U,~616,6 kB. Bigznaunmo, mo
pu IIbOMY OOCHiTHA TpoOuBHA (po3psamHa) Hampyra Uy
JUIS KOMYTAI[IfHOTO aIlepiofAWYHOTO IMITYyJIECY HampyTH
gacosoi dopmn 7,,/7,~200 mxc/1990 MKC NO3HUTHBHOI
nonspuocti (7,,, 7, — BiANOBIAHO 4Yac, WO BiANOBizac
ammnityni U, 1 TpuBanocti immynbcy Hanpyru Ul(f) B
JEPC Ha pisHi 0,5U,,) npuiimaina KiIbKiCHE 3Hau€HHs
U~611,6 xB [4, 27], saxe BiIpi3HAETbCS Bijl pPO3paxyHKO-
ro 3HaueHnsa U,~616,6 kB B mexax 1 %. Tomy mnpu
v, =2,96-10" ¢ ' [1], U,~616,6 kB i W;y=12,5 eB [3], mo
XapaKkTepHO ISl yAapHOi 10Hi3alli{ eleKTpOHaMH MOJIEKYI
kucHiO O, B aTMOChEepHOMY TIOBITPI TOCIIIKYBaHOL
JIEPC (a~10° M™' [1, 3]), paxiyc chepuuHoi 30HH aKTHB-
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HOI 10HI3aIi]l eIEKTPOHHUMH yapaMH MOBITPsl NOOIH3Y il
MOTEHILIAJILHOI'0 METAJIeBOTO €JIEKTPOLy-BiCTps MpUiiMae
YyceIbHEe 3HAYCHHS X;~1~24,7 MM.

3riguo [1, 3] 3 ypaxyBaHHAM HaJaHHUX BHIIEC PO3pa-
XYHKOBHUX CIHIBBiHOIIEHb T'yCTHHA 71,5 EIEKTPOHIB B TO-
JIOBII PO3BHHYTOTO IIO3WTHBHOTO CTpHUMEpa paaiycoM
R.~0,50,'~0,5 MM, w0 dopmyeTbesi B cepuuHiii 30HI
paniycom x~r~24,7 mm (U,~616,6 xB) aktuBHOi ymap-
HOT 10Hi3aIlii eJICKTPOHAMH MOBITPSI MOOJIU3Y EICKTPO.IY-
sictps JIEPC, npu No=1 i 0~10° M "' nopisHioe npu6ms-
HO YHCEJIbHOMY 3Ha4Y€HHIO 11‘,&0:10,21019 M. bauumo,
10 OTPUMAHE OIiHHE KiJIbKICHE 3HAUCHHS /5 B1IIOBIAE
HeO6XiI[HOM3y PIBHIO KOHIIEHTpalii eJIEKTPOHIB (TOPSAKY
neso:lO19 M~ [1, 3]) B roJoBIi MOYaTKOBOTO PO3BUHYTOTO
MTO3UTHBHOTO CTPUMEpa, Ha OCHOBI AKOTO B cepuuniit
30HI pamiycoMm r~x/~24,7 MM TOOIHN3y IOTCHIIATEHOTO
enekTpony-Bictps  mocmimkyBanoi JIEPC  «sictps-
IUIOLIMHAY» MOXe (hOpMyBaTHCs HO3UTHUBHHUM Jigep 3 pa-
niycom Oinst R;~0,5 MM CBOTO TTa3MOBOTO KaHAITY.

3. Bu3HaueHHsI TYCTHHHU M, €JEeKTPOHIB B roJio-
BIi MO3MTHBHOrO Jigepa B mositpsanii JEPC. Ilpu
NPUIHATOMY HaMH PiBHI BHCOKOI €JIEKTPUYHOI HaIrpyru
U(>1 MB B pnocmigpkysaniii JJEPC i TpuBanocri
t,=T,~100 MKc ocHOBHOI (pazu eNeKTPOPO3PSAHUX HPO-
1ieciB B 11 IOBroMy TOBITPSIHOMY MPOMIXKKY [3, 15, 24], ne
napamerp 7, BIATIOBia€ yacy HOro eNeKTPHUYHOIO IIpo-
6oto (gacy 3pi3y 7. Bucokoi Hampyru U,(f) Ha IbOMY i30-
JAMITHOMY TPOMIKKY), TIOSUTUBHHIA JiEep B BHCOKOBO-
netHIH JEPC, mo posrmsgaerscs, Oyae BiAmoBimaTu pe-
UMY CBOTO 0Oe3MepepBHOTO PO3BHUTKY B ii MOBITPi 3 BU-
KOHaHHIM Bka3zaHoi ymoBu dU,(f)/d>5 kB/mkc. [lns Ha-
OMKEHOTO PO3PAaXyHKY TYCTHHH 7., €IEKTPOHIB B TOJIO-
BIli [TO3UTHBHOTO JIiilcpa B BHCOKOBOJIbTHIM TOBITPSIHIN
JEPC «BiCTps-IUIOINIMHAY» BHKOPUCTOBYEMO BiIOMY y3a-
rajgbHeHy ¢opmyny Caxa Juisi TYyCTHHU 1. €IEKTPOHIB B
piBHOBaxHiH uraszmi wiei JIEPC sk ¢ynkuii ix Temmnepa-
typu T, 1 eHeprii ioHi3awiil /¥; HeUTpaIbHUX aTOMIB (MO-
JIEKYJT) Ta3iB aTMOC(EepHOTo NOBITPs y mii miaszMi [1, 36]:

M =(Ag. 1 g)" 2 mip Tor" exp(-0.5W; /T), - (1)
e A:6,O6~1021 CM’3'eB’3/2; g+, g, — BIIONOBIOHO CTaTHUC-
TUYHI Bard i0HIB 1 HEHTpAIFHUX aTOMIB (MOJIEKYI) Ta3iB
TOBITPSL y TIa3Mi Jimepa; n,, — TYCTHHAa HEUTpaIbHUX
aToOMIB (MOJIEKYJI) aTMOC(EpPHOTO MOBITPS y TUIa3Mi JTife-
pa (eM°); T, — MAKCHMAaJIbHA €ICKTPOHHA TeMIeparypa
y wia3Mi Jigepa (eB); W; — eneprisa ioHi3amii HeHTpaib-
HHUX aTOMIB (MOJICKYJI) TOBITPs Yy Tu1a3Mi Jtigepa (eB).

3rigno [1] piBusiHHA (1) Caxa Oyno oTpumaHo 3a
JIOTIOMOT'0OK0 METOJIIB CTaTUCTHYHOI ()i3uKU OE3BITHOCHO
JI0 MEXaHI3MIiB HApO/DKCHHS €JEKTPOHIB B PIBHOBAXHIN
IU1a3Mi, 0 PO3MIAAETHCSA. Y BHIIAIKY aTMOC(EpPHOTro
noitps B JIEPC, sike € cymimmio pi3HHUX Ta3iB, 1ie piB-
HaHHS Caxa MO)Ke BHKOPHCTOBYBATHCS U aTOMIB (MO-
JIEKYJ) KO’KHOTO COPTY, IO BXOAATH 1O Horo ckiamy [1].
ToMy mpu OgHOpPA30Bill yAapHiA i0HI3amii eIeKTpoOHAMH
Morekyn kucHio O, (g.=4, a g,=3 [1]), sKi npucyTHi B
€JIeKTPOHEHTPpaNTbHIN TOBITPSHINA TIa3Mi JOBTOTO PO3psi-
JHOro mpomixky pociimkysanoi JIEPC, Bka3ana ¢popmy-
na (1) Caxa npuiiMae HACTYIHUHN CHPOLICHUI BUTIISL!

e 0.9 10 m T  exp(-0.5Wg I Tn) . (2)

Ji€ N,0 — TYCTHHA HEHUTpalIbHUX MOJIEKYJ KHCHIO O, aT-
moceproro nositpst JIEPC y mmasmi mizepa (em™); Wiy —
€Hepris yAapHoi ioHi3alii HEHTpPaJbHUX MOJIEKYJ KHCHIO
O, armocdepnoro nositpst JIEPC y nasmi sigepa (eB).

Jns BUIasiKy BUKOPUCTAHHS B pO3paxyHKax I'yCTH-
HH 7, €JIEKTPOHIB B TOJIOBII MO3UTHBHOTO JIiZiepa IpUiH-
SATOTO HAMH TPOIECYy yHOapHOi i0Hi3amil HEWTpaTbHHUX
MOJIEKYJT KUCHIO O, aTMOC(EpHOTo TOBITPS B BUCOKOBO-
meTHIH JIEPC (1,,,0~2,52" 10" em™ 3rigmo nanux ta6m. 8.3
3 [1]) npu WrW=12,5 eB [3] i T,,~1,639-10* K (uus.
po3min &), mo Biamowinae 7,,;~1,413 eB [34, 37], 3a (2)
T'YCTHHA 71,, €JCKTPOHIB B TOJOBII MO3UTHBHOTO JiJepa B
nopitpsHii JIEPC, mo mocnimkyeTbes, KUTbKICHO JOpPiB-
HIOE TIPUOIH3HO 71,,~0,7-10*' M. ToMy s 1BOTO BHIIA-
AKy CTymiHb ioHi3auii y=n./N;, ne N;=2,687-10% v —
gucno Jlomminra [34, 38], moeitps B JJEPC «gicTps-
IUIOLIMHAY CKJIaZaTUME Olirs )(:0,26-104. Otpumane 3a
(2) ymcenpHe 3HAYEHHS 1., BIAPI3HAETHCS Bl NPUHHATOT
B po3aini 8 ryctunn 71,,~0,9-10*' M~ npu Bu3HaueHHI 32
(12) Bkazanoi Temneparypu 7, 1uasMu B Mexax 22 %.
Bxakemo, 1o 11i KiNBKICHI 3HAYEHHS TYCTHHH 71, €TCKT-
POHIB B O3UTUBHOMY JIiJiepi IO MOPSAKY BEIHYHHH J100-
pe€ Y3ro[XKyIThCS 3 BIJOMUMH AaHUMU AJISI KOHIIGHTpaii
BUTPHHX €JICKTPOHIB B TIOBITPSIHIN TIa3Mi mpH ii Temmepa-
typax nopsaky T,~T,,~(5-10)-10° K [1, 3, 39, 40]. Kpim
TOTO, OTPUMAHUH 3a (2) pe3ysibTaT A TYCTUHHU 71, €IEeKT-
POHIB B MO3UTUBHOMY JIiIepi BIJIOBIZa€ yMOBI €IEKTPHY-
HOrOo Tpo0Ooro JIboOa st Ta30BOi 130JIsMil, 3TIMHO SKii
TYCTHHA 7, €IEKTPOHIB B 1X JIABMHI NPH BUHUKHEHHI HA 11
OCHOBI CTprMepa B KOPOTKHX I'a30BUX MPOMIXKKaX (TIOBITpi
JIEPC) mae 6yTH He menute 7,.>0,7-10" M~ [1, 3].

4. Bu3zHauyeHHS NOTOHHOIO 3apsAAY ¢, KAaHAJY NO-
3uTHBHOIO Jdigepa B noBitpsHiid JEPC. Ilpu po3paxy-
HKOBIill OIIiHIII IOTOHHOTO 3apsAy ¢ MAEPHOTO ILIa3MO-
BOTO KaHairy B BuCcOKoBONbTHIM JIEPC, mo nocmimxyeTs-
Csl, BUXOJUTUMEMO 3 TOTO (DI3UYHOTO TOJIOKEHHS, IO
uei 3apsa GOpMYeEThCSI TOUTHBHO 3apsPKEHUMH TOJIO-
BKaMH MO3UTHBHUX €JIEKTPUYHUX CTPUMEPIB i3 3apsiamu
Ges~qer/Ns, 9K GOPMYIOTHCSI MO3UTUBHUM JIIZCPOM, IO
npopoctae B noBitpi 1iei JIEPC. IIpu upomy npopocras-
Hi B ITOBITI JIijiepa IMO3UTUBHUH 3apsil ., HOTO TOJIOBKH 1
MOJyJb TYCTHHH H,; €EKTPOHIB B Hill 3rigHO (2) 3amu-
martbes st i€l JEPC mrydHOro MOXOMmKEHHS 0 MO-
MEHTY HACTaHHA B I JOBrOMy IOBITPSIHOMY HPOMDKKY
KpizHOi (a3u po3psay manosmiHHUMH. [Ipu momiOHOMY
HaOMIDKEHOMY MEXaHi3Mi eNeKTpO(i3NIHOTO PO3BUTKY
IIBOTO JIiiepa 3a KOpoTKui 9ac At;~R;/v; ioro mpocyBaH-
HS B moBiTpsHOMY mpoMikky JEPC cymapHi MO3WUTHBHI
3APAIN G55~ esINs=(., TOIIOBOK OKPEMHUX EJIEKTPUYHHUX
CTPUMEPIB, IO CTAPTYIOTh 3 TOJIOBKH Jiijiepa B MOBITPS, i
BU3HAYATUMYTh 3apsij ¢, KaHaiy jinepa. Tomy s mo-
TOHHOTO TO3WUTHBHOTO 3apsiy ¢ IUIa3MOBOTO KaHay
jinepa B moBiTpsaHil BucokoBonbTHIH JIEPC, B sixomy
€JIEKTPOHHUH CTPYM i, 1 Oro TyCTHHY J,, BU3HA4YarOTh
pyxoMi YOiK 3a3emiieHOro enektpoxy-miomuHaua JIEPC
HETaTHUBHO 3aps/DKCHI MUITHKH TO3HTHUBHHUX CTPUMEPIB
pamiycom R.~0,1a;'~0,1-107 M [1, 3] y cymapHiii Kib-
KOCTI O1J1s NSZZ(ReL/ReS)2ZS0 3 TYCTHUHOIO 7,5 €TEKTPOHIB
B HHX, a IOHHHMH CTpyM iy 1 HOTO T'yCTHHY J;; — TOJIOBKH
IIUX KaTOIOCHPSIMOBAaHMX MO3UTHBHUX CTPHUMEPIB 3 MOAY-
JIEM TYCTHHH M, €JIEKTPOHIB B HHUX (IMB. puc. 1), MaeMo
HACTYyITHE HaOJIDKEHE PO3PaxyHKOBE CITiBBIJHOLICHHSI:

qn = O»SqestRZI ~0,5q,, /Ry = 27TeOneLRz /3. (3)

3rigao (3) uum Oyne OuNbIIEe 3HAYCHHS 3aPSAIY Gef

TOJIOBKM TIO3UTHBHOTO JIijiepa, TUM OiIpIIMM Oyze i 1mo-
TOHHMIA MO3UTUBHUM 3apsill ¢;; KOTO TIa3MOBOI0 KaHaly.

pu 1,,~0,7-10* M~ i R;~0,5a,'~0,5-10° M [1] 3a

(3) moroHHwMIA 3apsA ¢, MIA3MOBOTO KaHATY MO3UTUBHOTO
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migepa B moBitpi gocmimkyBanoi JEPC (/,;~1,5 M) mae
3HaueHHs 6ins ¢;~58,7-10 ° Ki/m. [l HOpiBHSHHS 1150-
r0O pe3yNbTary JUisl ¢z; 3 BIIOMUMH JAaHUMH BKaKEMO, 1[0
[IpU JTAEPHOMY CHIIBHOCTPYMOBOMY HAJBUCOKOBOJIETHO-
My po3psani B wiit JJEPC (/=100 M) 3 xoMyTamitHIM
anepioTUIHUM IMITYJIbCOM HAJBHCOKOi €JIEKTPHYHOI Ha-
npyru U(t) ammiitymoio U,,~3,2 MB uwacoBoi ¢opmu
T,/T=1,5 Mkc/3000 MKC TTO3UTHBHOI NONSAPHOCTI MOTOH-
HUI 3apsia ¢, bOro Jigepa ckianas ¢;~100 mxKn/m [3].

3 mpopoctaHHsaM 3 mBUAKICTIO v; B moitpi JIEPC
KaHaJIy [bOro JIiiepa HOro Bce HOBI IMIIHAPUYHI JUISTHKH
OTPUMYBaTHMYTb BiJl TOJIOBOK ITO3UTHBHHUX CTPUMEPIB, 110
BUXOJATH 3 HOro c(epuvHOi TOJIOBKH, BKa3aHi MO3UTHBHI
3apsad. 3 ypaxyBaHHSM TaKOro MOHOTOHHOIO Iij3aps-
JUKEHHS KaHaJy Jijepa HOro MO3UTUBHUN 3apsf q; 30ib-
LIYBATUMETHCS 10 MOMEHTY TEPEKPUTTSI HUM TIOBITPSHOTO
mpomixkky 1iei JJEPC (y Mexi 10 q;~q; ). [Ipu mpomy
TIOBHUH CTPYM iy TIA3MOBOTO KaHaTy MO3UTHBHOIO Jije-
pa B wiii JIEPC Bu3HaugaeThcs CyMOIO HOTO SK iOHHOTO
CTPYMY #;;~q; V], TaK 1 €NeKTPOHHOTO CTPYMY i, SIKUH
BU3HAYAETHCSl HETaTUBHO 3apsDKEHUMH JIUISTHKaMH BKa3a-
HHUX TIO3UTHBHHUX CTPUMEpIB, II0 BHKIMKAIOTHCS LIUM I10-
3UTHBHHM JIiIEpOM, 1 HalpaBieHni yOik 3a3eMIIEHOTO elle-
krpoxy JIEPC. 3a (3) npu ¢,~58,7-10° Ki/m i v,=10° m/c
[1, 27] ioHHMH CTpyM i; B KaHai IbOTO JIiiepa MpuiiMae
HaOMmKkeHe 3HaYeHHA [;~5,87 A, a ¥#oro rycTuHa
Ou=iy /(R %) — npubmmzHo 0;~7,47-10° A/M>.

5. BusHavyeHHS TYCTHHHU J,; €1eKTPOHHOIO CTPY-
MYy i, i CTpyMy i, B KaHaJi IO3MTHBHOIO Jigepa B
noitpsHiii IEPC. 3rigHo 3anponoHoBaHoi HAOIMKEHOT
MoJielTi eNeKTPO(hI3UIHOr0 PO3BUTKY MO3UTHBHOTO JIijiepa
po3psiay 3 paKTUUHHUM BHKOPHUCTAHHSM 3 aTMOC(EpHOro
nogitpst JIEPC 3apsiniB i3 #ioro crpuMepHoi 30HH 1 moja-
JIBILIOTO TPOCYBaHHA LBOTO Jiigepa yOIK 3a3eMIICHOro
enextpony JEPC «Bicrps-mnomunHa» (auB. puc. 1) s
LIBUJIKOCTI V,, HAaIlpaBJIEHOTO pyXy (Apelidy) eneKkTpoHiB
B IJTa3MOBOMY KaHaJli Jrijiepa yOiK HOTEHIIaJIbHOTO eJIeK-
tpoxy-Bictpst 1iei JIEPC, oOymoBieHux y ToMy 4ucii i
MO3UTHBHUMH CTPUMEPAMH 3 TYCTHHOIO M, €JICKTPOHIB B
iX OKpeMHuX KaHallaX, MOJKHA CKOPUCTATHUCS BITOMOIO (o-
pmynoro [38]: ve~d./(epher). 3 iHIOTO OOKY, A i€l
IIBUIKOCTI V., €JIEKTPOHIB MaeEMO 1 HACTYIHUH Bupas [1]:
vedzeOExk/(mevm)a ac Exl(:”607lvnz(mem)l/2 — KpHUTUYHa Ha-
MIPY>KEHICTh HAJCWILHOTO €JIEKTPHUYHOTO I0JIsl B IOBFOMY
HOBITpsSIHOMY TpoMiXKy npociimkyBanoi JJEPC. B pe-
3yJNbTaTi JUIsl TYCTHHH O, E€JIEKTPOHHOTO CTPYMY I, B
MIa3MOBOMY KaHam pamiycoM R;~0,5a; '~0,5 mm [1, 3]
JIOCIIKYBaHOTO TIO3UTUBHOTO Jifepa B mid JJEPC mox-
Ha OTPUMATH aHATITUYHE CITiBBITHOIICHHS BUIJISAY:

Sop, ~ eqnepmy W2 4)

3 (4) BUTIKAE, 10 TYCTHHA 0,7 CIEKTPOHHOTO CTPYMY
iz B KaHAJI NO3UTHBHOTO JIiJiepa BU3HAYAETHCS I'YCTUHOIO
N, €NEKTPOHIB B HOTro cdepuuHiii roioBui pamuiycom
R;=R;~0,50;,'=0,5-10> m [1, 3]. Yum OGinbire 3HAYCHHS
Li€1 TYCTHHH 7., €NEKTPOHIB B HOTO TOJOBI, THM OLIbIIE
1 T'yCTHHA J,; €IEKTPOHHOI'O CTPYMY i.; B KaHall Jiepa.

pu 1,,~0,7-10* M i WrW;=12,5 eB [3] (y Bumaz-
Ky yZapHoi ioHi3awii enekTpoHaMH MoJeKys KucHio O, B
armocdepromy nositpi JJEPC) ryctuna J,; e1ekTpoHHOro
CTPYMY i,; B IUIa3MOBOMY KaHaJi MO3UTHBHOIO JiZiepa B
uiit nosirpsHii JJEPC «Bictps-mutommHay 3a (4) npuiiMae
KibKicHe 3HAaYeHHs OUst 0,,~1,66-10° A/M%. e 3HaueHHs
O,z 32 YNCEBHUM HOPSAKOM BiZIIIOBIAE TYCTHHI CTPYMY B
MTO3UTHUBHOMY JIiziepi, 1o BKa3aHa B [1, 3, 40].

o cTocyeThbCest €IEKTPOHHOTO CTPYMY I, B KaHAIII I10-
3UTUBHOIO JIJEpa, IO JOCIIKYETHCS, TO IPH LBOMY BiH
PO3paxoByeThCs 32 HAOMMWKEHOIO (OPMYIIO BUIVSILY:
i <R %0, TIpu 5,~1,66-10° A/M* 1 R,~R,;~0,50;,'~0,5 Mm
[1, 3] meit eneKTpOHHUNA CTPYM i, B HWITHAPHIHOMY ILIa-
3MOBOMY KaHajJl ITO3UTHBHOIO JiJepa JUil BKa3aHOTO
MPUKIAIHOTO €JIeKTPO(I3NYHOr0 BHUIAAKY HPHU EIEKTPH-
YHOMY IIPO0OT JOBroro HOBITPSHOTO NMPOMIKKY B JIOCIHi-
JUKyBaHIM BUCOKOBONBTHIA moBiTpsHiH JEPC «BicTps-
mwionmHay (yin=1,5 M; U~611,6 kB [4, 27]; 0~10° M
[1, 3]; vw=2,96-10"% ¢! [1]; N=50; WrWip=12,5 eB [3];
x~24,6 107 M) KUIbKICHO CKJIajae npuOim3Ho i,;~130,5 A.
OTprMaHMA PO3PaxXyHKOBHH UHCENFHHN pE3yIbTaT Uit
€JIEKTPOHHOTO CTPYMY i, B KaHajl IMO3UTHBHOIO JIijepa
BI/ITIOBIIa€ eMITIPHYHNAM JaHWUM, 110 Oyn HagaHi paHilie B
HU3LI JtiTeparypHux mxepen 3 oonacti TBH 1 BIT [1, 3, 40].
Bigmitimo, 110 B I1a3MOBOMY KaHaTi MTO3UTHBHOTO JiIepa
B 1iii JIEPC oTpumanuii enekTpoHHUMA CTpyM I,;~130,5 A
CYTTEBO TIEPEBUINYE BKAa3aHWH BHINE I1OHHUHA CTPyM
i;7=5,87 A, sikuil 3a0e3MeuyeThcss PyXOM 3 IIBHIKICTIO
6inst v,~10° m/c [1, 27] uporo kaxaiy. Mi3H4HO MOSACHIO-
BaTUCS I PI3HUISL MOXE BiANOBITHHUMHU NIBUAKOCTSIMH
HATPaBJICHOTO PYXY IMX HOCIIB eNeKTPUKH (IIi IIBUIKOCTI
npetidy B KaHa Jijiepa CKIANAI0Th I CJICKTPOHIB OIS
10° m/c, a st ionis — 10° m/c [1, 3, 15]).

6. BusHaueHHsI HANPYKEHOCTell eJeKTPUYHOIO
noas BcepeauHi Ej; i 30BHi E;, kKaHAJIy MO3MTUBHOIO
ginepa B noBitpsiniii IEPC. Jlns HaGmmkeHOTO po3pa-
XYHKY HampyskeHocTi Ej; MOJOBXHBOTO €JIEKTPUYHOTO
MOJII BCEPEAMHI TOHKOTO 3UT3aromnoiOHOTO MHIIHAPHY-
Horo kamany (R;~0,5-10° m [1]) mosuTuBHOrO minepa B
noitpsHit JEPC, sika moCTiKyeTbCsS, CKOPHCTAEMOCS
KJIACHYHHUM EJICKTPOIMHAMIYHAM CITiBBiTHOIICHHSIM BH-
rasiny: Ep~d./yr. [41-43]. Toni nns ycepenHeHoi 3a sio-
BXXHMHOIO HAlNpyXeHOCTi Ej; TOM0BKHBOTO €IEKTPUIHOTO
MOJIST BCEPEMHI IIa3MOBOTO KaHATY MO3UTHUBHOTO JIiepa
B 1iit JIEPC 3 ypaxyBauHsM (4) BUKOPUCTOBYEMO BUPa3:

Ep =iy (7 RD) = e yieme W2, (5)
ze y..~10* (Omm) ' — muTOMa eNeKTPONPOBiHICTS MmTa3-
MU KaHaiy nosutuBHoro migepa B JJEPC [1], sxa Bpaxo-
By€ 3MiHYy CTyHEHs 10Hi3auii y~n./N; ii moBiTps i3 3poc-
TaHHSM MaKCHUMAJIbHOI €JIEKTPOHHOI TeMmmeparypu 71,
IUTa3MH KaHaTy MO3UTUBHOTO Jinepa B i JIEPC.

3rigno (5) ycepeaHeHa 3a JOBKHHOIO HAIIPYKEHICTh
E;; NOJNOBXKHBOTO EJIEKTPUYHOTO MOJIS BCEPEAMHI Iuias-
MOBOrO IHJIIHAPUYHOIO KaHAy MO3UTUBHOIO Jijgepa B
noBitpsHiit JIEPC «BiCTpS-IIIONIMHAY BU3HAYAETHCS 5K
BEJIMYMHOIO TYCTHHH 7., €IEKTPOHIB B HOTO TOJIOBIII pa-
niycom R, ~R;~0,50,'~0,5 Mm [1, 3], Tak i TUTOMO}O eJie-
KTPOIPOBIOHICTIO 7y, IDIa3MH Jigepa po3psay. I[lpu
1 ~0,7-10%" M7, WaW=12,5 eB [3], R,~0,5 mm [1, 3] i
y~10% (OM-M) ™! [1] 3a (5) pospaxyHKOBa ycepemHeHa 3a
JIOBXXMHOIO HaNpyXeHIiCTh E;; eJIeKTPUYHOrO IOJIsl Y BU-
NaJIKy 3aCTOCYBaHHS IPU EJIEKTPUYHOMY IPOOOI JOBroro
MOBITPSHOTO MPOMIXKKY (/,in=1,5 M) BKa3zaHOTO CTaHIapT-
HOTO KOMYTALIHHOTO arepioguyHOro iMITyIbCY HAPYTH
U.(f) npuiiMae KiIbKiCHe 3Ha4YeHHs Ot E;;~16,6 kB/m.
Le 3Havenns E;; Bimnosingae npuiiastuM B odmacti TBH i
BIT piBHAM ycepemHeHOI 3a JOBKHHOIO HaIpyKEHOCTI
MOZIOBXXHBOTO CHJIBHOTO EJIEKTPUYHOTO TIOJIsI BCEPEeIUHI
KaHaJly TIO3UTUBHOTO JIiJepa, SIKUA PO3BUBAETHCS B MIKPO-
CEKYH/IHOMY YacOBOMY Jiana30Hi B BHCOKOBOJIBTHIH TOBi-
tpsaniid JIEPC «BicTps-mumomuHa» aj1s 11 MPOMIDKKIB 3 Jlia-
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ma3ony 1 M</;,<5 m [3, 39, 40]. 3rigao [40] mpu 3HaYEH-
HIX MIHIMAIBGHOI JNOBXHWHU [y, B 1 JJEPC mopsaky
Imin=100 M piBeHB HAIPY>KEHOCTI E;; €IeKTPUIHOTO MO B
KaHaJIi TO3UTHUBHOTO JIiiepa HAOIMKAETHCS IO CBOTO MiHi-
MaJIbHOTO YHCENHbHOTO 3HauUeHHs nopsaky £;~10 kB/m [1],
SIKE CIIOCTEpIraeThcsl y KaHaJl BIJKPUTOI cTalioHapHOI
€JIEKTPUYHOI AyTH IpU CTpyMax mopsaky 1 A.

[Tpn BU3HAYEHHI ycepeIHEHUX 3a JOBXXKHHOIO 3Ha-
YeHb HANPYXEHOCTEH eJIeKTPUIHOTO MO 30BHI (B CTpH-
MepHi# 30HI Jigepa 3rimHo puc. 1) E;, 1 Bcepenuni Ej;
IDIa3MOBOTO KaHAy IMO3UTHBHOTO Ji/lepa B IOBITPSHIM
JEPC «BICTps-IIONIMHAY», @ TAKOXK YCEPETHEHOT TOBKH-
HU [, ctpuMepHOi 308U B nird JJEPC mpu BuKoHaHHI ymo-
B dU,()/d<10° kB/MKc cKOpHCTaeMOCs PiBHAHHAM 6a-
JAHCY JJISI IEeKTPUYHOI HAIpyTH Ha PO3PSAAHOMY JIOBIO-
My noBiTpsiHomy npomixky uiei JJEPC, sike Bianosinae
MOMEHTY HacTaHHs Kpi3HOi ()a3u po3psy B LbOMY IOBi-
TpSIHOMY IPOMDKKY BrcokoBonbTHOT JIEPC [3, 40]:

Ue(t) ~Uy = ELi(ld _ls) + ELels > (6)
ne //~1,13];, — DOBXWHA 3Ur3aromnoJiOHOTO MUIIXY Jie-
pHO-cTpEMepHOTO po3psay B noBiTpi JEPC [4, 27].

BinznaunMo, oo npu HacTaHHI Kpi3HOI (as3u minep-
HO-cTpuMepHoro pospsaay B HEPC, mo mocmimkyerscs,
BHUKOHY€EThCS HACTYIIHA T€OMETpUYHA PiBHICTE: (/+1)=l,,
ne /;, — noBxWHA KaHaTy mo3uTHBHOTO Jinepa B JJEPC.

3rigno [40] npu HOpMaJbHUX aTMOc(epHHX yMOBax
B JIEPC, siKi BiANOBiTafOTh MPUAHATAM HAMH YMOBaM IS
i HOBITPs, 3HAUCHHs yCepeJHEHOI 3a JOBXHMHOIO HAIpY-
KEHOCT1 E;, €IeKTPHYHOTO MOJIS B CTPUMEPHIHN 30H1 MO3H-
THBHOTO JIiiepa KUIBKICHO JOpiBHIOE Ounst E;.~465 kB/m.
Baunmo, mo nei uncensHUE piBEHB yCepeAHEHOI Hampy-
XeHOCTi K[, TIOJ0BXHBOTO €JIEKTPHYHOTO IIOJIST 30BHI LIU-
JHIPUYHOTO IUIA3MOBOTO KaHaJIy MO3WUTHUBHOTO Jiepa B
Horo MOBITPsIHIN CTpUMEpHIH 30HI BiAINOBiNAE AianazoHy
CIJIBHUX IMITyJBCHUX eleKTpuyHrX nouiB [37]. Ha nocro-
BIPHICTh IIOTO HAJaHOTO BUILE 3HAUCHHS Ul PIBHS yce-
peanenoi HanpyxeHocti E;,~465 kB/M enekTpuuHOro mo-
JIsl 30BHI IJIA3MOBOT'0 KaHAJTy ITO3UTHUBHOTO Jiiiepa (B Horo
TOBITPsAHIH cTpuMepHiit 30H1) B JIEPC, mo mocmimkyeTbes,
MOXYTh BKa3yBaTH OTPUMaHi HAMU TOCIIHI JaHi IPH BU-
3HAUEHHI MAaKCHMallbHOI  MPOOMBHOI  HAmpyKEHOCTi
E40ax=Uep/ [1i7=462,6 KB/M €leKTpUYHOTO TMOJs Ui IHi€l
BHCOKOBONBTHOI TOBiTpstHOL [IEPC  «BicTps-IDiommHay
(lnin=1,5 M), siKa NpU CBOEMY ENIEKTPUYHOMY ICKPOBOMY
po0oi BUMIPoOOBYBaja MPsSIMY Jif0 CTAHAAPTHOTO KOMYTa-
LIMHOTO anepiognvHoro iMitysbcy Hanpyru U, (f) 3 amrui-
tynoro U, vacosoi ¢popmu 7T,,/T,~200 mMkc/1990 Mxc mno-
3UTUBHOI MOJISIPHOCTI [4, 27].

3 (6) i ycepemHEHO1 JOBXHUHU /; CTPIMEPHOT 30HH
B JIEPC «BicTpsI-IUIOIIMHAY Ma€MO HACTYITHUN BUPA3:

ly=Uq=Eplg)(ELe —EL;) .- (7

Jns enextpo¢i3MYHOro BUMAAKY [ii B TOBITPSHIN
HEPC «sictps-tutomuHay (/nin=1,5 M; [~1,131,;,=1,695 M)
BKa3aHOTO BHUIIIE aNepioAWMIHOrO iMITyiIbcy Hampyru U,(f)
MMO3UTHBHOI TOJAPHOCTI 3 TPOOHBHOIO  HANPYTOIO
Ur~611,6 xB [4, 27] 3a (7) npu E;~16,6 kB/™M 1 E;~465
kB/M oTpuMyeMO KiNbKiCHE 3HA4YEHHS U yCepeaHEHOI
noBxuHU [ crpumepHoi 3ouu B JIEPC, sike cxiamarume
oins [~1,3 m. Brasxkemo, 110 3rigHo [1] B 1iii moBiTpsHiH
JOEPC mpu 1,5 M</[,,<10 M cTpuMepHa 30Ha TATHETHCS
Tepe]] TOJI0BKOIO TIO3UTHUBHOTO JIiiepa Ha BiJCTaHb MOPSII-
Ky /=1 M. OTpumaHuii po3paxyHKOBO-JOCIIITHAM IUIIXOM
YHCENFHUN pe3yibTaT I ycepenHeHoi oBxkuHn [~1,3 M

crpumeproi 30HU B IEPC «BICTPS-IUIONIINHAY» MOXE CBifI-
YaTH PO MPABOMIPHICT BUKOPUCTAHUX HAMM IAaHUX UL
YCEepEeOHEeHNX 3a JOBXXHUHOIO HAIPY>KEHOCTEH eNeKTPHUIHO-
ro moiyisi BcepenuHi £;~16,6 kB/m 1 30BHI E;~465 kB/M
KaHaJly TTO3UTHBHOTO Jiznepa B it EPC.

st rpy00i yKcenbHOI OL[IHKM MaKCHMalbHOTO 3Ha-
yeHHs1 Ej., HANPYXEHOCTI EIEKTPHUYHOIO IOJIS B MOBIT-
pSAHIA CTpPUMEpHIH 30HI 3 pajialbHOI KOOPIWHATOIO
X&>>R,; mosuTHBHOTO Jifepa mociimkysanoi JIEPC 3
PI3KO HEOIHOPITHUM €JIEKTPOMArHITHUM I10JIEM MOXKHA 3
BUKOPHCTaHHSIM Teopil eneKTpocTatuuHoro noss [41]
3amucaTy HaCTYyITHE HAOIMKEHE CITiBBiIHOIIICHHS:

Epem = qer /(4760%3) = eqnr Ry, (320%3) ™, (8)
JIe Xy — BIICTaHb 3a pajiycoM BiIl IEHTPY cepudHoi ro-
JIOBKHM JIiiepa IMo TMOBITPIO YOIK 3a3eMIIEHOTO €IEeKTPOMIY-
mwiomuan JIEPC; qeL=47te0ngLReL3/3 — eNEKTPUYHUH 3apsi
TOJIOBKH TO3UTHUBHOTIO JIiJiepa B MOBITPSHOMY HPOMIXKKY
JEPC, sixmii ipu n,,~0,7- 10! w3 i R, ~R;~0,50,'~0,5 Mmm
[1, 3] umcenpHO ckianae npubIU3HO ¢.~58,7 HKI;
£=8,854:10"'2 ®/m — enextpuuna crana [34].

Baunmo, 1o 3a (8) s MakcumasibHA HaNpy>KeHICTh
E;., B cTpUMEpHIl 30HI MO3UTHBHOTO JiJepa 3 pPaaiycom
R, #i0r0 TOHKOTO MJIa3MOBOT0 KaHATy MPSIMO HPOIOpPLiii-
Ha 3HaYEHHIO T'YCTHHHU . €IIEKTPOHIB B CEepHUHIN roJio-
BLI paniycom R, ~R; mporo minepa. [pu n,~0,7: 10%! M’3,
Ru~R;~0,50;,'~0,5-107 ™ [1, 3] i x,=10R,;~5 mm 3a (8)
MaKCHMallbHa HANpyXeHiCTh Ej., €IEeKTPUIHOTO MOJSI B
OKOJIMIISIX TOJIOBKH ITO3UTHBHOTO Jiepa B JOCHTIKYBaHIH
JEPC mnpuiimae kinbKicHe 3HaueHHS Ei.,~21,1 MB/m.
Leit piBeHp HanpyxeHOCTi Ej,,, €IEKTPUUHOTO OIS 30B-
Hi TOJIOBKH IMO3UTHBHOTO JiJiepa BIAMOBIAAE ianma3oHy
HAJICUJIbHUX IMIYJIbCHHUX eJeKTpH4YHuX rodiB [40]. Bue
OyJi0 MoKa3aHo, IO KPUTHYHA HAIPY>KEHICTh E,; €NeKT-
PUYHOTO TOJI MOOJIM3Yy METAlIeBOTO EJIEKTPOIY-BiCTps
nocnimkysaHoi JIEPC, ska BUKIIMKae akTHBHY YyIapHY
10HI3aIif0 eNeKTpoHaMH i aTMOC(hEpPHOTO MOBITPS, TIOBH-
HHa MaTH 3HadeHHs mopsanky E,~24,9 MB/m. Tomy B
atmoctepromy noBitpi miei JEPC mobmmsy cdepuanoi
TOJOBKH paaiycoM R,~R;~0,5 mm [l, 3] mo3utuBHOTO
ninepa (x,~10R,;~5 MM) 1pu piBHI MakCUMaJbHOI HAMpYy-
JKCHOCTI CJIEKTPUYHOrO 1ojst o1t E;,,~21,1 MB/m ctBO-
proBaTuMyThCsl (Di3UUHI YMOBH JIJIsi aKTUBHOTO PO3BUTKY
B ii aHill JOKaJIbHIA MOBITPsIHIN 30HI (AMB. puc. 1) enek-
TPOHHUX JIaBMH 1 BIAIIOBITHO O3UTHBHUX CTPUMEDIB, SIKi
MOCTABISITUMYTh /10 11i€i C(eprUIHOT TOJIOBKH MTO3UTHBHO-
TO Jiiepa HeoOXiHI U1l HOro PO3BUTKY i IPOCYBaHHS B
atMocepHomy noBitpi uiei JIEPC enexTpuyni 3apsa.

7. BuzHaveHHs1 eJIeKTPUYHOro morteHuiaay U,
TOJIOBKH NO3MTHBHOro Jigepa B nosirpsaniii JEPC.
3rigao (6) mpu HacTaHHI B BucokoBoubTHIN JJEPC «BicT-
PSA-TUIOIIMHA» KPi3HOI (ha3w JiAepHO-CTPUMEPHOTO PO3-
psily, KOJNM BUKOHYETBCS PiBHICTH (/[ +[)=l,, nist enext-
puuHoro norenuiany U, chepuuHOi TOJOBKU pajiycoM
R, ~R;~0,5 mm [1, 3] mO3UTHBHOTO Jiifiepa B MOBITPSHIH
JEPC, 1o A0CHipKyeThCsl HAMU, MOXKHA OTPHMATH Ha-
CTYIHE HaOJIKEeHE PO3PaxXyHKOBE CITiBBIIHOLICHHS:

U =Uq —Ep; (L1 3lmin - ls) : ©)

3 ypaxyBaHHSM Pe3yJIbTATIB KUJIbKICHOI'O BU3HAYEH-
HS HAMH ycepemaHeHoi HoBxuHU [~1,3 M cTpumepHoOi 30-
uu B mid AEPC (/;,=1,5 m; U~611,6 xB [4, 27]) 3a (9)
npu £;~16,6 kB/M ans norenmiany U, TOJOBKH TO3HUTH-
BHoro minepa (/;~1,13/,;;—1~0,395 M) oTpumyemo 3Ha-
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YEeHHs, sIKe YUCeNbHO ckiagae oins U,;~605 xB. baunmo,
0 TIpU NBOMY MafiHHA Hanpyru U; Ha KaHalli TIO3UTUB-
HOTO Jliepa TpUiiMae YWCeNbHE 3HAUEHHS, SKE piBHE
npubauzno U;~E;;[;~6,6 kB. Takum 4YWHOM, OCHOBHA
YacTHHA HANPYTH [P JIiIEPHO-CTPUMEpHIN Kpi3Hiit dasi
pospsny (U~611,6 kB [4, 27]) anepioquuyHuM IMITyJIbCOM
Hanpyru U,(f) gacosoi dopmu 7,/T,~200 mkc/1990 Mkc
MO3UTHBHOI MOJISIPHOCTI JIOBrOI'0 TMOBITPSIHOTO NPOMIXKKY
MIiHIMAJIBHOIO JOBXHHOK [,;,=1,5 M majgae Ha HO3UTHUB-
HUX crpuMepax (Hampyra 6ins Uy~605 xB), sixi po3BuBa-
FOTBCS 3 TOJOBKH Jifepa yOiK 3a3eMIICHOTO EIEKTPOMIY-
mwiommHu JJEPC. TIpu TopkaHHI TOIOBKOIO ITO3UTHBHOTO
migepa 3azemieHoro enekrpony-momman JEPC ii enex-
TPUYHHIA MTOTEHIlial puitMae HynsoBe 3HaueHH (U, ~0),
a Bcst mpobuBHA Hanpyra U, 1ogaeThes 10 KaHaTy JIiaepa.
8. BuzHaueHHsI MAKCHMMAJIBHOI €JIEKTPOHHOI Te-
muneparypu 7, B I1a3Mi KaHaIy IIO3UTHBHOIO JIigepa
B noBitpsiniii IEPC. Ilpu Bu3HauyeHHI piBHA TemIepa-
TYPH B IUIa3Mi NO3UTHBHOTO JiJiepa, SKHH PO3MOBCIOIIKY-
€TBCSL B JIOBFOMY IOBITPSHOMY MPOMIDKKY BHCOKOBOJIBT-
voi JIEPC, mo HOCHiIKYy€eThCS, BUXOJAUTUMEMO 3 TOTO
TIOJIOKEHHS, 1110 BOHA B a7ia0aTHYHOMY pexuMi, 00yMOB-
JICHOMY IIBHIKUM Vy Yaci f MPOTIKaHHSAM B IUIa3MOBOMY
KaHaJl IIOTO JIiepa TeIUIOBHX mpoueciB (mpu ii 3MmiHi
nopsiaky 10° K/c [4, 9, 15]), Bianosimae makcnumanbHii
temneparypi 7, Il €IeKTpOHIB, SIKI MalOTh IIBHIKICTbH
pyxy (apeiidy) B miit nopsaaky 10° m/c [3]. Bxakemo, 1o
IIpH IbOMY MaKCHUMaJibHa TeMnepatypa 7,,; 10HIB I piB-
HOBQ)XHOI IJIa3MU Jiijiepa npy iX MBUAKOCTI Ipei(oBoro
pyxy B Hiit nopsaaky 10° m/c [3] nopiBHIOe BKa3aHiit TeM-
neparypi 7T, enekrpoHiB. [Ijsi 3HaXOMKEHHS MaKcuMa-
JIBHOT eJIEKTPOHHOI Temmeparypu 7, B IUIa3Mi KaHay
no3utuBHOro Jinepa B IEPC ckopucraemocs BiioMHuM 3
TEIUIOBOi (Di3WKH CITIBBIAHOIICHHSIM JJII MaKCHMalIbHOT
TYCTHHH TEIIOBOTO MOTOKY ¢,,;, B KaHai iinepa [38]:

(10)
ne 0~5,67 1078 BT(MZK“)’l — (yHOaMeHTallbHA CTaia
Credana-bonbivana [34].

B 3B’s3Ky 3 THM, 110 IEPBUHHUM JKEPEJIOM HAJIXO0-
JUKEHHS SHEprii B IIa3MOBHI KaHAII JIiiepa € eleKTpHYHa
eHepris, 1o 3anacaetbest B pociipkysaniit JJEPC, to mis
TYCTHHU TCIIJIOBOT'O IOTOKY ¢;,;, MOKHA BUKOPUCTOBYBATU
1 HaCTYIHUI HaONMKkeHU enekTpodizuuHuii Bupas [44]:

dmL ~ eLUeO > (1 1)
Ie 0., — T'yCTHHA eNIEKTPOHHOTO CTPYMY B IUIA3MOBY Ka-
Ham Jigepa; U, — TpHUENeKTpOIHE MaliHHSI HAIPYTH B
IUTa3MOBOMY KaHaJl MO3UTHUBHOTO JIiiepa Y MOMEHT HOTO
3apODKEHHS I00IN3Y MOTEHIIaNbHOTO METAIEBOTO eJIeK-
tpony-Bictpst JJEPC (us mocriiiHa enekTpuyHa Harpyra
U, 3MiHIOETBCS B uMcenbHOMY aianazoni U,~(5-10) B
JUIA PI3HOMaHITHUX MeTtaneBux ejnekrpomiB miei JJEPC,
siki BUKoprcToByoThest B oonacti TBH 1 BIT [3, 4, 45]).
Toni 3 ypaxysanusm (4), (10) i (11) ans po3paxyHKy
MaKCHMAJIbHOI €JIEKTPOHHOI TemriepaTypy 7,,; B IJIa3Mo-
BOMY KaHaJTi IO3UTHBHOTO Jifepa, SKUi (OpMYeEThCA B
30HI paflycoM 7/~X; yOapHOi 10Hi3aIlil elIeKTpOHaAMH TIOBi-
Tpsi MOONH3Y TOTEHIIATHHOTO METAIEBOTO EIIEKTPOMIY-
BicTps nocmipkyBaHoi JJEPC, maeMo ciiBBiAHOIICHHS:
Ty = Ymegne Upgm w1 %t . (12)
Baunmo, mio 3rigHo (12) enekTpoHHA TemmepaTypa
T, B PIBHOBaXHIN IUIa3Mi ITO3UTHBHOTO JIjepa, SKUH

-1 4
dmL * 7 O-chL >

HapOJUKY€ETHCS 1 PO3BHBAETHCSA B JJOBIOMY HOBITPIHOMY
npomikky JEPC «BicTps-IuiommuHa», TOJOBHUM YHHOM
BHU3HAYAETHCS PIBHEM T'yCTHUHH 71, €EKTPOHIB B TOJIOBIII
paniycom Ru.~R;~0,50;,'~0,5 MM [1, 3] mporo migepa.
Hanpukiaz, npu 1,,~0,9-10*' M7 [4], WaW=12,5 eB [3]
i Uy~6,1 B (mns cranesoro enexrpoxay-sictps JJEPC)
[44] 3a (12) makcuManbHa eNeKTPOHHA Temmeparypa 71,
B IUIa3Mi MO3UTHBHOIO JiiJiepa NpUIMae 4ucelbHE 3Ha-
4yeHHs npuomusHo 7,,,~1,639- 10* K. IIpu n,~0,7 10" m3
3a (12) ua makcumanbsHa Temiieparypa 7, JOpiBHIOE Oiis
7,,~1,539-10* K. L]i orpumani 3a (12) HaGmmxeni pisHi
temmnepatypu 7,,, sIKi BiAPI3HAIOTECA B Mexax 6 %, Bif-
MOBIAIOTH SK BKa3aHOMY B [3] XxapakTepHOMY JIiama3oHy
il 3MiHM B KaHaJi MO3UTHBHOTO JiJepa Ha IMOYaTKy HOTO
BUHHKHEHHsT B arMocdepromy mnositpi IEPC «sictpsi-
KKY, TaK 1 HaONMKAIOThCs 10 HagaHOro B [1] 3HaueHHs
uiei Temneparypu nopsaaky 7, ~(2—4)-10* K B noirpsiit
PIBHOBaKHIH I1a3Mi MO3UTHBHOTO Jifepa. Kpim toro, mi
orpuMadi 3a (12) KinbKicHI 3HaueHHs Temiiepatypu 7, B
IUTa3MOBOMY KaHaJli IMO3UTHBHOTO JIiJiepa BiJIIOBIJAOTh
noporosoMy pisato Temneparypu T, ~(1-2)10" K [1, 39],
IPH NIEPEXOJi SIKOTO CYTTEBO 3pOCTAE 3HAYECHHS CTYICHS
ioHi3amii y=n. /N, #oro mia3mu. Bkaxkemo, 1o, Hampu-
KJIaJ1, 3HAYCHHS TeMIIEpaTypu T,;~1,639-10* K Bixnosi-
Jla€ TI04aTKy aKTUBHOI TepMI4HOT 10HI3alil aTMocdepHOoro
noBiTps B gocmimkyBanii JJEPC, s sixoi moTpibHa Tem-
nepaTtypa B IbOMY KaHaJli He MEHIIe 8- 10° K [1]. Jlo peui,
y3araipHeHa ¢opmyna Caxa 3rigHo (1) BpaxoBye BIUIMB
Temreparypu 7, TUla3MH B KaHali IMO3UTUBHOTO Jiiepa
Ha Mpolec TepMivHOT ioHI3alii ra3iB arMoc(hepHOro mnosi-
Tps B IEPC. Tenep cratoTh 3po3yminimmmu aist Hac ¢i-
3WYHI NPUYMHU SICKPABOTO CBITIHHS TOJIOBKH MO3UTHBHO-
ro nigepa B nii JIEPC, skuii € nepeaBiCHUKOM eJIeKTpHY-
HOTO TIPOOO0I0 TOBroro MoBiTpstHOTO MPoMikKY B JIEPC.
9. BusHayeHHs] aKTUBHOTO onopy R, . kaHaiy no-
3UTHBHOIO Jigepa B noBirpsniii JJEPC. /s noronHo-
ro aKTHBHOTO OIOpY R;; KaHalTy HMO3UTHUBHOIO Jizepa B
BHUCOKOBOJIbTHIM moOBIiTpsHiA JIEPC «BICTPA-IIIOIIMHAY
MaeMo KJIacHIHe HaOmKeHe criBBigqHomeHHs [38, 43]:

Ry = (ay R (13)

Hpu R;~0,50;,'~0,5 mm [1, 3] i y,.~10* (Om-m)™" [1]

3a (13) 3HaxommMmo, MO TOTOHHWH AKTUBHUU omip Rj;
IUIa3MOBOTO KaHaly MO3WTHBHOIO Jiijiepa B MOBITPsHIN
JEPC, 1o po3rasiaaeTbes, BAHUKHEHHS 1 PO3BUTOK SKOTO
B 11 JOBrOMY pO3psIHOMY IPOMIDXKY OOyMOBIIEHUIl Ii€I0
B Hill BUKOPHCTAHOT'O HAMH CTaHJAPTHOTO KOMYTAI[IHHO-
r0 arnepioguyHOro iMmysbcy Bucokoi Hanpyru U,(f) Bka-
3aHOi BHIIE yacoBoi ¢opmu [4, 27], Mae KinbKicHe 3Ha-
4yeHHs Ounsg R;~127,3 Om/M. Toxi Ui HOBITPSIHOTO TIPO-
MIXKKY TOBXUHOMK [;,=1,5 M B witt JIEPC noBHUi1 akTHB-
HUH omip R;. TIa3MOBOTO KaHAIy MO3UTHUBHOTO JIijepa
npuiiMatame 1ipu [~1,131,;,~1,695 M [4, 27] 3HaueHHS,
sIK€ YHCENBHO JOpiBHIOBaTUME Oins R, ~R;; [~215,8 Om.
ITpu TakoMy 3HadeHHi omopy R;. 3 ypaXyBaHHAM BIUIUBY
onopy Rc=4,59 kOM cTpyMOOOMEKYBAIIEHOTO PE3UCTOPA
PO3psill B €IEKTPUYHOMY KOJII BUKOPHCTAHOT'O HAMH I10-
TY)KHOTO HaJIBUCOKOBOJIFTHOIO TeHeparopa BUIpOOyBa-
JbHUX KOMYTAI[IHHUX arepiofuyHUX IMITYJbCIB BHUCOKOT
Hanpyru U,(¢) [46—48], enexTpuuHa cxeMa Ta 3arajlbHUN
BUTJISLL SIKOTO 300paskeHi Ha pHc. 2, 3 3 JIOCHTIIKyBaHOIO
srinHo puc. 4 JIEPC «BicTps-1iomumHay», Ha cTatii po3BH-
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TKY B I JOBromMy HOBITPSTHOMY IPOMIKKY JIiZEpHOTO Ka-
Hay, skui npu 4daci ~7,~T,~95 MKC CIiJIbHO i3 TIO3HUTH-
BHUMH CTPHMEpaMH IepeKpuBae (TallbBaHIYHO 3aKOPO-
4ye) 1ell IPOMIKOK, HOCUTUME alepiouYHuil XapakTep.
Leii pexxum po3psiiy B KOJIi reHepaTopa MiITBEPIKYIOTh
JaHl ocuuiorpam Ha puc. 5, 6. ToMy npu oMy pexHMi
po3psiny aMIutityaa . CTpyMmy i(f) B IOT0 eNeKTPHIHOMY
KOJIi MOKe OYTH PO3paxoBaHa 3a HACTYITHUM BHpa3oM [43]:
1,~ULT)/(R.+Rc). B pesynprari us amrutityna 1, pos-
psnHoro ctpymy npu U/(T,)~U~611,6 kB, R;~215,8 Om i
R=4,59 xOMm wMoxe npuiiMaTd 4YHCEIbHE 3HAYECHHS
1,,~127,3 A. baunmo, o 1ie 3Ha9eHHS PO3PSITHOTO EIeK-
TpuyHOrO CTpyMy [,,~127,3 A TpakTHYHO BiAIOBimae
(B Mexax noxubku 3 %) OTpUMaHOMY paHillle eJIeKTpo-
HHOMY CcTpyMY Z,;~130,5 A B kaHai HO3UTHBHOTIO JIiiepa.

Ry DRm D Rpz  =Cs DRD JIEPC_"_
T
-

Puc. 2. EnextpruHa cxema 3aMillleHHs PO3PSIHOTO KoJia TeHe-

paropa CTaHIApTHUX KOMYTalilfHUX IMITyJIECIB HaIlpyTH 9aco-

Boi popmu 7,,/T,<200 Mkc/1990 MKC MO3UTHBHOT (HEraTMBHOT)

MOJISIPHOCTI 3 amrutitynoto 10 U,,,~+2 MB (Rs~4,5 Om, L;~80
MKI['H, C~0,125 Mx® — BIacHi eNeKTPUYHI TapaMeTpu reHepa-
Topa iMmyiabcHUX Hanpyr tumy ['TH-4; Rp~440 kOm — po3psn-
Huii onip reneparopa I'TH-4 3 xomyraropom F; Rpy~32,7 kOm —
JIOAATKOBUH po3psiauuii omip; R~4,28 xOM — onip hopmyrodo-

ro pesucropa; Cx~13,3 H® — popmyroda eMHICTh HA HATIPYTY
+2,5 MB; R=~4,59 kOM — orip cCTpyMOOOMEKYBaJIBHOTO PE3UC-
topa; Rp~107,3 kOM — orip BUCOKOBOJBTHOTO ILJIeYa OMIYHOTO
nozinpHUKa Hanpyru Tuy OITH-2,5 Ha HOMiHaNBHY IMITYJIBCHY
Harpyry £2,5 MB 3 koedinientom ainenus K,~53650) [46]

i 5 . |

. o z

Puc. 3. 3araJibHUI BUTIISA MTOTY’KHOTO HaJBUCOKOBOJIBTHOTO
reHepaTopa CTaHIapTHUX KOMYTAIL[iHHUX alepioAnYHuX IMITy-
JbCiB Hanpyru 4acoBoi popmu T,,/T,~200 mxc/1990 Mk nosu-
TUBHO{ (HeraTuBHO{) noJsipHOCTI 3 amIutityxo xo U,,~+2 MB
(3n1iBa Ha 130J1sLIHHIIT oropi 3aBBUILKK 12 M BcTaHOBIIEHA (op-
Mmytoua eMHicTh Cr~13,3 HO, 10 BEpXHBOr0O MOTSHIIHHOTO ee-
KTpoay kol npueanani popmytounii R~4,28 kOM i cTpymM000-

MeXyBabHUN R~4,59 KOM BHCOKOBOJIBTHI pe3ucTOpH) [46]

10. Pe3ybTaTH AeSIKUX €KCIIEPHUMEHTATbHUX 10-
CJIizkeHb MPOOOI0 TOBIUX MOBITPSIHMX NMPOMIKKIB B
JEPC. Ha puc. 4 300paxeHO 3arajbHUi BUIJIST BUCOKO-
BosbTHOI ToBiTpsiHOI JIEPC «BicTpsi-TutommHay, sika BU-
npoOoByBajyia MpsiMy [il0 CTaHIAPTHOTO KOMYTAaLiiHOTO
arnepioanyHoro immysscy Hanpyru U,(f) wacoBoi ¢opmu
T/ T,~200 mkc/1990 MKC HO3MTHBHOI MOJNSAPHOCTI Bif
MTOTY>KHOTO HaJIBUCOKOBOJIBTHOTO T€HEpaTopa BiINOBif-
HUX iMOyJbciB HanpyTu U,(f), 3aradbHUA BUTIISA, €IEKT-
pHUYHA cXeMa Ta IIapaMeTpH PO3PSAHOTO KoJia IKOro Oyin
HazaaHi B [46—48] 1 momaTKOBO MpeAcTaBiIeH] Ha puc. 2, 3.

Puc. 4. 3aranbHuid BUTIIST BUCOKOBOJIBTHOI noBiTpsinoi JJEPC
«sictps-ronmHay (/i =1,5 M), B sIKiii 10 MOTEHIIAILHOTO BEpX-
HBOT'0 3aTOCTPEHOT0 Ha HIDKHBOMY Kparo (7,~3 MM) CTaJIeBOr0
CIICKTPOLY-CTPHIKHIO PaAiycoM 7¢=15 MM, pO3MiLIEHOMY I10
LEHTpY i 3a3eMJICHOTO HIKHBOT'O TIIIOCKOTO €TIEKTPOLY 3 OIMH-
KOBAHOI CTaji 3 po3MipamMu 5 M X 5 M, IpueTHAHUN OMIYHHUIA TT0-
nineHUK Hanpyry Ty OITH-2,5 Ha HoMiHaNBHY IMITYJIBCHY Ha-
npyry +2,5 MB 3 koecdinienToM nineHss, piBEuM K ~53650

Ha puc. 5 npuBenena ocruiorpamMa moBHOTO CTaH-
JAPTHOTO KOMYTAI[IHHOTO arepioguyHOro IMIyJIbCy BH-
cokoi Hanpyru Uy(¢) 3 ammmitygoro U,,~622.3 kB gaco-
Boi popmu 7,/T,~200 Mkc/1990 MKC MO3UTHBHOI TOIAP-
HOCTI, SIKUH JIi€ B PO3PSAHOMY KOJIi BUKOPHCTAHOTO HAMHU
HOTY>KHOTO HaJBHCOKOBOJBTHOTO BHIPOOYBaIbHOTO Ie-
Heparopa BIANOBIIHUX iMIyJbCiB Hanpyru [46] Ha JIEPC
«BICTPS-IIONIMHAY 0€3 SNIEKTPUYHOrO IMPo0OI0 1 TOBroro
MOBITPSTHOTO ITPOMIXKKY 3aBIOBXKKH [jyin=3 M.

Ha puc. 6 300paskeHO OCLHIOrpaMy 3pi3aHOro Ha Hapo-
CTaro4iil YacCTHHI CTaHIAPTHOrO KOMYTALIIHOTO arepiofany-
HOro imMiynscy Bucokoi Hanpyru 7,/7,~200 Mxc/1990 mkc
3 €JIEKTPUYHUM MPOOOEM JJOBIOTrO MOBITPSIHOTO PO3PSIIHO-
T0 IPOMDKKY B BHIIpoOyBaibHiil JJEPC «BicTps-oiommHa
MIHIMAIBHOIO JOBXUHOIO /in=1,5 M.

Telk N @ 4cq Comnplete M Pas: 1.000ms CURSOR
F T T T T T T

Type

Source
CH1

Delta
11.6Y

RN RN RN R RRRRRRRE]

Cursor 1
0,00y

Cursar 2
116Y

cHT ERvE (T ERt 13
Puc. 5. Ocrimmmorpama moBHOTO KOMYTAIIIHOTO arepiofyHOrO
iMIyIeCy BrCOKoi HanpyrH U, () wacoBoi popmu
T,/ T,=200 MKc/1990 MKC MO3MTHBHOI IOJSPHOCTi 0€3 €NEKTPHYHO-
0 IIPo0OOI0 JIOBroro nositpstHoro npoMikky B JIEPC «Bictpsi-
mwrommHay (/=3 M; U,,~11,6 B x 53650~622,3 kB — ammumityna
BUIPOOYBAIBHOTO IMITYJIbCY BHCOKOT HanpyrH; 7,,~200 MKc — yac
HapocTtanHs (I1iaioMy) IMITyJIbCY BUCOKOI HAlIPyTy 0 CBOET aMILTi-
TymH Upp; T,21990 MKC — TpUBANiCTh IMITyIECY HAalIPyTH Ha PiBHi
0,5U,,,; MacmTab 3a BepTukaLTio — 268,2 kB/moz.; MaciTab 3a
ropm3oHTaILTIO — 250 MKc/mon.) [27]

Bkaxkemo, 110 1pH OTpUMaHHI €KCIIEPUMEHTAIbHUX
JAHWUX 3TiTHO pHUC. 5, 6 Oy BUKOPUCTAHI: BITYM3HSHHUA
MIOTYXKHUN TeHepaTop CTAHAAPTHUX KOMYTALIfHUX amepi-
OIMYHUX IMITyNIbCiB HamBucokoi Hampyru Uy(f) gacoBoi
dopmu T,/T,~200 Mrc/1990 MKC O3UTUBHO] (HETATUBHO)
MOJIIPHOCTI HA HOMIHANBHY €JeKTpUuHy Hampyry 2 MB
[46, 48]; omiunmii nomiipHUK Hanpyru Ttumy OITH-2,5
(K~53650) Ha HOMiHaNBHY IMITyJIbCHY Hanpyry +2,5 MB
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[47]; moBipeHHii AEPXKABHOK METPOJIOTIUYHOIO CITYKOO00
mudposuii ocrtorpad Tektronix TDS 1012B, mo 3a-
naM’sITOBYE BUMIpPIOBaJIbHI €JIEKTPUYHI CUTHAIH (cepTudi-
kat kaniopyBanus UAO1Ne1312 Big 29.06.2023 p.). Binmi-
THMO, 110 aMIUTITyJHO-4aCOBI MapaMeTpH iMITyJIbCIB BUCO-
kol Hampyru U,(f) 3rimHO maHuMX puc. 5, 6 BU3HAYAIUCA
3TiIHO BUMOT cTaHmapTy [49].

Telk 1 [F] Ready 1 Pas: 200,00 CURSOR
A SRR AR R AL T T

Source

CH1

g e ] Dl
: : : B : : : : 114w
...................... e 1
R P« P ooy
i Cursar 2
: : H : : 11,44

CHT 2.00%Ey 1 B0L0 s CH1 .~ &30y

Puc. 6. Ocuuorpama 3pizaHoro CTaHIapTHOrO KOMYTaliiHOTO
arepioJUIHOro iMIyJIbCy BUCOKOi Hanpyru U,(f) uacoBoi ¢op-
mu T,/T,=200 mMxc/1990 MKC nO3UTHBHOI MONSAPHOCTI IIPU EIIEK-
TPUYHOMY TIPOOOT TOBroro MoBiTpsHOTO MpoMikKy B JJEPC
«sictpst-tomuHaay (I =1,5 m; U~11,4 B x 53650~611,6 kB —
piBeHb 3pi3y immynecy Hampyru; 1,~7,~95 Mkc — gac 3pi3y
iMITyJbCy HanpyrH (1mpo6oro); 7,;~17 MKC — TPUBATICTb 3pizy
(xomyTarii) iMITyJIbCY HANpyru; Macmrab 3a BEPTUKAILIIO —
107,3 xkB/mox.; macmrad 3a ropusontaiuno — 50 mxc/mon.) [27]

Ha puc. 7 300paxkeHo 3arajgbHUN BHUIVISI KaHATY ic-
KPOBOT'0 po3psiny 1 cheprdHOi 30HH aKTUBHOI yIAapHOI i0-
Hi3alil MOBITPS MOOJM3Y MOTEHLIAILHOTO EJIEKTPOay B
HEPC «sicTpsa-nnomuHay (Inin=1,5 M; U~611,6 xkB).

— F———

Puc. 7. 3aransHuil BUIISL 3Ur3aronofiGHOro MUTiHAPUIHOTO
IJTa3MOBOTO KaHATY iCKPOBOTO PO3PsAY 3 Maibke chepHIHOIO
30HOIO paliyCcoM 7~X; aKTUBHOI YAapHOI 10Hi3aLlii MOBITPS, 110
SICKPABO CBITUTHCS BrOpi MOOJIM3Y MOTEHIIATEHOTO EJIEKTPOLY

PSIHOTO NMPOMIXKKY KOMYTAlliiHAM alepioJuYHUM IMITyJIbCOM
BHCOKOI Hanpyru yacoBoi ¢popmu T,/T,~200 mxc/1990 mxc
no3uTuBHOI moJsapHOCTi (/ni=1,5 M; U(T,)=U~611,6 kB [27])

Bkaxxemo, 110 3riIHO OTPUMaHMM HaMHU HaOJIKe-
HUM JIOCIIHUM JaHUM AiaMeTp 2x; chepruyHOi 30HH aK-
TUBHOI yIapHOI i0Hi3allii arMoc(epHOro moBiTps MooJu-
3y Kpalo MOTEHIaJbHOTO CTaJe€BOI0 CTPHIKHA-BICTpS
niamerpoM 2ry=30 mm B JIEPC 3a cBo€lo sickpaBoio CBi-
TUMICTIO NPHOJU3HO B JIBa pasMl INEPEBHIIYBaB JiaMeTp
27y €NEeKTPOAY-BICTPS 1 Y YOTHUPH pas3d HiaMeTp 27, Iia-
3MOBOT0 KaHAIy iCKpOBOTO po3pAny (nuB. puc. 7) [4, 27].

BukoHaHi B yMOBaxX BUCOKOBOJIBTHOT eNeKTpOhi3uIHOT
naboparopii HIATTKI «Mosnwisy HTY «XIII» 3a 10momMoror
BKa3aHOTO BHILE BUIIPOOYBAIBLHOTO OOJIaJJHAHHS EKCIepH-
MEHTaJIbHI JIOCIIJDKeHHs enekTpuyHoro npoboto B JIEPC
«BICTPS-IUIONIMHAY) (JUB. pUC. 4) NOBrHX MOBITPSHUX IPO-
MDKKIB JOBKUHOK 1 M</;;;<4 M IO3BOJFJIH UI BUIAIKY
3aCTOCYBaHHS B JOCIIJaX CTAHAAPTHOTO KOMYTALiiHOro
arepiofMyHoro IMIysbCy BHcoKoi Harpyru U(f) vacoBoi
¢dopmu T,,/T,~200 Mrc/1990 MKC NO3UTHBHOI MOJAPHOCTI
ninrBepautH [4, 27]: mo-Tiepiie, BUHUKHEHHS MOOIH3Y I10-
TEHIIIaJJGHOTO METAJICBOTO eJIEKTPOIY-BICTPS TOCITIIKYBa-
Hol Hamu JIEPC wmaibke cdepuunoi 30HM pamiycom Ous
X~r#~(25-30) MM akTUBHOI yaapHOi iOHi3awil eleKTpoHaMK
aTMoc(epHOro MOBITps; MO-ApPYre, BUHUKHEHHS 1 MOJaib-
I PO3BUTOK B JIOBroMy TOBITpsiHOMY npomixkky JIEPC,
110 JIOCIIJPKYBajlach, KaHay MO3UTHBHOTO JIijiepa 3aBxkKIu
BiZIOYBA€THC 3 II€T JIOKATBHOT 30HU PaJIlyCOM X ~F; aKTUBHOT
iOHI3aMii MOBITPS; TO-TPETE, PiBEHb NPOOUBHOI IMITYJIBCHOT
Hanpyru U, B nit JIEPC, sixuit ipu [,;,=1,5 M cknanaB Oinst
Ur611,6 kB (T,/95 mxc), a npu /=3 M — U~1062,3 kB
(T~104 Mkc); mo-yeTBepTe, BUKOHAHHS HAOIMHKEHOTO CITiB-
BigHomeHHs [~1,13/,;, OIS NOBXKHMHK 3HI3aromofioHOro
HUIAXY PO3BUTKY KaHAILy B JOBIOMY HOBITPSHOMY HPOMiK-
ky JEPC; no-r’site, (pizuuHe MoJI0MKEHHs, 110 eNeKTPHIHUN
npo0iii TMOBITPSHUX MPOMDKKIB BKA3aHOIO JTOBYKHHOIO i, B
nocnimkysanii JIEPC 3amxau BinOyBaeThCs HA HAPOCTAFO-
4iii ()pOHTAIBHIN YAaCTHHI 3aCTOCOBAHOTO B EKCIIEPHMEHTaX
KOMYTAIIIHOTO iMITyJTbcy BHCOKOT HatpyTu U(%).

BucHoBku.

1. 3ampornoHoOBaHO CIIPOILEHY eNeKTPO(di3ndHy MO-
Jie7Ib BUHUKHEHHS 1 PO3BUTKY MO3UTHBHOTO JIiepa B A0B-
TOMy pO3pATHOMY TOBiTpsiHOMY TpoMikKy JJEPC «Bict-
PA-TIIOMIMHAY, 10 BUIPOOOBYE 0 CTAHAAPTHOTO KOMY-
TAlIHOTO anepioJUYHOro IMITyJIbCY BHCOKOI Hampyru
U.(t) gacosoi ¢opmu 7,,/T,~200 Mrc/1990 MKc mO3UTHB-
HOl nojsipHOCTi. L5 HabMmKkeHa eneKTpodi3udHa MOICIb
JIO3BOJISIE 3HAUTH B KOMIUIEKCHOMY BHIJISII HU3KY OCHO-
BHHUX XapaKTePHCTHK IJIa3MOBOTO KaHAIIy LbOTO Jiijepa
PO3psiy TP €IeKTPUYHOMY NpoOOi JOBroro MoBITPSIHO-
ro mpoMikKy B jpociipkyBaHiii Hamu JEPC BHcoxoro
IMITYJIbCHOIO HAMPYTO MO3UTUBHOT HOJIIPHOCTI.

2. OtpuMaHO HAOIMKEHI PO3PaxyHKOBI CIIBBiJTHO-
IICHHS JUIsl BU3HAYCHHS HACTYIHUX OCHOBHHX XapakTe-
PUCTHK IDIa3MOBOTO KaHATy Mo3uTHUBHOTO Jinepa B JIEPC
«BICTPS-IDIOMIMHAY» 3 aTMOC(EPHUM TIOBITPSM: TYCTHHH
M, IIEKTPOHIB 1 €JIeKTpUYHOr0 noTeHwiany U,; B ToJIOBIi
L[BOT'O JIiIepa; MOTOHHOTO 3apsiy ¢r; JMiJEPHOro IJIa3Mo-
BOTO KaHajly; T'YCTHHHU 0, EJIEKTPOHHOTO CTPYMY I 1
I[BOTO CTPYMY I, B KaHaJl JiJepa; i0HHOTO CTPyMY i i
HOro TyCTUHHM J;; B KaHAJI JIiJiepa; HAIPYKEHOCTECH CHIIb-
HOTO CJISKTPUYIHOTO TOJIst Becepeauni F;; 1 30BHI ), KaHa-
Iy Jliiepa; JOBKUHHU [, CTPUMEPHOI 30HHU TIepe]] FOJIOBKOIO
Jigepa; MakCHMaJbHOI eIeKTPOHHOI Temmepatypu T, B
TUTa3Mi KaHajy Jiepa; MOTOHHOTO aKTHBHOTO OTopy R, i
MMOBHOTO aKTHUBHOTO OIOpy R;. KaHamy mimepa. Hanami
JlaHi, SKi MITBEPIKYIOTh JOCTOBIPHICTh HU3KH IMX Ha-
OMIKEHHX PO3PAaXyHKOBHX CIIBBIIHOIIEHb IS ILIa3MO-
BOTO KaHaJly MO3UTUBHOTO Jifaepa B nosiTpsHiii JJEPC.

3. Po3paxyHKOBMM IUIIXOM IIOKa3aHO, L0 MaKCH-
MaJlbHa eNIeKTpOHHa Temneparypa 7,; B PIBHOBaXKHIN
Tu1a3Mi MMO3UTUBHOTO Jiiiepa B noBiTpsiHid JJEPC «BicTpsi-
nIomuHAY TpH rycTuHi n,,~0,7-10%" M enexrponis B
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mnasMi sigepa miei JEPC npuiiMae ducenpbHe 3HAUSHHS
T, mL=1,539-104 K, sxe BiamoBimae mpuitHATOMY B 001acTi
TBH i BIT xapakrepHomy Aiana3ony ii 3MiHH B TIOA10HO-
My Jifepi Juisi 1oBroro pospsuaHoro npomixkky JEPC 3
aTMOoc()epHUM TOBITPSAM Ta HaOJIKAETbCS 1O PIBHS
T,,,~(2—4)-10" K, xapakTepHOro isi pO3BMHYTOrO MO3H-
THUBHOTO JIiiepa i OTPHMMAHOTO 3a JOIOMOTOI0 BiIOMHUX
CIIEKTPOCKOIIYHHUX BuMipioBanb. Lleit orpumanuii piBeHb
temrepatypu 7,,, BKa3ye Ha Te, IO IU1a3Ma B KaHAJI I10-
sutuBHOTO Jinepa B wiid JIEPC cTae TepmMoioHi30BaHOKO.

4. Ha ocHoBi BimoMoro y (i3uimi 1mia3Mu piBHIHHS
Caxa y BUMaaKy i0OHi3amii eeKTPOHHUMH yAapaMy HEHT-
paTBHUX MOJEKYJI KHCHIO O, aTMOC(EpHOTo MOBITPS HO-
CIipKyBaHOi Hamu BucokoBoibTHOT JIEPC  «BicTpsi-
IUTIOIMHAY MMOKA3aHo, 10 T'YCTUHA H,; CJICKTPOHIB B MOBI-
TpPsIHII PIBHOBa)XKHIM IU1a3Mi KaHally IO3UTHBHOIO JIijiepa
uiei JJEPC npu T,,,~1,639-10* K npuiimae KinpkicHe 3Ha-
weHHs Ois 1,,~0,7-10%" M, sike Bimosimae i Bimomum
YHUCEJIbHUM 3HAYE€HHSM B 0011acTi Pi3MKH 1 TEXHIKH BUCO-
KOBOJIBTHHX Ta30BHUX PO3PSAIIB aTMOC(PEPHOTO THCKY.

5. Po3paxyHKOBO-IOCIITHIM HUIIXOM TOKa3aHO, M0
U eJIeKTpO(I3NYHOrO BHMIAJKY, IO PO3IIIANAETHCA B
noBitpsHiit JIEPC «Bictps-umommaay ([n;,=1,5 M), Ha
cTafii BHHUKHEHHS, PO3BUTKY 1 IPOCYBaHHS IIO3UTHBHOTO
migepa B arMocepHoMy mNoBiTpi gociimxyBanoi JJEPC
NP TYCTHHI 7., €JIEKTPOHIB B ChepHUHil ToJIOBLI LOTO
Jiziepa paaiycoMm R.;~0,5-107 ™ 6ins n,,~0,7-10*" ™M ii
eNeKTpUYHMIA moTeHIian U, 3MIHIOEThCS BiI PpIiBHA
UAT,)=U611,6 kB (moyaTtok po3BHUTKY JIiiepa) 10 NpH-
ONM3HO HyJs (3aBEepLISHHsI PO3BHUTKY JiJepa 1 HacTaHHS
MIPH JIOBXKUHI HOTO I1a3MoBOro kanany /;~1,13/,;, B mo-
BitpsaOMY npoMixkKy JEPC kpizaoi dhazu po3psmy). st
MIPOMDKHOTO CTaHy PO3BUTKY B JIOBIOMY IOBITPSIHOMY
npomixky wiei JIEPC kanany migepa (/;~0,395 M) enekr-
puuHuil moteHmian U,; TOJOBKK MO3UTUBHOTO Jiijiepa B ii
aTMoc(hepHOMY TOBITpi KiIbKicHO ckimagatime U, ~605 kB
NpY NaAiHHI HANpyry Ha KaHaui jgigepa U;~6,6 kB.

6. BcranoBineHo, 1110 B CTPUMEpHiHN 30HI MOBITPSIHO-
ro MPOMDKKY MMOOJIM3Yy TOJIOBKH NO3WTHBHOTIO Jiiepa (Ha
Bincrani x~10R,;~5 MM Big Hei) mocmimxyBanoi JIEPC
(Inin=1,5 M) dopmyeTbCsl HanCHIBHE ENEKTPUYHE T10JIE 3
MaKCHMAJIBHOIO HarmpyxeHoctio Ep.,~21,1 MB/m (mpn
yCepemHeHi 3a JOBXHHOIO I[HOTO MPOMDKKY HampyKe-
HOCcTi E;,~465 xB/M, mo XapakTepHa IUISI CTPHUMEPHOI
30HU TIepe]] JTiIepoM), sika MOpiBHSIHA 3 KPUTHYHOIO Ha-
npyxeHoctio E£;~24,9 MB/M elekTpu4HOro Imoisi, L0
BHUKJIMKAE aKTUBHY yIapHy I1OHI3aIlil0 eJIeKTPOHaMH il
aTMoc(epHOro NoBiTpsi. Y 3B’43KY 3 LIUM 032 T'OJIOBKOIO
bOT0 JiJiepa CTBOPIOBATUMYTHCS (i3W4HI YMOBH ISt
AKTHBHOTO PO3BUTKY €JIEKTPOHHUX JIABMH 1 TO3UTHBHHUX
CTPUMEPIB Y KIIBKOCTI Ny, AKi CTApTYIOTh 3 TOJIOBKH JIi-
nepa 3 ii HaqMIpHUM MO3UTUBHUM 3apsjioM ¢.;~58,7 uKi
yOik 3a3emiieHoro enexkrpoaa-miomuny 1iei JJEPC.

7. IlokazaHo, 10 yCEpENHEHA 3a JOBKUHOK 3UI3a-
TOTOIIOHOTO UISIXY MPOPOCTAaHHS B TIOBITPi MMO3UTHBHOTO
Jigepa po3psamy HampyKeHICTb E;; MOMOBXKHBOTO EIIEKT-
PUYHOTO MO BCEPEIMHI HOTo MIa3MOBOro KaHAITy pafi-
ycoMm O RLzO,S-IO’3 M B BHCOKOBOJILTHIN MOBITpsHIN
JEPC «BicTpsa-TUTOMIMHAY AT BUMAAKY, KOJIU /pin=1,5 M 1
UT)=U~611,6 kB, npu muTOMIiii €JIEKTPONIPOBITHOCTI
yLe:1O4 (OM~M)’1 PIBHOBXXHOI IUIa3MH KaHAIY I[HOTO
Jiziepa YMUCeabHO CKlagae mpuodausHo £;,~16,6 kB/M.

8. P0o3paxyHKOBO-EKCHEPUMEHTAIbHUM  LIJISIXOM
OTPUMAaHO 3HAYEHHS YCEPEIHEHOI NOBXHHH [, CTpUMEp-
HOI 30HU IIepes TOJIOBKOIO MO3UTUBHOTO JiJepa, sKe Ui
BHTIAAKy 3actocyBaHHA B moBiTpsHid JIEPC «sicTps-
wiomuHay (/pi,=1,5 M) CTaHZapTHOTO KOMYTaLiHHOTO
anepioUYHOrO IMIYJIbCY BHCOKOI Hampyru U,(f) yacoBoi
tdopmu T,,/T,~200 mkc/1990 MKC MO3UTHUBHOT MOIAPHOCTI
3 mpoOuBHOO Hanpyrow U,~611,6 kB cknanae [~1,3 M.

9. BcraHoBneHO, 1O TyCcTHHa J,; €JIEKTPOHHOTO
CTpYMY I, B IUIa3MOBOMY KaHali IIO3UTHBHOTO Jizepa
Juii  BUCOKOBONMbTHOI  moBitpsiHoi  JIEPC  «BicTps-
wiomuHay (/pi=1,5 M) mpuiiMae KiTbKiCHE 3HAUYCHHS
6,~1,66-10° A/M2, a eJIeKTPOHHUH CTPYM i, YOIK ii 3a3e-
MJIEHOI'O METAJIEBOIO EIEKTPOAY-IUIOMHKHU — I,;~130,5 A.

10. ITokazaHo, 110 MOTOHHUH 3apsif ¢;; TOHKOTO IJia-
3MOBOT'0O KaHally TIO3UTHBHOTIO JIiiepa, KU MIPOCYBA€Th-
cs B armocdepromy noitpi JJEPC «BicTpsi-ruionunay,
Mae KinbKicHe 3HaueHHS ¢,~58,7-10° Kn/m. Lleii enext-
PHUYHUI 3apsii BU3HAYAE 10HHHUIA CTPYM [ B IIA3MOBOMY
KaHaJi I[OT0 JIiJiepa, SKH YACEIIbHO JIOPIBHIOE PUOIIH-
3HO 1;;~5,87 A mpu #oro ryctuHi oins 6;,~7,47 10° A/M%

11. BcraHOBEHO, 10 TPU MUTOMIH €IEKTPOIPOBi-
HocTi y,,~10% (OMM) ™' TepMOiOHI30BaHOT MITA3MH KaHATY
MO3UTHBHOTO JIiiepa B BHUCOKOBOJBTHIH MOBITPSAHIN
JEPC «BiCTps-IIIOMIMHAY» NOTOHHUHA aKTHBHHU OMip Ry,
IUTa3MOBOTO KaHAITy IIHOTO JIiiepa KUTbKICHO CKJIafae Ois
R;~127,3 Om/m. Tlpu 11boMy MOBHU#T aKTHBHUIL omip Ry,
3Ur3aronogiOHOr0 IIa3MOBOTO KaHAIY IO3UTHBHOTO JIi-
nepa B i JEPC (/,;,=1,5 M) npuiiMatume 3HaYCHHS, SIKES
4rcebHO nopiBHIOBaTHME R ~1,13R ) [1i=215,8 Om.

12. BukoHaHI Ha BITYN3HSIHOMY MOTYXXHOMY HaJBH-
COKOBOJIFTHOMY OOJIaJIHaHHI Ha BIIKPUTOMY MOBITpI B
yMoOBax eJeKTpodi3nyHoi aboparopii BiAMOBiIHI ekcie-
PUMEHTANBHI TOCIIKEHHS eNeKTPOPO3PIAIHIAX TIPOLECiB
B JIEPC «BicTpsi-rutonunay 3 10BkuHaMu 1 M</,;,<4 ™ ii
JTIOBTOTO TIOBITPSTHOTO MPOMDXKKY BKa3YIOTh Ha MPaBOMip-
HICTh 3aIPOIIOHOBAaHOI HAMH CIPOIIEHOI MoJem Gopmy-
BaHHs MOOJIM3Y MOTEHLIAIBHOIO EJNEKTPOLY-BiCTps L€l
JEPC i nogasnpuioro po3Butky B i arMochepHOMY TMOBi-
TPl TOHKOTO IJIa3MOBOTO KaHATy MO3WTHUBHOTO Jiifiepa 3
HOro BKa3aHUMHM BUILE OCHOBHUMH XapaKTEPHUCTHKAMHU.

®dinancyBanHs. Po0oTy BHKOHaHO 3a MiITPUMKH
MiHnictepctBa ocBith 1 Hayku Ykpainu (tema B Ne
0123U101704).
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The main characteristics of the leader channel during
breakdown of a long air gap by high pulse voltage.

Goal.  Calculation-experimental  determination of  basic
descriptions of plasma channel of leader at an electrical break-
down of long air gap in the double-electrode discharge system
(DEDS) «edge-plane» by artificial electricity of high pulse
voltage of positive polarity. Methodology. Bases of the
theoretical  electrical  engineering and  electrophysics,
electrophysics bases of technique of high and extra-high
voltage, large pulse currents and high electromagnetic fields,
basis of high-voltage pulse and measuring technique. Results.
The simplified electrophysics model of origin and development
of positive leader is offered in the long air gap of probed DEDS,
which the followings descriptions of plasma channel of this posi-
tive leader were found on the basis of: a closeness of n,;, charge
and electric potential U, in the head of leader, linear charge
q11 of leader of plasma channel; closeness J,; of electron current
i.; and this current i, in the channel of leader, strength of high
electric field outside E;, and inwardly E;; of the channel of
leader; length I; of streamer area before the head of leader;
maximal electron temperature T,; in plasma of channel of
leader, linear active resistance Ry, and active resistance Ry, of
channel of leader. Executed on a domestic powerful over-high
voltage electrical equipment outdoors in the conditions of
electrophysics laboratory high-voltage experiments with the use
of standard interconnect aperiodic pulse of voltage U,t) of
temporal shape of T,/T,=200 us/1990 us of positive polarity for
probed DEDS at a change in it of minimum length 1, of its
discharge in air gap in the range of 1 m<l,;,<4 m confirmed
power and authenticity of row of the got calculation correlations
for the indicated descriptions of plasma channel of positive
leader which is formed and develops in this DEDS. Originality.
In a complex kind calculation-experimental way the indicated
basic descriptions of plasma channel of positive leader are cer-
tain in probed DEDS. By calculation way it is first rotined that
on the stage of development of positive leader in atmospheric
air of indicated DEDS high electric potential U, of his
spherical head with the charge of q.,;~58,7 nC has a less value
(for example, U, ~605 kV for length of his channel of 1;=0,395 m
at ly,,=1,5 m) the radius of R,~0,5 mm, what high potential
U.t)=U,(Ty)=611,6 kV its active metallic electrode-edge.
Obtained result for the maximal electron temperature
T,,~1,639-10° K in plasma of the probed leader testifies that
this plasma is thermo-ionized. Practical value. Practical
application in area of industrial electrical power engineering,
high-voltage pulse technique, techniques of high and extra-high
voltage of the obtained new results in area of physics of gas
discharge allows not only to deepen our electrophysics
knowledges about a leader discharge in atmospheric air but also
more grounded to choose the air insulation of power high and
over-high voltage electrical power engineering and electrical
engineering equipment, and also to develop different new electri-
cal power engineering and electrophysics devices in area of
industrial electrical power engineering and powerful pulse energy
with enhanceable reliability and safety of their operation in the
normal and emergency modes. References 49, figures 7.

Key words: long air gap, leader discharge, electrical breakdown
of gap, plasma channel of positive leader, characteristics of
positive leader.
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Determination of parameters of an autonomous source of a constant magnetic field
for a portable electromagnetic-acoustic transducer

Purpose. Determination of rational parameters of an autonomous source of constant magnetic field, ensuring the efficiency of using
portable electromagnetic-acoustic transducers (EMAT) for diagnostics of remote ferromagnetic objects. Methodology. An analysis of the
parameters of an autonomous magnetic field source consisting of a permanent magnet and a ferromagnetic screen magnetizing a
ferromagnetic object with a flat surface, providing a central magnetic field along the magnet axis above 0.3 T, was carried out. Results.
The results of experimental studies on a sample of an autonomous source, which contained 6 sections of a permanent magnet made of
NeFeB ceramics with dimensions of 50x50x10 mm’, correspond to the results of calculating the magnetic field on the surface of a
ferromagnetic sample with an error of up to 9 %. Experimental studies were carried out for EMAT with two magnetic field sources
containing rectangular permanent magnets of the same height but different widths. Novelty. It has been established that in order to select
rational parameters of an autonomous source of magnetic field, it is necessary to use an integral criterion that takes into account the
magnetic field in the surface layer of a ferromagnetic object, the magnetic scattering field, the volume of a permanent magnet, which
determines the mass and size indicators and cost of the source, and the force of attraction to the ferromagnetic object. Practical value.
For portable EMAT, increasing the magnetic field in a remote ferromagnetic object either by increasing the volume of a permanent
magnet or by decreasing the air gap between the magnetic field source and the ferromagnetic object provides increased EMAT efficiency
by increasing the ratio of the amplitude of the received ultrasonic bottom pulses to the noise amplitude. References 27, figures 14.

Key words: autonomous magnetic field source, permanent magnet parameters, magnetic field, remote ferromagnetic object,
integral criterion, electromagnetic-acoustic transducer, signal amplitude, noise.

Mema. Busnauenns payioHanbHux Rapamempie aGMOHOMHO20 OJicepend NOCMIUHO20 MASHIMHO20 NOJA, AKi 3a6e3nedyioms
ehexmugnicms BUKOPUCMAHHS NOPMAMUGHUX eleKMPOMACHIMHO-aKycmudnux nepemeopiosauie (EMAII) onsa diaenocmuxu 8idoanenux
Gepomacnimnux 06 ’exmis. Memoodonozia. [lposedeno ananiz napamempie amoHOMHO20 0dcepela MACHIMHO20 NOJIsl, WO CKIAOACMbCs
3 HOCMILIHO20 MA2HIMY ma epoMasHIMHO20 eKpana, Wo HAMASHIYYE hepomacHimuull 06 ekm 3 NIOCKOIO0 NosepxHero, 3abe3neyyiouu
yeHmpanvHe MacHimHe noae 63006dc oci macHimy nouwao 0,3 Tn. Pe3ynbmamu excnepuMeHmanbHux OOCTIONCeHb HA 3PA3KY
asmoHoMHO20 Odrcepena, sKuii micmus 6 cexyiii nocmitinozo maznimy 3 kepamiku NeFeB posmipamu 50x50x10 ma’, gionosioarome
pe3yemamam po3paxymky MAazcHimHo20 RO HA HOBEPXHi ghepomazHimnozo 3paszka 3 noxubkoio 0o 9 %. Excnepumenmanvhi
docnioncennss Oynu nposedeni ona EMAIT 3 0soma Ooicepenamu mMazuimuo2o nOJA, Wo MICMAMb NPAMOKYMHI NOCMIUHI MazHimu
oouaxoeoi’ eucomu, ane piznoi wupunu. Hosuszna. Bcmanoeneno, wjo ona eubopy payionanbHux napamempie agmoHOMHO20 O0dcepend
MASHIMHO20 NOJSL HEOOXIOHO BUKOPUCTNOBYS6AMU [HMeSPATbHUlL Kpumepitl, AKUll 6paXo8ye MAcHimHe None 8 NOBEePXHeEOMy wapi
Gepomaznimnozo 00 ’ckma, MazHimue noie poscilosants, 00’ em NOCMINHO20 MA2HIMY, AKUL 6USHAYAE MACO2AOAPUMHI NOKAZHUKY MA
eapmicmb Ooicepena, cuny npumseanis 00 gepomaziimnozo 06 ’ckma. Ipakmuuna 3snavumicmes. [lopmamuenuti EMAII 3a6e3neuye
30L1bUEHHs] BIOHOWEHHS AMIIIMYO THHOPMAYIUHUX OOHHUX IMUYIbCI8 00 WYMY WUISXOM HAPOUWY8aHHs 06 €My 1020 NOCMIUHO20
MazHimy ma 3MeHWeHHsA NOGIMPSAHO20 3A30PY MIXHC 0XHCePeloM MASHIMHO20 oA i pepomaznimuum o0 ‘exkmom. bion. 27, puc. 14.

Knwouoei cnoéa: aBTOHOMHE IKepejo MArHiTHOro moJisi, MapaMeTpH NOCTiIHHOrO MAarHiTy, MarHiTHe moJie, BifgaJjieHuUii
(epomarniTHuii 06’€KT, iHTerpanbHMii KPUTEPiii, €JIEKTPOMATHITHO-AKYCTHYHU NePEeTBOPIOBAY, AMILTITY/Ia CUTHATY, HIYM.

Introduction. Sources of constant magnetic field
(SMF) intended for magnetization of ferromagnetic objects
(FO) located at a considerable distance (up to 20—50 mm)
are used in various fields of science and technology. Thus,
electromagnetic-acoustic transducers (EMAT) are used for
monitoring and diagnostics of ferromagnetic products with
dielectric coatings or deposits on the surfaces. The coating
thickness of the products being monitored can reach up to
5 mm, and deposits, for example, on the internal surfaces of
pipelines, up to 20 mm or more. The efficiency of these
transducers depends on the degree of magnetization of the
FO surface layer, remote from the SMF [1].

The problem of creating a compact and powerful
SMF for magnetizing a FO located at a considerable
distance from it is relevant for various scientific and
technical tasks. Such sources of constant magnetic field are
necessary for magnetic separation, nanotechnology,
materials science, biomedical diagnostics, etc. [2—7]. At the
same time, in many practical applications they must operate
autonomously, without using an external power source as
part of a portable device performing various tasks, for
example, non-destructive testing of ferromagnetic products.

Features of SMF for EMAT. In non-destructive
testing of ferromagnetic products, EMATSs with SMF are

used, which magnetize the product, providing generation
of ultrasonic waves using a high-frequency coil [8].

In principle, the EMAT includes a SMF 1 and a flat
high-frequency inductance coil 2, which affect the FO 3

(Fig. 1).

Fig. 1. Scheme of a portable EMAT: 1 — SMF; 2 — inductance
coil; 3 — FO; 4 — electromagnetic field; 5 — eddy currents in FO
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The SMF forms the normal component of the
induction of the constant magnetic field B,, which acts on
the FO. A high-frequency current I flows in the
inductance coil, which, due to the high-frequency
electromagnetic field 4, induces eddy currents 5 in the
surface layer of the FO. When the eddy current /; interacts
with the magnetic field B,, an alternating elastic Lorentz
force acts on the conduction electrons, which is
transmitted to the crystal lattice of the FO. As a result,
ultrasonic pulses with a frequency f are excited. Eddy
currents in the FO, due to elastic oscillations of the crystal
lattice, induce an alternating current with a frequency fin
the inductance coil 2, which acts as a receiver of
ultrasonic pulses.

Thus, for diagnostics of a steel pipe, an EMAT is
used, containing an SMF of four permanent magnets
(PM), the same poles of which are separated by an angle
in the range from 30° to 60° [9]. This SMF provides
better homogeneity of the magnetic field in the surface
layer of the FO compared to configurations of two poles
facing each other or quadrupole geometry.

To generate ultrasonic waves in the FO, SMFs with a
periodic PM configuration are used in EMAT [10].
Compared to a single PM, a periodic configuration of
magnets increases the maximum induction, providing the
required value and distribution pattern on the FO surface,
especially under the coil generating high-frequency signals
[11]. To increase the magnetic field in the FO, both various
magnetic concentrators [12] and several PMs, such as
Halbach magnet configurations [13], are proposed.

A mobile robotic system designed to create internal
maps of the investigated FO and its structural elements
uses a movable EMAT. One of the main tasks of such a
system was the selection of PM parameters that take into
account the required magnetization of the FO and the
mass and dimensional parameters of the converter [14].

Problems arise during operation of PM due to
elevated temperatures and irreversible demagnetization
[15]. The degree of recovery of irreversible
demagnetization of PM depends on the choice of
magnetic material and the configuration of the system,
including the geometry of the magnet, its interaction with
other ferromagnetic materials and magnetic fields [16].
As an alternative to PM, long-acting electromagnets or
pulsed electromagnets are used, but their operation
requires external power sources [17, 18].

When magnetizing the FO from an autonomous
SMF, an attractive force arises between them, which must
be taken into account, especially when the source is used
in portable devices. Between cylindrical PM and FO, this
force is directly proportional to the residual magnetic field
of magnetization, the cross-sectional area of the PM, the
saturation magnetic field and the cross-sectional area of
the FO, and inversely proportional to the square of the
distance between them [19].

When testing a FO using an EMAT that uses
overhead SMFs, it is necessary to know the distribution of
the magnetic flux in the surface and internal layers of the
object being tested [20]. The gap between the SMF and
the FO changes the spatial distribution of the field inside
the tested object. Changing the gap under one of the
magnets affects the distribution of the magnetic field in

the entire volume of the tested FO, and not only in the
area located with a gap under this magnet.

By increasing the size of the autonomous SMF to a
certain level, a significant increase in the EMAT
performance is ensured. However, with an excessive
increase in the size of the source, the efficiency of the
converter increases insignificantly, and the weight and
size parameters become too large, which is unacceptable
for a portable device [21].

As is known, the efficiency of EMAT, diagnosing a
remote FO, is estimated by the conversion coefficient [22]:

n = k-I;-B.>-exp(-h/R),
where £ is a coefficient depending on the electrical, magnetic
and elastic characteristics of the FO material; /; is the high-
frequency current in the induction coil with an average
radius R; B, is the value of the normal component of the
induction of the constant magnetic field in the surface layer
of the FO; 4 is the distance from the SMF to the FO.

The efficiency of EMAT can be increased by both
increasing the current /; in the high-frequency coil and
increasing the magnetic field induction B, in the surface
layer of the FO. Since the efficiency of EMAT depends to
a greater extent on the value of B, than on I this
necessitates an increase in the induction of the constant
magnetic field in the surface layer of the FO to increase
the efficiency of EMAT [1].

Thus, the autonomous SMF of a portable EMAT
should maximally magnetize the FO located at a
significant distance from it (up to 50 mm).

Despite the significant amount of research on the
development of EMAT, the problem of choosing rational
parameters of an autonomous SMF, taking into account
the main indicators, remains unresolved. These are the
magnetization level of the remote FO, the dimensions of
the PM, which affect the weight and size indicators and
the cost of the device, the force of attraction to the FO and
the scattering field, which is important when operating the
converter [23].

The purpose of the article is to determine the
rational parameters of an autonomous source of a constant
magnetic field, ensuring the efficiency of using portable
EMATsS for diagnostics of remote ferromagnetic objects
with a flat surface.

Research object. Let us consider an autonomous
SMF as part of a portable EMAT. The SMF consists of a
PM 1 and a ferromagnetic screen (FS) 2, coaxially
installed on the upper end of the PM (Fig. 2). The lower
end of the PM faces the flat outer surface of the FO 3,
which is of considerable length and thickness. The
autonomous SMF is located at a considerable distance
from the FO, so that between the lower end of the PM and
the outer surface of the FO there is an air gap of height Z;,
in which a high-frequency inductance coil 4 is installed.
Figure 2 shows the boundary for calculating the average
value of the magnetic leakage field B,, 5 and the central
axis of the magnetic system 6, coinciding with the z axis
of the Cartesian coordinate system.

PM based on NeFeB ceramics with a coercive force
of 1114 kA/m [24] is made in the form of a square with a
side a and a height H, with axial magnetization. FS is
made of St10 steel in the form of a disk with a square
cross-section and a height #..
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Fig. 2. Schematic diagram of an autonomous SMF as part of a
portable EMAT (to the left of the 0z axis) and the distribution of
the magnetic field it creates (to the right of the 0z axis):

1 —PM; 2 — FS; 3 — FO; 4 — inductance coil;

5 — calculation limit B,,; 6 — central axis of the magnetic system

Influence of geometric parameters on SMF
indicators. Let us consider an autonomous SMF with a
permanent magnet intended for EMAT. The magnetic
field analysis will be performed in the plane (z0x) passing
through the central axis of the magnetic system. The
magnetic system is calculated using known mathematical
expressions using the FEMM program [25]. This program
solves a large system of algebraic equations, which are
formed based on the finite element method and a
differential equation describing the magnetic field in the
cross section of a magnetic system.

Autonomous SMF should magnetize FO so that the
central magnetic field By — magnetic field along the axis
of magnetic system 6 in its surface layer (Fig. 2) was
above B,;;=0.3 T. Such a field is necessary for portable
ultrasonic EMAT devices when performing thickness
measurement and diagnostics of ferromagnetic products.
PM is located at a distance of Z;=25 mm from FO and its
width a should not exceed 80 mm, which is important for
portable EMAT. FS has the same cross-section as PM,
and its height #,=10 mm.

We will calculate the average value of the magnetic
stray field B,, at boundary 5, located at a distance of 25 mm
from the outer boundary of the autonomous SMF.

Based on previous studies [1], we select the basic
version of an autonomous source with the PM parameters:
the square side a=30 mm, the height H1=40 mm. This SMF
at Z;=25 mm magnetizes the FO to the minimum required
value By=Bni, (more precisely By=0.299 T). In this case, the
magnetic stray field B,=0.106 T, and the source is acted
upon by an axial attractive force F, =37.44 N from the FO
side. Figure 2 shows the lines of force and the induction of
the magnetic field created by the basic version of the SMF
during magnetization of the remote FO.

Let us consider the influence of the parameters of the
autonomous SMF on the magnetic field in the surface layer
of the FO (along the Ox axis). With an increase in the height
of the PM A, and an unchanged cross-section with a side of

a=50 mm, the maximum magnetic field in it increases
(Fig. 3). The greatest value of the field occurs inside the
PM. However, in the FO, the magnetic field also increases
both in magnitude and in the area of influence.
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Fig. 3. Distribution of the magnetic field induction modulus
in the surface layer of the FO at different PM heights

If the PM is made of a small height (H,=20 mm),
then the required value of the central field B, on the
surface of the FO is not ensured. With a linear increase in
the height of the PM, the magnetic field in the FO
increases nonlinearly with a decrease. This shows the
inexpediency of increasing the height of the PM above a
certain value.

A more appropriate way to increase the magnetic
field in the FO is to increase the PM width (Fig. 4). In this
case, both the central field B, and the width of the
magnetization region increase in the surface layer of the
FO. When the PM width is increased by 2 times from 30
to 60 mm, the central field increases by 1.33 times, and
the magnetization area of the FO by a field higher than
By increases by more than 10 times.
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Fig. 4. Distribution of the magnetic field induction modulus
in the surface layer of the FO at different PM widths

Figure 5 shows the dependence of the relative values
of the central magnetic field B, in the FO (relative to the
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basic version of the SMF) on the geometric parameters of
the PM. With an increase in the volume of the PM, this
field also increases, but with a nonlinear decrease in
growth. Even with a significant increase in the dimensions
of the PM, the central magnetic field increases no more
than 2 times relative to the basic version of the SMF. In this
case, it is possible to determine the geometric parameters of
the PM that provide a magnetic field higher than B,,, and
the magnetization area of the FO by such a field.
B *

H|, mm 60 70 30

Fig. 5. Dependence of the relative value of the central magnetic
field in the FO on the geometric parameters of the PM

However, for a portable EMAT, when selecting the
geometric parameters of the PM, in addition to the
magnetization field FO, it is necessary to take into
account other indicators. These are the magnetic
scattering field B,,, the volume of the autonomous source
V and the force of attraction of the autonomous source to
the FO F.. The magnetic scattering field B, has a
negative effect on both the nearby electronic system of
the device and on the service personnel [26].

The volume ¥V determines the mass, dimensions and
cost of the autonomous SMF. The cost is mainly
determined by the high-coercivity PM. The attractive
force to the FO F, determines the operating conditions of
the portable EMAT. This force is calculated using the
well-known formula:

F, :L§zm(3, .B,)dS ,

where B,, B, are the radial and axial components of the
magnetic field induction in the volume of the SMF
covered by the surface S.

Figure 6 shows the force of attraction of the SMF to
the FO FZ* in relative form.

As follows from the presented graph, with an
increase in the volume of the PM V' (height H; or width
a), the attractive force increases. If the width of the PM is
insignificant (=30 mm), then the force from the height of
the PM increases insignificantly. With the maximum
parameters of the PM from the considered range
(H=a=70 mm), this force increases almost 14 times
compared to the basic version of the SMF.

As calculations show, the nature of the change in the
magnetic field scattering B, into the surrounding space
depending on the geometric parameters of the PM largely
corresponds to the nature of the change in the central
magnetic field By in the FO.

Since with the increase in the volume of PM V all
the indicators of SMF increase, the question arises about
the nature of these indicators with the same volume, but a
different combination of height A; and width a.

=3 40 a, mm
H;, mm 70 730

Fig. 6. Dependence of the relative values of the force of attraction of
the SMF to the FO on the geometric parameters of the PM

Figure 7 shows the dependence of the relative SMF
indicators on the width a for a small (F=125-10° mm?)
and large (V=216-10° mm’) volume of the PM. The small
value of V' is due to the choice of the basic version of the
PM with parameters H;=a=50 mm, and the large value of
V is due to the choice of the basic version of the PM with

parameters H;=a=60 mm.
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Fig. 7. Dependence of relative SMF indicators on the width
of the PM for a small (@) and large (b) volume V'
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With a constant PM volume, the maximum value of
the central field B, in the FO occurs at a certain width. For
a PM with a small volume, this is approximately =40 mm,
and for a PM with a large volume, this is approximately
a=50 mm. Note that these dimensions are smaller than the
width of the base PM. The nature of the scattering field B,,
largely corresponds to the central field B,.

The nature of the force of attraction of F, SMF to
FO is different. The maximum force occurs when the
width of the magnet is greater than the base one. For PM
with a small volume, this is approximately =65 mm, and
for PM with a large volume, =75 mm.

Let us consider the influence of the height FS he on
the SMF indices (Fig. 8). This screen slightly (up to 4 %)
increases the central magnetic field in the FO By. As a
result, the force of attraction of the SMF to the FO F.
increases to a greater extent (up to 8 %). At the same
time, the magnetic field of scattering into the surrounding
space1 Zziex decreases, but slightly (up to 3 %).

* * *
BU Be.\' FZ
1 mil
08 + z BT
04+ H os
02 T "8
0 I : f —
0 1.0 1.5 h; 20

Fig. 8. Dependence of relative SMF indicators on the height
of the ferromagnetic shield

The highest value of the scattering field B,, occurs in
the absence of FS, and the highest central field B, occurs
at its maximum height. Note that the location of FS on the
lateral sides of the PM is inappropriate, since such a
design reduces the central magnetic field in the FO with a
large air gap Z; [1].

Considering that increasing the height of the FS
leads to an increase in the height and weight of the
autonomous SMF, it can be assumed that the SMF variant
with 4,=10 mm, like the basic variant, is acceptable.

Thus, with an increase in the height H; and the width a
PM, all SMF indicators increase, although to varying
degrees. However, an increase in the central magnetic field
By in the FO is a positive indicator of an autonomous
source, reflecting its main purpose, and an increase in the
remaining indicators are negative factors.

Based on the above, the parameters of the
autonomous SMF, namely the geometric dimensions of
the PM, must be selected taking into account both the
positive indicator (the central magnetic field B, in the FO)
and the negative indicators (the scattering magnetic field
B,., the volume of the SMF J and the force of its
attraction to the FO F)).

The task of selecting the geometric parameters of the

PM can be considered as multicriterial. For this purpose,

we will reduce the above SMF indicators to one integral

criterion using the scalarization function — the canonical
additive-multiplicative objective function:

* * a a

K :ﬁ[al By +V—1+F—i+B—fJ+(1—ﬂ)x

z ex

a as a4 4
* 1 Y721 1
X (Boyzl (F\J [FJ [B* ] P Zal- = L
i=1

z ex

where ¢; are the weight coefficients of the objective
function; £ is the empirical coefficient.

Based on expert assessments, we set the coefficients
a=0.5; =0.2; =0.2; a=0,1; p=0.75. The integral
efficiency criterion from the geometric parameters of the
PM of an autonomous SMF is presented in Fig. 9.

K*
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0.4

H,, mm 60" 70

Fig. 9. Dependence of the integral criterion of SMF efficiency
on the geometric parameters of the PM

Based on the obtained dependencies, it can be
concluded that the most effective are SMFs, in which the
PM have the largest width and height from the considered
range. This is due to the fact that such magnets magnetize
the FO more strongly. However, PMs with a small width
and height can also be quite effective, provided that their
central field value By>By,;,. Such SMFs have small mass-
dimensional parameters and a relatively low cost.

Experimental studies. For experimental verification
of the magnetic field modeling results, a sample of an
autonomous SMF  was manufactured, providing
magnetization of a remote FO (Fig. 10). This sample
contained 6 flat PM sections with dimensions of
50x50x10 mm® each made of NeFeB ceramics. The
sections were arranged in a column so that the PM height
was 60 mm. On top of the PM there was an FS with
dimensions of 50x50x10 mm®, made of St10 steel.

An experimental sample made of St45 steel with
dimensions of 180x65x30 mm® was used as the FO, on the
surface of which measuring paper with divisions of 1 mm
was applied (to control the movement step of the Hall
sensor, which provided measurement of the axial
component of the magnetic field induction B, at a height of
0.5 mm above the surface of the FO). The measurement of
the magnetic field induction value was performed using a
pre-calibrated F4354/1 teslameter.
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Fig. 10. Scheme (a) and experimental sample (b) of an autonomous
SMF that provides magnetization of a remote FO: 1 — PM sections;
2 —FS; 3 — FO; 4 — electronic unit; 5 — insulating supports of
variable height; 6 — dielectric pads; 7 — housing; 8 — insulating
protector; 9 — Hall sensor; 10 — measuring ruler

A sample of an autonomous small-sized SMF was
installed on the FO with a non-magnetic gap Z,=25 mm
(the total height of the insulating supports 5 and the
protector 8). The axial component of the magnetic field
induction B, was measured by a Hall sensor on the FO
surface every 5 mm from the center at a distance of up to
40 mm along the long side of the experimental steel
sample. The measurement results are shown in Fig. 11. In
the presented distribution of the magnetic field, the FO is

outlined by a contour below the Ox axis.
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Fig. 11. Results of experimental (points) and calculated (line) values
of the axial component of the magnetic field induction B, and the
distribution of the magnetic field for the experimental sample

The experimental data correspond to the simulation
results with an error of up to 9 %, which indicates the
reliability of the results obtained. The difference between
the experimental results and the calculated ones is due to
the spread of the parameters of the PM sections due to the
manufacturing technology, as well as errors in the
location of the Hall sensor relative to the FO.

Practical implementation. Let us consider the use
of an autonomous SMF for a portable EMAT, providing
excitation and reception of ultrasonic pulses in the FO.
Figure 12 shows the diagram and layout of the converter
of electromagnetic energy into ultrasonic energy [27] with
an autonomous SMF and a system for measuring the
distribution of the magnetic field on the surface of the FO.

a b
Fig. 12. Scheme (a) and layout (b) of EMAP: 1 — SMF;
2 — gaskets; 3 — plate 3 with an inductance coil; 4 — FO;
5 — electronic unit; 6 — pulse generator; 7 — amplifier;
8 — synchronizer; 9 — oscilloscope; 10 — Hall sensor

The converter includes a DPMP 1, dielectric spacers 2
of adjustable height, a dielectric plate 3 with a built-in high-
frequency inductance coil, a FO 4, an electronic unit 5 with
a high-frequency current pulse generator 6, an amplifier of
received ultrasonic pulses 7 and a synchronizer 8. A digital
oscilloscope 9 records ultrasonic pulse signals in the FO,
and a Hall sensor 10 measures the axial component of the
magnetic field on the FO surface.

The converter was installed on the surface of the FO
through dielectric spacers of different thicknesses. The
efficiency of the SMF was estimated by the amplitude of
the received ultrasonic pulses using a SmartDS7202
oscilloscope [8].

Studies were conducted for EMAT with two
magnetic field sources: SMF-1 contained 6 PM sections
with dimensions of 50x50x10 mm?®, SMF-2 contained 4
PM sections with dimensions of 30x30x15 mm’. Both
sources contained FS with a height of 10 mm. These
sources have the same axial height H;=60 mm, but
different PM volumes. SMF-1 has V=150-10°> mm’, and
SMF-2 has /=54-10° mm’.

Figure 13 shows the time sweeps of the ultrasonic
pulses reflected in the FO volume, obtained at different
gaps between SMF-1 and the FO surface.

The oscillograms show the probing 1 and the
sequence of short bottom 2 ultrasonic pulses reflected in
the FO volume.

With a non-magnetic gap between SMF-1 and FO
Z,=25 mm, when the value of the central magnetic field in
FO By=0.44 T, the amplitudes of the bottom pulses in
relation to the noise are at least 10/1, which is sufficient
for thickness measurement of ferromagnetic products.
With a two-fold decrease in the gap Z;=12.5 mm, and
therefore an increase in the central field to B;=0.85 T, the
amplitudes of the bottom pulses in relation to the noise
increase to 30/1, which is applicable for monitoring and
diagnostics of ferromagnetic products.

Thus, due to the increase in the magnetic field in the
FO, the ratio of the amplitude of the first reflected ultrasonic
pulse to the noise amplitude increases by 3 times, which
makes it possible to increase the efficiency of EMAT.
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Fig. 13. Oscillograms of the sequence of bottom ultrasonic
pulses reflected in the FO volume (left) and magnetic field
induction (right) at Z;: 25 mm (a) and 12.5 mm (b), obtained
using SMF-1: 1 — probing pulse; 2 — bottom pulses.

Figure 14 shows the time sweeps of the ultrasonic
pulses reflected in the volume of the FO, obtained with
similar gaps between SMF-2 and the surface of the FO and
the same magnitude of the probing ultrasonic pulse, as when
using SMF-1. These oscillograms, as in Fig. 13, show the
probing pulse and a sequence of short bottom pulses.
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Fig. 14. Oscillograms of the sequence of bottom ultrasonic

pulses reflected in the FO volume at Z;:
25 mm (a) and 12.5 mm (b), obtained using SMF-2

With a non-magnetic gap between SMF-2 and FO
Z,=25 mm (B;=0.34 T), the amplitudes of the bottom
pulses in relation to the noise are 5/1, and when the gap Z;
is reduced by half, the central magnetic field increases to
By=0.61 T, which increases the ratio of the amplitude of
the bottom pulses to the noise to 13.5/1.

When using SMF-2, which has a PM volume that is
almost 3 times smaller than SMF-1, the EMAT efficiency
decreases (Fig. 13). This is due to the fact that the
amplitudes of short bottom pulses reflected in the FO
volume decrease, and their sequence attenuates faster.
This indicates the influence of the SMF magnetic field on
the EMAT efficiency.

Thus, it has been experimentally confirmed that
increasing the magnetic field in the FO by a source with
permanent magnets with rational parameters increases the
efficiency of EMAT.

In the future, it is advisable to consider the use of
either a pulsed electromagnet or the joint use of a pulsed
electromagnet and a permanent magnet to amplify and
regulate the magnitude of the magnetic field in the surface
layer of the FO.

Conclusions.

1. As a result of the analysis of literary sources, the
need to select rational parameters for a source of a
constant magnetic field that magnetizes a ferromagnetic
object when converting electromagnetic energy into
ultrasonic energy was established.

2. An analysis was carried out of the parameters of an
autonomous source of magnetic field, consisting of a PM and
a ferromagnetic screen, which acts on the flat surface of a
remote ferromagnetic object, magnetizing it to a given level.

3. It has been established that in order to select rational
parameters of an autonomous SMF, it is necessary to use
an integral criterion that takes into account the magnetic
field in the surface layer of the FO, the magnetic
scattering field, the volume of the PM, which determines
the mass-dimensional indicators and cost of the SMF, and
the force of attraction to the FO.

4. The results of experimental studies on a sample of an
autonomous source, which contained 6 sections of PM made
of NeFeB ceramics with dimensions of 50x50x10 mm’,
correspond with an error of up to 9 % to the results of
calculating the magnetic field on the surface of a
ferromagnetic sample made of St45 steel with a thickness of
40 mm.

5. For a portable electromagnetic-acoustic transducer,
increasing the magnetic field in the FO either due to the
dimensions of the PM or due to a decrease in the air gap
between the SMF and the FO provides an increase in the
efficiency of the EMAP, increasing the ratio of the amplitude
of the bottom pulses to the amplitude of the noise.
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3acTocyBaHHSI MeTOAYy €eKBiBaJICHTYBaHHS 0araTomapoBoro IpyHTy Npu BU3HAYeHHI
HOPMOBAaHHX NapaMeTpiB 32a3eMII0BAJIBLHOIO NPHCTPOIO

Bcmyn. Hopmosani napamempu 3a3eMui08a1bHO20 RPUCMPOIO, MAKi AK HAnpyea OOMUKy ma onip, € KPUMuyHoO 8adCausumu Ois 3d-
besneuenns enekmpuunoi be3nexu ma Hadiiinocmi pobomu enexkmpocmanyivi ma niocmanyiti. Ckraouicms bazamowiapogoi cmpykmy-
U IpyHmMy cmeopioc npobiemu 0 GUIHAYEHHs 8KA3aHUX napamempis. Lle 06ymosneno mum, wo peanvhi ipynmu Ha mepumopii enep-
2000 ckmie Yxpainu maroms mpu i Oitbue wapie, a HOPMOBAHI NAPAMEMPY BUSHAUATOMBCS NPOSPAMHUMU 3ACODAMU 3 0BOUIAPOBUMU
pospaxyuxosumu mooenamu. Tomy neobXionicms exgisaneHmysants 6A2amMowmaposux 2e0eieKmpuyHux Cmpykmyp y 080uiaposi mooe-
Ji 0Nl NPAKMU4HO20 3aCMOCY8AHHA € AKMYanbHol 3adauero. Mema. Busnauenns medc 3acmocy8ants memooy eKei8aneHmyeans
bazamowaposux IpyHmie Ha OCHOGI aHANI3y pe3yabmamie po3paxyHKy HOPMOBAHUX NAPAMEMPIE 3a3eM08anbH020 npucmpoio. Me-
mo00n102iA. Y 00CHiONCEHHT PO32TAHYIMO MPUAPO8y Moders A yomupbox munie ipyumy (A, H, O, K), nowupenux 6 Ykpaini. Po3-
PDAXYHKU BUKOHAHO 3a 0ONOMO2010 npocpamuo2o komniekcy LiGro, axuil 6azyemvcsa Ha mMemooi iHmespo-ougepenyiiHux pieHaHb,
3acmoco8anomy O aHanimuyHO20 GUPIUEHHs 3a0ayi npo NOMeHYian eneKmpUiHo20 NoJjisa MOYK0B8O20 Odicepend CMpyMy 8 Mpuuapo-
80MY NPOGIOHOMY Hanienpocmopi. B axocmi Kpumepito MOMCIUBOCI 3ACMOCYBAHHA MeMOOY eK8i8aleHIY8AHHA 0OPAHO GelUUHY
8ionocHoi noxubku 8 10 % npu eusnaueHHi HOPMOBAHUX NAPAMEMPIB 3A3eMN0BANLHO20 NPUCIPOIO 3A0aHOi MONON02Ii ma muny IpyH-
my. Tpu eusnauenni noxubku 3a icmunHe 3HAYEHHA NPUUMATUCH Pe3VIbIMAMU PO3PAXYHKY Y GUXIOHINE MpUaposii cmpyKmypi ipyHmy
07151 3a0aHOI MONONO2IT 3a3eMNI06aIbHOC0 npucmporo. Pesynvmamu demoncmpyioms, wo egpekmusHicms Memooy eK8ieanieHmy8aHHs
CYmmeso 3anedcumsy 6i0 muny IpyHmy ma niowji cucmemu 3azemients. 3okpema, Onia ipyumy muny A 3amina eepxnvo2o ma cepeo-
HbO2O WAPY eKEIBANCHMHUM NEPUIUM UUAPOM (HUICHEO20 — OpY2UM), 3abe3neuye Menuty noXubKy po3paxyHkie onopy 3a3emneHHs, Hidlc
npeocmaeiens 6epXHb020 Wapy 8 AKOCMi neputo2o, a cepednbo20 ma HUICHLO20 — dpyeoeo Ipu yvomy cnocmepzeaembc,q meHOenyisl
00 avenwienns noxubiu 6io —14,6 % 00 —2,6 % 3i spocmannsam niowsi 06’exkmy 6id 225 M 0o 14400 »°. Opuzinanvuicms. Bnepuie
npeocmaegneno pe3ynbmamu OYiHKU NOXUOKU Memooy eKGI8aneHmy6anHs 0azamouiaposux IPYHmie pi3HUX Munié npu po3paxyHky
HOPMOGAHUX NApamempie 3a3emnosanviux npucmpois. Ilpakmuuna snawumicme. Busnayenns ymoe ma medgic 3acmocy8anHs Memooy
€eKGIBANeHMYBAHHA NPU PO3PAXYHKY HOPMOGAHUX NAPAMEMPI6 3a3eMII06ANbHUX NPUCHPOIE NPOSPAMHUMU KOMNIEKCAMU MOodice 6Yymu
BUKOPUCMAHO NPU NPOEKMYBAHKE HOBUX A60 PEKOHCMPYKYIL iICHYIoUUX eHepeoob ‘ekmie Ykpainu. bion. 20, Tadin. 5, puc. 4.

Knrouosi cnosa: 3a3eMI0BaIbHUI NPUCTPiii, HANPYra J0TUKY, OMip 3a3eMJIIOBAJILHOIO MPHUCTPOIO, METO/ €KBiBaJIEHTYBAHHS,
0araTomiapoBHii IPYHT.

Beryn. Po3paxyHOK HOPMOBaHHX MapaMeTpiB 3a3eM- -1
moBajbHUX TpHCTPoiB (3I1) enexkTpUYHUX CTaHLId Ta _ < h < ) 1
nijcranuii, a came — onopy 3I1, narpyru Ha 311 Ta Hampy- Pe = Z p ! Z ’ M
TH JOTHKY, € BXXJIMBOIO HAYKOBO-TIPAKTUYHOIO 33/1a4€l0 SIK i=! =1
3 TOUKH 30pY MPOEKTYBAHHS HOBUX €HEPreTHYHUX 00’ €KTIB

m

[1-3], Tak i ekcruryaramii icHyrounx [4]. Buxigaumu ma-
HUMH JUI1 BUKOHAHHS TaKMX PO3PAXYHKIB € CTPyM OJHO-
(ha3HOTO 3aMHUKAaHHA Ha 3€MJII0, 4ac CIPAIIOBAHHA OCHOB-
HOTO Ta pe3epBHOTO 3axucty, Tomomnorig 3I1 [5], maTepian
Ta TOTIEPEYHHH TIepepi3 3a3eMITIOBaYiB, OMip OCHOBH [6] Ta
enekTpodiznuHi XapakTepuctuku IpyHTY [7]. OcranHiid
(akTop NPAaKTHYHO HE 3aJIEKUTH BiJl BIUIMBY JIIOAUHH 1
3MIHUTH HOTO B TIPOLIEC] EKCILTyaTallil HEMOXKJIIUBO.

Y PO3MOBCIOKEHUX HPOrPaMHUX KOMIUIEKCAX st
MOJICTIFOBAHHS €JIeKTpoMarHiTHuX mnpouecis y 311 [8—13],
BUKOPUCTOBYETHCS JIBOILIAPOBA MOZENb IPYHTY i3 IpaHH-
[IEI0 TTOJTUTYy, TapaielbHO MOBEpXHi 3eMii. Buxomsaun 3
TOTO, IO 3a pe3yJbTaTaMu aHajiizy 612 30HIyBaHb IOHAX
80 % rpyHTIB B MicCHsSX pO3TallyBaHHS EHEPreTHYHHX
00’ekTiB YKpaiHH MalOTh TPHU Ta Oinbine mapis [7], BUHU-
Kae moTpeda y MpUBENEHHI iCHYIOYOi CTPYKTYpH IO JBO-
mapoBoi. 3a3BHYail Ul IIbOTO BHKOPHCTOBYETHCS METO.
exBiBasieHTyBaHHs [12—18]. Inest Horo mossirae B ToMy, 1110
€KBIBaJICHTHOIO BB)KA€THCS MOZEIb 3 TAKUMHU XapaKTepH-
CTHKAaMHU T€OENEKTPUYHOI CTPYKTYPH 3eMJIi, 3a AKHX 3a3e-
MJTFOBA4 MaTHME Ti )X CaMi 3HAYCHHs €JICKTPUYHUX Mapa-
METpIB, 110 ¥ y BUXiJHI} OaraTomaposiii CTpyKTypi.

Jns mpuBeneHHs OaraTolnapoBoi TeoeNeKTPHYHOT
CTPYKTYpPH [0 €KBiBaJICHTHOI BH3HAYalOThCS CyMapHi
roriepeyHa (HOpMajibHa) 1 TOB3OBXKHS (TaHTEHIIaNbHa)
MIPOBIHOCTI TPH NPOTIKaHHI CTPYMIB BIiINOBIIHUX Ha-
MIPSIMKIB Y IPSIMOKYTHOMY CTOBIII IPYHTY 3aBBUILIKH /ix, 3
OCHOBOIO Yy BUIJIIII KBaApary 3i CTOPOHOIO BiOMOTO
po3mipy (Hampukian, a = 1 m). Bupasu ans Bu3HaueHHS
€KBIBAJICHTHOTO MUTOMOro omopy p, (1) Ta TOBIIMHK
€KBiBaJICHTHOTO IIapy /. (2) matots BUrLAn [7, 14, 15]:

he= > (i pi) Z )
i=1

Jie p; Ta h; — MATOMUN eNEKTPUYHUH OIip Ta TOBIIUHA i-TO
1apy, m — KUIbKICTb 11apiB, 110 €KBIBaJIEHTYIOTHCSI.

3aranoM, Ha NMPAKTHLI OTPUMAIH PO3IOBCIOKEHHS
Tpu crmocobn (muB. m. 2.3.2 [3]) 3acTOCyBaHHS METOXY
eKBiBaJICHTyBaHHA [7]:

1. Crmoci6 Nel — BepxHiii map peaibHOi Te0eNeKTPH-
YHOI CTPYKTYPH PO3IIISLAAIOTH SK HEpLIMil 1ap eKBiBaje-
HTHOI JBOLIAPOBOI, 8 HACTYIHI IIAPHU CKBiBaJICHTYIOTHCS
y Ipyruii (BBaKaeThcs, IO AAaHWH cHocid 103BoJsIE 3
HalMEHITMMHU MMOXHUOKaMH BU3HAYUTH PO3IOJIN ITOTEHIIi-
aJly Ha TIOBEPXHi IPYHTY Ta HANPYyTy JOTHKY).

2. Crioci6 Ne2 — Bci BepxHi HIapH peabHOI CTPYK-
TYPH MPEACTABIIAIOTH y BUIJIAAI MEPIIOTo Iapy eKBiBa-
JICHTHOI TE€0ETIEKTPUYHOI CTPYKTYPH, a HIDKHIN — IPyTroro
mapy (maHui crocid NPHUHHATO BUKOPHCTOBYBATH IIPH
po3paxyHKy omopy i norenuiany Ha 3I1).

3. Crioci6 Ne 3 — Bci BepxHi IIapy peasbHOI CTPYK-
typu no 3I1 i momarkoBi 0,1-0,2 M mpeacTaBisIOTH Y
BUTIJISIII TEPIIOrO IIapy €KBIBAIEHTHOI IeOeeKTPUYHOT
CTPYKTYpH, a HWXKHI (200 Xk Ti, 0 3HAXOIATHCS HIKYE
BiziHOCHO enemenTiB 311, iHII mapu) — APYroro mapy.

[epmmit Ta gpyrHii criocodu OTprMaHi Ha OCHOBI (i-
3WYHOTO CEHCY HOPMOBAaHHX ITIapaMETpiB: CITIBBiIHOIICHHS
MIUTOMOTO €JIEKTPUYHOTO OTIOpPY p BEPXHIX MIapiB HAHOLTh-
IlIe BIUTUBA€E Ha 3HAYCHHS MOTEHIIAY Ha ITOBEPXHI IPYHTY, a
OTXE 1 Ha HaNpyTy JOTHKY (KPOKY), a Ha OIip 1 MOTeHIja
Ha 3a3eMITIoBadi OUTbIIE BIUIMBAE p MIAPY, B SKOMY 3HAXO-
muteest 31T (aus. 1. 2.3.2 [3]). Tperiit crioci6 oTpuMaB mpak-
tiune 3actocyBaHusi B HITIKI «Momnnis» HTY «XTIl» Ha
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OCHOBI YHCEJIBHUX PO3PaxXyHKIB Ta TOPIBHAHHS eKCIIepUMe-
HTAJIbHUX Ta PO3PaXyHKOBUX 3HAYEHb.

Ipore B [9—15] BimcyTHi HaArmsaHi BiOMOCTiI Ta
aHaJITUYHO-CTATHCTHYHI aHi, sIKi JIO3BOJMIM O OLIHUTH
3arajJbHUH BIUIMB €KBIBAJICHTYBAHHS Pi3HUX THIIIB IPYHTY
(A, H, Q, K) Ha pe3ynpTaTé pO3paxyHKy HOPMOBAaHHUX
napametpiB. OtpuMati B [4] pe3ysibTaTé MOXKHA BBaXKaTu
nuie nonepeHiM anaizom wost 31T posmipom 5x5 M? Ta
HEJIOCTAaTHIM JUISl 3aCTOCYBaHHS y IPAaKTHYHUX IIISX.

3BakarouW Ha Te, M0 BKa3aHI MapamMeTpu BILIMBA-
I0Th Ha €JEeKTPOOe3eKy OOCIyroByIOYOrO HEepCOHATY
CTaHIIN Ta MiICTaHIIN, a TAaKOK HAa HaNIHHICTh eKCILTya-
TaIfii oOJaHAHHS, CHCTEM PEJICHHOr0 3aXUCTy Ta Telle-
MEXaHIKH, JOCTIHKEHHS TaKOTO BIUIMBY JUIS ITiBUIICHHS
TOYHOCTI X BU3HAUCHHSI, € aKTyaJIbHOIO 331a4cHO.

Meta po00TH — BU3HAYEHHS MEX 3aCTOCYBaHHS Me-
TOJy EKBIBaJCHTYBaHHs OaraTolIapoOBHX IDYHTIB Ha OC-
HOBI aHaJi3y pe3yNbTaTiB PO3paxyHKy HOPMOBAaHHUX IIa-
paMeTpiB 3a3eMITIOBAJIBHOTO IIPUCTPOIO.

Martepianu gocaimkenHs. 3Baxaoun Ha Te, IO B
VYkpaiHi B MICISIX pO3TallyBaHHs €HEproo0’€KTiB mepe-
Ba)KHA OUIBINICTH IPYHTIB € TPUIIAPOBUMH, TOMY JOILITb-
HO PO3IJISIHYTH CaMe II0 T€OENEKTPUYHY CTPYKTYpY Ta
MeToJ ii eKBiBaJICHTyBaHHS. 3arajibHO BiOMO, IO TpH-
IIapOBI IPYHTH 32 CHIBBITHOIIEHHSM MTUTOMOTO €JIEKTPH-
YHOTO OIIOPY IIapiB MOIUISIOTHCS Ha YOTUPH THIIH:

*Q—(p1>p2>p3); ¢ A= (p1<p2<p3);

e H—(p1>p2<p3); e K—(pi<p2>p3).

Bukonanuit y [4] aHami3 BiZICOTKOBOTO pPO3IMOILTY
PE3YJIBTATIB EKCIIEPUMEHTAIBHHUX JOCTIPKEHb 13 30HAY-
BaHHs IPYHTY Ha TepUTOpIl eHeprood’ekTiB YkpaiHu mo-
KazaB, 110 IpyHT Tty Q crtanoButh 44,43 %; A — 0,84 %;
H-31,42 %; K—-23,31 %.

J1n1st NOCSATHEHHS! METH Y SIKOCTI KPHTEPil0 MEX 3acTo-
CYBaHHsI METOJly €KBIBAJICHTYBaHHS IPOMOHYETLCS 00paTh
3HaueHHs BigHOCHOI moxubku 10 % (momyctumo uist BU-
pillieHHs1 NpaKTUYHKX 3aaa4 3 po3paxyHky 3I1 [6, 8, 11])
IIpY BU3HAueHHI HopMmoBaHuMX mapametpiB 3I1 3amaHoi
TONOJIOTii Ta TUNY IPYHTY. JIJIsi BUKOHAHHS IOCIIKEHHS
BUILEBKA3aHUX THIIB IPYHTY BHKOPHCTAHO IPOTPaMHHN
komiuteke LiGro [17], sikuit 103BOJISIE BU3HAYATH HOPMO-
Bani mapametpu 31 1OBUIBHOI CKIIaHOCTI, IO PO3TAIIO-
BaHHU{ y TPUIIAPOBOMY IPYHTi. BKa3aHMII KOMIUTIEKC CTBO-
PEHO Ha OCHOBI METOXy IHTErpo-qu(epeHIIHHUX PiBHSHB,
3aCTOCOBAHOTO JJIsI aHAJTITUIHOTO BHPIMICHHS 3amadi mpo
HOTEHIIaJT eJIeKTPUYHOTO TOJIsl TOYKOBOTO DKEpena CTpy-
My B TPHIIAPOBOMY IPOBITHOMY HAIIBIIPOCTOpi, 3 TOa-
JIBIIMM 1HTETPYBaHHAM HaOOPY TOYKOBHX JKEPEN CTPyMy
Y BHTJISIIL TOBUTHHO OPIEHTOBAHOTO 33a3€MITIOBAYA.

Jlyist BUKOHAHHST pO3paxyHKIB BUKOPHCTaHO TPH Ba-
piantn Bukonauus 311 posmipom: 15x15 M7, 45x45 M” Ta
120x120 m>. Po3mip komipki B ycix BHmagkax 3x3 M’
(muB. Tabn. 1 —4). B saxocti 3a3eMirroBada 00paHO MPYTOK
i3 rapsiuexaraHoi crani BSt3SP (Fe37-3FN) niamerpom
14 MM 3 BiIIOBITHAMH €IEKTPOMATHITHUME XapaKTepPHC-
tukamu. 3I1 posramoBanuii Ha riubuni 0,5 M, 110 BimO-
BiJla€ BUMOTaM HOPMaTHBHOTO JOKyMeHTY [19].

BignoBigHo 10 [7] AOIUIBHO PO3TIISIHYTH 3HAYCHHS
MIpH CHIiBBIAHOWICHHI p*= p/p;.; B mianmazoni [0,01; 10],
o g03Bojise oxonutd 99,9 % TpUIIAPOBHX TPYHTIB
VYkpaiHu B MicIfIX pO3TAllyBaHHA [IIOYHX EHEpro-
00’exriB [4]. BimmoBimHo mo [4] TOBIIMHA IIapiB 3HAXO-
IuThes B Mexkax /iy € [0,02; 10] M s mepmoro mapy ta
hy € [0,01; 35] M gt apyroro. JIjisi BUKOHAHHS SIKICHOTO
aHaytizy 0OpaHO cepelHe 3Ha4YeHHs h Ta h, [7]. [Tapamerpn

PO3IISIHYTHX BHXIIHHUX TPHIIAPOBHX Ta EKBIBAJICHTHUX
JIBOILLIAPOBUX MOJIEJIEH IPyHTY HaBenieHO B Ta0n. 1 — 4. [lpu
IIFOMY, Y SIKOCTi BHXIHOI MOJET IPYHTY TPHUHSITO Cepei-
HbOCTATHUCTHYHI 3HAUECHHs, 110 oTpuMaHi B [7]. ExBiBaseHT-
Hi JBOIIApOBi OTpUMaHi 3 BukopuctanHsaMm (1) Ta (2).

[Ipu BHKOHaHHI PO3paxyHKIB NPHHHATO, IO OIMIp
ocHoBu ctaHoBuTh 100 Om [3], a cTpym oaHOdazHOTO
3aMuKaHHS Ha 3emito — 10 xA. Po3paxyHokx Hampyru
JIOTHKY BHKOHYBaBcsi y uentpi (U,.) Ta Ha kparo (Uy) 311
(nuB. Tabn. 1 — 4). Takox BusHavanucs omip 31 (Rs) Ta
Hanpyra Ha 31 (Ug). Pesynprati po3paxyHKy (3HAYCHHS
U, Uy, Rg Ta Ug) nns 3agaHoi CUCTEMH 3a3€MIICHHS,
PO3TaIIOBaHOI B IPYHTI THITy A, HaBeJeHO B Ta0M. 1.

Tabmuus 1
Pesysbratu po3paxynky napamerpis 311 s rpyHTy THIY A
ExBiBasieHTHa MOzieNb
[Tapamerp | Buxigna mozeis 3a crIocoOoM:
Nel Ne2 Ne3
p1, OM-M 10 10 64,3 10
hy, M 0,79 0,8 8,7 0,6
P2, OM-M 100 570,3 1000 510
hy, M 5,46
p3, OM-M 1000
30 15x15 m”
U.B 91,81 73,43 | 848,60 | 92,82
Rg, Om 3,61 3,94 4,13 4,40
Us B 36050,0 39420,0 | 41310,0 | 43990,0
Uy, B 512,80 548,70 |2183,00 | 635,60
30 45x45 m”
U.B 34,77 39,26 | 111,20 | 38,41
Rg, Om 2,36 2,29 2,49 2,15
Us B 23550,0 22940,0 | 24940,0 | 21540,0
Uy, B 243,50 237,60 | 974,10 | 234,30
30 120x120 m”
U.B 30,16 31,15 40,16 32,11
Rg, Om 1,45 1,24 1,49 1,24
Us B 14530,0 12410,0 | 14910,0 | 12400,0
Uy, B 127,70 116,20 | 436,30 | 121,60

B Tabn. 2 — 4 HaBeneHO pe3yNbTaTH aHAJOTIYHOTO
PO3paxyHKy JJIsl iIHIIUX THIIB IPYHTY.

Ta6muus 2
Pesynpratn pospaxynky mapamerpis 311 g rpyarty tumy H

Enexmpomexuika i Enekmpomexanika, 2025, Ne 4

EkBiBajieHTHA MOJICIb
[Mapamerp | BuximHa monens 3a cocoooMm:
Nel No2 Ne3
p1, OM-M 1000 1000 394 1000
hi,™m 0,8 0,8 21,7 0,6
02, OM-M 10 211,5 1000 | 2123
hy, M 6,3
p3, OM-M 1000
310 15x15 m*
U., B 24770 21300 | 736,10 | 15860
Rg, OM 4,60 9,08 1,84 8,06
Ug, B 46000 90820 | 18410 | 80580
Uy, B 25740 28340 1270 | 22710
311 45%45 m*
U., B 5126 4340,00 | 133,60 | 3225
Rg, OM 1,68 2,75 1,08 2,55
Ug, B 16810 27450 | 10810 | 25470
Uy, B 6270 7909 477,10 | 6577
310 120x120 m*
U., B 467,2 594,30 | 36,92 | 446,2
Rg, OM 0,84 0,89 0,72 0,86
Ug, B 8290 8920 7180 | 8644
Uy, B 1466 1958 217,30 | 1704
81




Tabmuws 3
Pesynbraty po3paxyHky napametpis 311 s rpynty Ty Q

ExBiBajieHTHa MOJIENTH
IMapamerp | Buxigna monens 3a criocoboM:
Nel No2 Ne3
p1, OM-M 1000 1000 | 155,54 | 1000
hi, M 0,8 0,8 8,7 0,6
P2, OM-M 100 17,5 10 19,6
hz, M 6,3
p3, OM-M 10
30 15x15 m”
U,, B 23800 24810 | 2953 16380
Rg, OM 4,81 3,77 2,89 2,53
Ug, B 48120 37660 | 28920 | 25330
Uy B 26810 25850 | 4793 17570
310 45x45 m”
U,, B 5494 5437 812,8 | 530,6
Rg, OM 1,01 0,87 0,62 0,27
U;, B 10040 8657 6203 2680
Uy B 6127 5926 1250 935
311 120x120 »*
U,, B 861,5 815 159,8 | 497,7
Rg, OM 0,19 0,18 0,13 0,16
U;, B 1852 1772 1320 1587
Uy B 1082 1095 274,1 874,2
Tabnuus 4

Pesynbraty po3paxyHky napametpis 311 s rpynrty Tuny K

ExBiBanieHTHa MOzeNb
[Mapamerp | Buximna monens 3a crioco0oM:
Nel Ne2 Ne3
21, OM:M 10 10 253,8 10
h, M 0,8 0,8 21,7 0,6
P2, OM-M 1000 47,3 10 47,1
hy, M 6,3
3, OM-M 10
300 15x15 m”
U,B 84,22 159,20 | 4412,00 | 193,50
R, Om 2,29 0,95 6,00 1,01
Ug B 22890,0 9500,0 | 59960,0 | 10090,0
U B 538,70 432,90 | 7935,00 | 478,90
310 45x45 m”
U,B 51,27 56,47 | 1056,00 | 63,57
R, Om 0,85 0,39 1,54 0,40
Ug B 8542,0 3888,0 | 15350,0 | 4012,0
U B 200,80 165,50 | 2372,00 | 179,00
311 120120 m*
U,B 34,37 33,79 | 220,10 | 34,80
R, Om 0,25 0,16 0,34 0,16
Ug B 2479,0 1626,0 | 3364,0 | 1649,0
Uy B 78,17 76,61 | 536,10 | 80,03

Jst mpoBeieHHs aHali3y JaHHX PO3PAaXyHKOBHUX €K-
CIIEPUMEHTIB PO3IIISIHYTO MOXUOKY BH3HAYCHHS HOPMO-
BaHMX MapaMeTpiB d 3 BUKOPHUCTAHHSAM METOJY CKBiBalie-
HTYBaHHS. 3a ICTUHHI 3HA4YeHHS NMPHUHHATI Ti, IO OTPH-
MaHi MpH PO3paxyHKy 3a jgornomororo mozeini 311, po3mi-
HICHOTO y TPHUIAPOBOMY IPYHTI. J[JIs1 KOXKHOTO 3 HOPMO-
BaHMX MapaMeTpiB 1 BIAMOBIAHOTO THUIY IPYHTY MOOYyHO-
BaHa 3aJEKHICTh BiAHOCHOI MOXMOKH o Bix ruromi 31T S.

Ha puc. 1 HaBeneHa 3a3HaveHa 3aJEKHICTD I IPY-
HTy Ty A. [Ipu nupomy Ha puc. 1,¢ MyHKTHPOM TO3HA-
YeHO CIMEHCTBO KPUBUX UL HATIPYTH AOTHKY 3 Kpato 311
(Uy), a cyninapHOIO — IJ1sl HAanpyrd A0TuKy B neHTpi 3I1
(Uy). Toznauenns Nel — Ne3 BiAmoBimaroTh crocodam
exBiBaJieHTyBaHHs. Ha puc. 1,6 cyninpHi KpuBi Biamosi-
naroth 3anexHocti o(S) st onopy 311 (Rg), a MyHKTHPHI
— nns Hanpyru Ha 311 (Ug).
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Puc. 1. [ToxnOka BU3HAYECHHSI HOPMOBAHUX ITapaMETPIB 3aJI€KHO
Bij o 3I1 Ta cioco0y eKBiBaJICHTYBaHHS IPYHTY TUIY A:
a — cyuinpHa kpusa — U,; nyHKTUpHa KpuBa — Uy;
6 — cylinabpHa KprBa — Rg; NyHKTUpHA KpuBa — Ug

Crnin 3ayBaxkutn, mo noxuOka monan 300 % Ha
rpadiky He MOKa3aHa. 3a pe3yibTaTaMH MOJCIIOBAaHHS
JUis IPYHTY TUny A 0auyuMMO MiATBEPPKEHHS BHXIJHOT
rimore3u — cnocio Ne2 € mocuth eheKTUBHUM IS po3pa-
xyHKy Hanpyru Ha 311 ta onopy 311 (mpu oMy moxubka
3MCHIIYEThCS 31 3POCTAHHAM IUIOIII), a ciocoou Nel Ta
Ne3 mokasyroTh HOCTaTHHO BHCOKY TOYHICTH IPH BH3HA-
4yeHH] Hanpyru notuky. IIpu npomy B nentpi 311 kparui
pe3ynpTati mokasye crocio Ne3 (moxubka mo —10,5 %), a
Ha kpato 3I1 — croci6 Nel (moxubka 110 9 %).

Ha puc. 2 HaBeneHO aHANOTiuHI pe3ysbTaTH po3pa-
XYHKY JJ1si [pyHTY Ty H.

3a pe3ysnbraTaMu MOJIEIIOBAHHS ISl IPYHTY Ty H
06aurmo, 110 MOXHOKA MPHU PO3PAXYHKY HAIIPYTH TOTUKY B
meHTpi Ta Ha Kparo 311 nexuts B miana3oHi Bix —27 % 1m0
15 % (cnoco6u exBiBaneHTyBaHHsA Nel Ta Ne3). Ilpote
BUIUIUTH TIEBHUIT Jiana30H 3aCTOCYBaHHS ISl HUX MPaK-
TAUYHO HEMOXJIMBO. /I BKa3aHOrO TUILY IPYHTY BUKODH-
CTaHHS METOJly CKBIBAJICHTYBaHHs JJIs PO3PaxyHKY Ha-
npyru Ha 3II Ta omopy 3II He pexkoMeHAyeTbCs, Xo4a
TEHJEHIIS 3MEHIIEHHS TOXUOKHU 31 301IbIIEHHSM ILIOLII
36epiraernest. [Ipu 1bOMy, BCymeped CTajiol JyMKH, Hai-
MEHINy MOXMOKY MaroTh crmocobu Nel Ta Ne3 (mist Hux
a0CONIOTHE 3HAYEHHS MOXHOKU 3MEHIIyeThes Big —97 %
o —6 % Ta Bim —75 % mo —4 % BiamosigHO). OHAK, B
MOATBIIOMY MTOTPIOHO TOJATKOBO JOCIHIAWTH IX MOBEIi-
HKY nipu 30inblnenHi ot 311

Ha puc. 3 HaBeneHo aHaloriuHI pe3ysbTaTH po3pa-
XYHKY Juisi IpyHTY Tuny Q. YMOBHI [MO3HA4€HHS aHAJIOTi-
4Hi puc. 1.

3a pe3ynpTaTaMM MOJEIIOBAHHS I IPYHTY TUIY Q
6aunmo, o Juie crocid Nel mMoxe OyTH 3acTOCOBaHMIA
JUTSL PO3PaxXyHKy HAlpyru JOTHKY B HEHTPi Ta 3 kpato 311
(moxubka nexwuth B mianazoni Big —4,2 % mo 5,6 %), Ha-
npyru Ha 311 ta onopy 311 (moxubka — Bix 22 % no 4,3 %).
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Puc. 2. Iloxubka Bu3HauYCHHS HOPMOBAHUX TAPAMETPIB 3aJICKHO
Bix mromi 311 Ta cmocoOy ekBiBaJleHTYBaHHS IPyHTY TUITy H:
a — cyuinbHa kpuBa — U,.; MyHKTHpHA KpuBa — Uy;

0 — cyminbpHa KpHuBa — R; MyHKTUpHA KpuBa — Ug
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Puc. 3. [Toxubka Bu3HaYCHHS HOPMOBAHHUX MapaMeTPiB 3aIeKHO
Bix momi 3I1 Ta cmocoOy exBiBaneHTyBaHHS IPYHTY TUIy Q:
a — cyuiigbHa KpuBa — U,; MyHKTHpHA KprBa — Uy;

6 — cyninbpHA KpuBa — Rg; MyHKTHpHA KpuBa — Ug

Ha puc. 4 HaBeZieHO aHAJOTIYHI Pe3yNbTaTH po3pa-
XyHKY [uist 'pyHTy Ty K. YMOBHI [M03HA4€HHS aHAIIOTI-
yHi puc. 1. Ha puc. 4,a crioci6 Ne2 He moka3zaHuii, ocki-
JIBKY BiH ae moxuoOky moHax —500 %.

3a pe3ynpTaTaMu MOJIENIOBAHHS I IpyHTY Tuiy K
O6aunmo, 1o crocobu ekBiBaneHTyBaHHA Nel Ta Ne3 mo-
JKYTh OYTH 3aCTOCOBaHI JJIsl PO3PaXyHKY HANPYTH JTOTHKY
B IeHTpi Ta Ha Kparo 3[1 BIiAMOBIAHO MPH ILIONII MEHIIiH

3a 2000 m* (moxuGka Nexuth B Aiamasoni Bix —10 % 10
15 %). BuxopucraHHs MeTOmy EKBIBAJICHTYBaHHS [UIS
po3paxyHky Hanpyru Ha 3II Ta onopy 311 He pexomeHIy-
€ThC, X04Ya TEHJIECHIliS 3MEHIIECHHS NOXHMOKH 31 301b-
IICHHSM IUTONII TaK camo 30epiraeTbesl.
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Puc. 4. Iloxnbka BU3HAYCHHS HOPMOBAHUX ITAPAMETPIB 3AJICKHO
Bix momi 3[1 Ta cmoco0y ekBiBaneHTyBaHHS IPYHTY THITy K:
a — cyuinpHa kpusa — U,; nyHKTUpHA KpuBa — Uy;

6 — cyllijbHA KpuBa — Rg; MyHKTHpHA KpuBa — Ug

3a pesyibraramu aHamizy puc. 1 — 4 moxemo chop-
MYBaTH HaCTYITHUI allrOpUTM BHOOpY CIIoco0y eKBiBajie-
HTYBaHHS JJI PO3paxyHKy IEBHOTO HOPMOBAHOTO mapa-
merpy 3I1 3anexHo Bij THmy IpyHTY (OuB. Tabid. 5).
[MpuHuun dbopmyBaHHs Tabll. 5 MOJISATaB y HACTYITHOMY:
SIKIIIO /1711 IEBHOTO THITY IPYHTY IPU PO3PaXyHKY OIHOTO
3 HOPMOBaHUX MApaMETPIB TOCATAETHCS YMOBa
|01< 10 %, 3)
TO BKa3y€THCS HOMEP BiIIIOBITHOTO CIIOCOOY CKBIBAJICHTY-
BaHHS Ta BiH BU3HAETHCS IPUIHATHUM JI0 BUKOPHCTAHHSI.
SIkmo € nesHi oOMexeHHs momo romt 311, mis
kol jocsiraetbess ymoBa (3), TO cmoci® npuiimMaeTbes
YMOBHO MPUHHATHUM, 8 OOMEKEHHS HABEJICHO B MPHUMIT-
mi. Sxmo ymoBa (3) He BUKOHYETHCS, TO CIIOCIO BBaXKa-
€ThCS HEPUHHATHUM, a B Ta0J. 5 BKa3y€THCT «—».
Tabmuus 5
PexomeHaLlil 0710 aroputMy BHOOPY CrIoco0y eKBiBAJICHTYBAHHSI

Tun rpynty / [Tapamerp 311 U, Uy Rg Ug
Tun A (p1 <p,<p3) 3 1 2% 2%
Tun H (p1> py < p3) - - - -
Tun Q (p1 > py > p3) 1 1 - -
Tun K (01 ps > p3) e

TpumiTka: * — fomyctumo npu S > 1000 m*;
** _ omycTimo mpu S > 2000 m.

3acTocyBaHHS 3alPOIIOHOBAHOTO aJITOPUTMY BHOOPY
croco0y CKBIBAJICHTYBaHHS pO3TJISHYTO Ha MPHKIAJII
B Jlonmatky 1.

BucHoBkmu.

1. Ha ocHOBI cepii po3paxyHKOBUX €KCIIEPUMEHTIB
Ta aHaji3y OTPUMaHHX 3HAa4YeHb HOPMOBaHHX MapameTpiB
3a3eMJTFOBAIEHOTO MIPHUCTPOIO BCTAHOBIICHO:

— 1yt TpyHTY Ty A criocodu Nel (BepxHiii map pea-
JBHOI TE0EIEKTPHIHOI CTPYKTYPH — TIEPIIHii MIap eKBiBaJICH-
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THOI JIBOIIAPOBOT, @ HACTYITHI IIapH €KBIBAJICHTOBaHI y JpY-
ruit) Ta Ne3 (Bci BepxHi mapy peansHoi crpykrypu 1o 3T i
nonatkosi 0,1-0,2 M — meprmif map eKBiBaJIEHTHOI CTPYKTY-
pH, a HACTYIHI — APYTMH IIap) MOXKHA 3aCTOCOBYBATH IPH
BU3HAYCHHI HANPYTH JOOTHKY, N¢ croci0 Ne3 kpammit mist
nentpy 3I1 (moxuodka 1o —10,5 %), a croci6 Nel — s kparo
3I1 (noxudka 10 9 %). Crioci6 Ne2 (BepxHi Imapu peaabHOT
CTPYKTYpH — TIEPIINI [Iap eKBIBAJIICHTHOI CTPYKTYpH, a HU-
KHIH — Apyruil) mis po3paxyHKy HANpyru Ta OMop 311
JIOIYCKAETHCS 3aCTOCOBYBATH IpH Twioimi moHax 1000 m*;

— aus TpyHTy THIY H KozeH 31 crioco0iB eKmBaJIeH—
TYBaHHS HE J03BOJISIE BUKOHATH PO3PAXyHOK 3 MOXUOKOIO
menmre 10 %;

— aust TumiB 1pyHTIB Q Ta K MeTo/| ekBiBaJIeHTyBaH-
HS1 MO’KHA 3aCTOCOBYBATH JIMILIE JUIS PO3PaxXyHKy Harpyru
notuky. [Ipu upomy miist Q citii BAKOPUCTOBYBATH CHOCIO
exBiBaneHtyBanHs Nel (moxuOka Bim —4,2 % 1o 5,6 %).
Hust tunty K cnioci6 Nel kpamuit ast nenrpy 311, a cnoci6
Ne3 — st xpato 311 npm mromi monazx 2000 m2.

2. HesanexHO Bif THITy TPYHTY IIPY BH3HAYEHI OIO-
py 3I1 Ta Hanpyru Ha 3[1 y BCiX BUMaakax crnocTepira€Thb-
Csl 3MCHIICHHS MOXHOKK 3 pocToMm miomii 311, mo cBia-
YUTh HPO MOXKJIMBICTH IOJIIIIEHHS! TOYHOCTI PO3paxyH-
KiB st 06’ exTiB mwiomero monan 10 000 m>.

3. Ha ocHOBI aHamizy pe3y/bTaTiB MOJCITIOBAHHS
chopMOBaHO anropuT™M BHOOpPY cHocoOy eKBiBaJeHTY-
BaHHS ISl PO3PaxXyHKY IIEBHOIO HOPMOBaHOI'O IapaMeT-
py 311 3amexHo Bin TUITY IPYHTY. SIK KpUTEpii TPUIHHSIT-
HOCTiI 00paHo BifHOCHY moxuOKy B Mexax +10 %. Ipu
BOMY 3aJISKHO Bil THUIY IPyHTY Ta mapamertpy 3I1, mo
BU3HAYAETHCS, CIOCOOM PO3MOUIEHO HAa NPUHHITHUMH,
HENPUHHATHAN Ta YMOBHO NPUHHATHUH (3 ypaXyBaHHIM
obmexeHHs oo ol 311).

4. 3Bakaroud Ha Te, IO IMOBHOLIHHWHA PO3PaxyHOK
yCiX HOPMOBAHHX MapaMeTpPiB 3 BUKOPUCTAHHSIM METOIY
eKBIBJICHTYBaHHS MOXXHA BHMKOHATH JIMIIE JUIA IPYHTY
TUIY A, TO HAWOULIBII JOIIHUM € BUKOPUCTAHHS IPO-
IPaMHUX KOMIUIEKCIB, SIKi JIO3BOJISIIOTH BPaxyBaTH TpH-
apoBy CTPYKTYPY IPYHTY, B IpoLeci BU3HAYEHHs HOP-
MoBaHuX napamerpis 3[1.

JIOJIATOK 1

[Tpukmnazn 3acToCyBaHHS 3allPOIIOHOBAHOTO AJITOPH-
TMY BHOOpPY cnoco6y eKBlBaJICHTyBaHHSI Buxiganit
06’€ekT Mae po3mip 120%65 M* 3 FIHOHHOO pO3TanryBaH-
v 31 — 0,6 m. IMapamerpu rpyHTY: p; = 53,9 OM-M;
p2 =117 Om™m; p3 = 12,3 Omem; By = 1,2 M5 by = 12,3 M.
Bingnoginno, 311 po3ramoBanuii y nepuiomy mapi.

HaBeneni mapameTpu IpyHTY BI,Z[HOBI,IIa}OTL TPYHTY
THITy K, a Ioma 311 ckanae 7800 M” i Biamosinae ymo-
Bi §> 2000 M. OTKe, TS BUSHAUCHHS HATIPYTH JIOTHKY B
uentpi 311 (U,.) ciig ckopucTaThcst CriocodoM eKBiBaJIeH-
tyBanHs Nel 3a Bupasamu (1) i (2), 3a pe3ynbTatamu
3aCTOCYBaHHS SIKOTO TapaMeTpH EKBiBaJEHTHOI Moneli
OyayTh ckiamate: pi. = 53,9 Om-M; py. =32,18 Om-M;
hy. = 1,2 M. [lnst BU3HAa4EHHS HAPYTW IOTHKY Ha Kparo 3[1
(Uy) cniocobom expiBanentyBanust Ne3: pi, = 53,9 Om-Mm;

e = 32,32 Om-M; hy, = 0,8 M. YV BHmaaky HEoOXiTHOCTI
BusHaueHHs: Hanpyru Ha 3I1 ta onopy 311 ciix Bukopuc-
TOBYBATH TPUIIAPOBY MOJIEINb IPYHTY.

KonduikT iHnTepeciB. ABTOpH 3asBJISAIOTH PO Bij-

CYTHICTh KOH(]IIIKTY iHTEpeciB.
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Application of the multilayer soil equivalence method in
determining the normalized parameters of the grounding system.
Introduction. Normalized parameters of the grounding system, such
as touch voltage and resistance, are critically important for ensuring
electrical safety and reliability of power plants and substations. The
complexity of the multi-layered soil structure makes it difficult to
determine mentioned parameters. This is due to the fact that real
soils on the territory of energy facilities of Ukraine have three or
more layers, and the specified parameters are determined by sofi-
ware with two-layer calculation models. Therefore, the need to
provide multilayer geoelectric structures into equivalence two-layer
models for practical application is an urgent task. Goal. Determina-
tion of the application limits of the multilayer soils equivalence
method based on the calculating results analysis of the grounding
system normalized parameters. Methodology. The study considered
a three-layer model for four soil types (A, H, O, K) common in
Ukraine. The calculations were performed using the LiGro sofiware
package, which is based on the method of integro-differential equa-
tions, applied to the analytical solution of the problem of the electric
field potential of a point current source in a three-layer conducting
half-space. As a criterion for the possibility of applying the equiva-
lence method, a relative ervor value of 10 % was chosen when de-
termining the normalized parameters of a grounding system of the
given topology and soil type. When determining the error, the calcu-
lation results in the original three-layer soil structure for the given
topology of the grounding system were taken as the true value. The
results show that the effectiveness of equivalent technique signifi-
cantly depends on the type of soil and the area of the grounding
system. In particular, for soil type A, replacing the upper and middle
layers with the equivalent first layer (the lower layer with the second)
provides a smaller error in the calculations of the grounding resis-
tance than representing the upper layer as the first, and the middle
and lower layers as the second equivalent layer. At the same time,
there is a tendency for the error to decrease with increasing area of
the object: from 225 m’ to 14400 n?’, for the first case, the error
decreased from —14.6 % to —2.6 %, and for the second case, it
changed from —9.3 % to 14.6 %, respectively. Originality. For the
first time, the results of the methodical error evaluation of the equiva-
lence techniques of multilayered soils of different types when calcu-
lating the normalized parameters of grounding system are presented.
Practical value. Determination of the conditions and limits of the use
of the equivalence method when calculating the normalized parame-
ters of grounding system by sofiware complexes can be used in the
design of new or reconstruction of existing energy facilities of
Ukraine. References 20, tables 5, figures 4.

Key words: grounding system, touch voltage, resistance of
grounding, method of equivalence, multi-layered soil.
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KOeinei

BAPCHKHM BIKTOP OJIEKCIMOBHUY

(1o 90-piyust 3 THSI HAPOPKEHHS )

17 gepBHs 2025 poxy BUIOBHIOETECA 90 pOKiB Bix
JIHS HapO/DKEHHs Ta 68 pOKIB iH)KEHEpHOi Ta HayKOBOi
JISUTBHOCTI BIZIOMOMY BYEHOMY-EJIEKTPOTEXHIKY, BHIHO-
My CIIEHIANICTy B Taly3i eIeKTPOIPUBOIY Ta MEPETBOPIO-
BaIbHOI TEXHIKH, TOJOBHOMY
KOHCTPYKTOpPY, T'OJIOBI MpaBJIiH-
Hs MiXXKHapOJIHOTO KOHCOPIIyMY
«Enepro3z0epiranas», IOKTOpY
TEXHIYHUX HayK, mpodecopy,
wieHy [HCTUTYTy IiHXKEHepiB-
enexktpukiB CIA, mnouecHOMy
wieHy YKpaiHCBhKOi —acormartii
IH)KEHEPIB-€IeKTPHKIB, acollia-
mi «ABTOMaTHM30BaHWI EJIEKT-
ponpuBoa» bapcexkomy Bikropy
OunexciiioBuuy.

Tamantr  mepeTBOPIOBATH
pe3yibTaTH HAYKOBUX  JIOCIi-
JDKEHB Ta po3po0OK Ha peanbHy
MPOIYKIIIO BHABHIIACS y IOBULA-
pa BXKe ICsA 3aKiHYCHHS HUM
y 1957 poui XapkiBcbKOro mo-
JITEXHIYHOTO 1HCTUTYTy. Y AWIUIOMHOMY TPOEKTI HUM
OyB pO3pOOJIECHUI CTapTEpHUH MEXaHIYHUH BUMPSIMILIY
JUIsl Ta30BHUX TypOiH Kopabiis BM®, skuit He MaB aHano-
riB, 1 3 1958 poky cTaB BUPOOIISATHCS IPOMHCIIOBICTIO.

[fro BumaTHy 34aTHICTH €(EKTUBHOTO JOBEACHHS
CBOIX pO3p00OOK T0 TMPOMHUCIOBOTO BHUPOOHHIITBA IOBi-
JAp AEMOHCTPY€E TPOTSITOM BXKE OiNbIIe MiBCTONITT,
AKTHBHO BUKOHYIOYM HAaYKOBi JOCIHIIKEHHS 1 IMPOMHC-
JIOB1 PO3pOOKH 3a HAWOUIBII aKTyaIbHUMHU HANPSIMKAMU
PO3BHUTKY €JIEKTPONPHUBOY i MEPETBOPIOBAIBHOI TEXHi-
ku. Baxxko mepeoriHuTH Horo cyTTeBUil 1 MacmTaOHUIA
BHECOK Y CTBOPEHHS Ta BUPOOHHULITBO HOBOI €IEKTpOTE-
XHIYHOT MPOJYKIII MPOTATOM yCiX YOTHPBOX €IO0X PO3-
BUTKY €JEKTPOMEXaHIYHUX CHCTEM: 3 KOHTAaKTHHMH,
SJICKTPOMAIIMHHUMH, THPUCTOPHHUMH Ta TpPaH3UCTOP-
HUMH nepeTBopioBadaMi. Lle i po3pobiieHa 3a aKTHBHOT
ydacTi FOBisApa 1 BOpoOBaKeHA Ha 3aBoldi XEM3
cepis THUPHUCTOPHHUX IIEPETBOPIOBAYIB IOTYXKHICTIO MO
12000 kBT, Ha OCHOBI IKUX OYJH MEPEOCHAMICH] eIeKT-
POIIPHBOM B YOPHIl Ta KOJIbOPOBIH MeTayprii, TipHH-
YOMIAXTHIN MPOMHCIOBOCTI Ta iH. Ile 1 peBepcuBHI ee-
KTPOIIPUBOJM 3 PO3MIIHHUM YIIPABIIHHAM, a TAKOXK IIe-
pui B CHJ/I mpomucnioBi nepeTBOprOBadi 4acTOTH Ha
IGBT Tpan3ucropax.

BigMIHHOIO PHCOIO MPAaKTUYHO KOXKHOT i1H)KEHEpHOI
po3podku bapcekoro B.O. € parioHanbHe TOEHAHHS TIIH-
OOKMX TEOPETUYHHX 1 EKCIEePUMEHTAJIBHUX JOCIiKEHb.
Bin BMie mo0OaunTi HOBi 3aBHaHHS 1 3alPOTIOHYBATH He-
CIIOMiBaHI PIllICHHS, 10 BUKIMKAIOTh iHTepec y (haxiBIliB,
TIPOSIBUTH CTIHKICTh Y HEMPOCTUX CHUTYALISAX 1 3aBKIH Bip-
HHUH CIIpaBi CTBOPEHHSI SIKICHO HOBOI BITYM3HSHOI TEXHIKH.
Taxwii miaxij ;BULAP 3yMiB 30eperTH i B CKIaIHIN eKOHOMI-
yHil cuTyamii micas 1991 poky, mo 103BoImo oMy CTBO-
putn  MixHaponHuii  KoHcopiiyMm «EnHepro3oepiraHas»,
oo 00’€HAB KOJCKTUB OIHOIYMIIB, PO3pPOOHMTH Ta

BIIPOBaAWTH B YKpaiHi Ta kpainax CHJl xoHKypeHTOCH-
POMOXHI TPaH3UCTOPHI MEPETBOPIOBaUi 3 MIKpOIPOIe-
COPHHM YIIPaBJIiHHSIM.

Ilig Ge3mocepenHiM KepiBHUIITBOM IOBUIsIpa Oy
BUKOHAHI poOOTH 31 CTBOPEHHS,
BUTOTOBIICHHSI ~Ta  BBEJCHHS
B eKCIUTyaTallil0 yHIKaJFHOTO
BUIPOOYBIFHOTO  KOMIUIEKCY
JUISl €IEKTPUYHUX MAIIUH JIOKO-
MOTHBIB, III0 HE Mac aHaJoriB
y €Bpori, MOCTaBICHO Ta BBEJE-
HO B eKCIUIyaTalilo IoHajx
1000 KOMIUIEKCIB KJIIMaTUYHUX
ycraHoBok tunmy KKIJI  mis
JIOKOMOTHBIB ~Ta  YCTAHOBOK
KB-1-28, po3pobieHi i BripoBa-
JUKEHI HOBI TATOBI OaraTtokaHa-
JbHI THPHUCTOPHI BHIPAMIISIYI
tunty BYTI mist marictpaibHUX
teroBo3iB  tumis  2TE116Y
i (2-3)TE25KM, BupoOieHo
Oinpmie 40 eHeprozodepirarounx
cucreM EKO-3 mis xoTeTpHHUX CepefHboi 1 BEIHKOI ITo-
TYXHOCTI TypOOMexaHi3MiB. BBeneHi B ekcruryaTamito
3pa3Ku ISt ABUTYHIB noTyxHicTio 10 8000 kBT. Po3po6-
JICHI, BUTOTOBJICHI Ta BBECHI B €KCIUTyaTallito 4 PUBOIU
MIaXTHUX IJHOMHUX MallMH BEJIUKOi IOTY)XHOCTI Ta
iHIIE 003 JHaHHS.

B panumit wac mig HAayKOBMM KEpIBHHUIITBOM Ta
6e3nocepeanporo yaacTio B.O. bapcekoro po3poomistoTs-
Csl HOBI €JIEKTPOMEXaHI4HI CHCTEMH Ha OCHOBI CHHXPO-
HHHUX JBHWTYHIB 3 MOCTIHHUMH MarHiTaM# Ui MiCBKOTO
1 3aMi3HAYHOTO TpaHCcHopTy, npommcioBocti, KKI Ta
IHIIUX Taigy3ed, HOBI €JIEKTPONPHBOAM 3 BOYIOBaHUMH
HaKOIMYyBayaMH €Heprii [yl pi3HUX raiy3ei, MpojoB-
JKYIOTBCSL pOOOTH 3 BIIPOBA/KCHHS PaHilie po3poOIeHOTO
€JIeKTPOOOIIa THAHHS.

PesynbraTi HayKOBHX JOCHIDKEHb Ta MPaKTUYHHX
PO3p0o0OK FOBLIsIpa OImyOITikKOBaHi B OUIBII HiXK 360 Hayko-
BHUX TIpansiX, BUHAaX0/ax 1 MaTeHrax, a Horo OaraTopidHa
Mearorivia  JisUTbHICTh CHpHsa ITIBUIICHHIO DiBHS
BITYM3HSHHAX HAYKOBUX KaJpiB BUIIOI KBaMi(hiKaIlii.

3aBmsaku cTBOpeHi mpodecopom bapcekum B.O.
MOTYXHI HayKOBO-IHXKCHEpHIH MKoii Oyna BHXOBaHA
[iTa TUTesiia MOJIOAMX YYEeHUX-AOCHITHUKIB, SKi TpaIfto-
BaJIM Mij oro Ge3rnocepeHiM KepiBHUITBOM. HuHI BoHM
CTajaM BHCOKOKBalli(ikoBaHMMHU (DaxXiBLSIMM Ta OpraHiza-
TOpaMHU HayKH, 110 pOOJISATh BATOMHUI BHECOK Y PO3BUTOK
€JIEKTPOTEXHIKH Ta EJIEKTPOTEXHIUHOI Tarysi.

Pekropar HTY «XIIl», Vkpainceka acorriaiis
IH)KEHEPiB-eJIEKTPUKIB, Npy3i, KOJIETW Ta y4Hi BITarOTh
Bikropa OnmekciifioBnua 3 [oBijieeM, OaxkaroTb Homy
IIACTsI, 3710POB’sl, ONITHMI3MY Ta HOBUX TBOPYHX YCIiXiB.

Penaxmiitna xomeriss xypHaiy «EJexTporexHika
1 eJeKTpoMexXaHiKa» NPUETHYEThCS JO LHMX MIHUPHX
nobaxxaHs.
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BOMKO MUKOJIA IBAHOBHUY

(1o 70-pivust 3 THSI HAPOPKEHHS )

JlokTOp TEeXHIYHUX Hayk, rpocgecop, npodecop Kade-
apu  imxkeHepHoi  enekrpodizukun  HTY  «XIII»
Boiiko Mukona IBanoBmd HapoamBcs 21 mumas 1955 p.
B Micti XapkiB. Ilicnms 3akiHYeHHS CEpeIHBOI MIKOIHU
Ne 47 y 1972 p. Mukona IBanoBud mo-
cTynuB y XapKiBCbKUH MOJITEXHIYHUIMA
incruryt (XIII), sikiii 3akiHuMB 3 Bin-
3HaKoI0 B 1978 p. 3a daxom «lmKeHep-
Ha eNiekTpodi3uKa» Ta OTPUMAB KBaJIi-
¢ikariro IHXKeHepa-eNeKTpodi3uKa.
[Micns 3akiH4eHHsI iHCTUTYTYy OYB Ha-
npaBieHnii 10  HaykoBo-nmociinHoi
naboparopii TEeXHIKM BHCOKHMX Harpyr
Ta neperBoproBaviB crpymy XIII (Ha
nmanauit vac — HJIIKI «Momwis» HTY
«XIl»), ne mpamoaB mo 2013 p. Ta
MIPOMIIIOB NUTAX BiJ iHXKEHepa M0 Kepi-
BHHUKA BIAIUTy eNneKTpo(i3u4HUX TeX-
HOJIOTiH, TOJIOBHOTO HAayKOBOTO CIIiB-
poOiTHUKa. 3 MOYaTKy HayKOBOTO TpY-
JIOBOTO WLUISIXY 1 1O TemepilHiii yac
Botiko M.I. BukianaB Ha pinHii kade-
api imxenepHoi enekrpodizuku HTY «XIII». ¥V 1982 p.,
0e3 BimpuBy Bin mpami, Mukona [BaHOBHY 3aKkiHUMB 3
Big3HaKo0 paniodiznunHmii akynprer XapKiBCHKOTO
JIEpKABHOTO YHIBEPCUTETY (Ha MaHWH yac — XapKiBCHKUHA
HarioHanbHUH yHiBepcuTeT imeri B.H. Kapasina).

Y 1989 p. ML1. Boiiko 3axuCcTHB KaHAUIATCHKY THCEp-
TaIlilo B crienianizoBaHii Bueniit paai MOCKOBCEKOTO €HEp-
retrndHoro iHcrturyty. Y 2003 p. y cneuianizoBaniii Bueniii
pani HTY «XIII» M.1. Boiiko 3aXHUCTHB JOKTOPCHKY JUCEp-
Tauiro. Mukosa [BAaHOBUY Ma€e BYEHI 3BaHHS CTapIIOro Hay-
KOBOT'O CITIBPOOITHHKA, TOIIEHTa Ta Ipodecopa.

HayxkoBi iHTepecH 10BiIspa OB’ si3aHi 13 CTBOPEHHIM
eJIEKTPO(DI3NYHUX TEXHOJOTIH OOpOOKHM pPi3HOMAaHITHUX
MaTepiaiiB 32 JOMOMOrOK CHJIBHUX €JICKTPHYHHX Ta Ma-
THITHHX TIOJIiB, @ TAKO)K BUIIPOMIHEHHSI ITUPOKOCMYTOBUX
MOTYXHUX €JeKTPOMArHiTHUX IMITyJbciB. BoHu € 6a3oro
HayKOBOI IIIKOJIH, SIKy cTBOpHB Ipodecop boiiko.

VY 1999 — 2002 pp. KOJEKTHB HAyKOBO-IOCIIJHOTO
Bignuty enextpodiznunux rtexHosoriii (BEDT) HAIIKI
«Moumuis»y HTY «XIIl» mig xepiBauiteoMm M.I. Boiika
BUTPaB MIKHAPOJHUI KOHKYpC 1 BUKOHAB MpoekT Ne 1120
B HAyKOBO-TEXHOJIOTIYHOMY LIEHTpi YKpaiHH, CTBOPHBIIN
YHIKaJIbHY YCT@HOBKY 3 OOpOOKHM Pi3HOMa@HITHHX PiJKUX
MaTepiaiiB 3a JOIIOMOTOI0 CHJIBHHUX IMITYJIECHHUX EJIEKT-
POMarHiTHUX NOMIB. Y MOJNAJIBIIOMY il KEPiBHUITBOM
mpocgecopa boiika po3poOieHi HAyKOBI METOIU Ta CTBO-
PEHO HH3KYy HOBHX €JEKTPOQI3MUHHX TEXHOJOTIYHUX
ycTaHOBOK. OCh EKiTbKa MPHUKIIA/IIB.

CrtBopeHe y BEDT BHCOKOBONIBTHE AXKEpeNno CTpy-
My MeEraaMIIepHOTO ialla30Hy [IO3BOJIIO B HAYKOBIiit
J1abopaTopii eICKTPOTUHAMIYHUX JOCIIPKEHb i IPUEM-
ctBa «IIpotoH-21» (M. KuiB) cuHTE3yBaTH HOBrOXHBYYi
HOBI HaJIBa)KKI TPaHCYPaHOBI €JIEMEHTH Ta HAOJIM3HUTHCS
JI0 CTBOPEHHS NPHHIMIIOBO HOBUX, €KOJOTIYHO YHCTHUX,
0e3MevHNX eHePreTHYHNX yCTaHOBOK.

3a yCTaHOBKY [UIS OYHWINCHHS Ta30BUX BHKHIIB
IMITyJIbCHUIM KOPOHHUM pPO3pSJOM, sKa Oyjia CTBOpeHa

y BE®T, HTY «XIIl» OyB HaropokKeHUil TUILTOMOM
«3a kpaumii BiTun3HsHUNA ToBap 2008 poky».

Amnapar Ui HIMPOKOCMYTOBOI EJIEKTPOMAarHiTHOI
immysecHOl Teparii (ALHEMIT) mpoiimoB kimiHigHI BH-
MpoOyBaHHS Yy JEKUIBKOX MEIMYHHUX
3amagax. CTBOPEHO 1 BIPOBAHKEHO
TOTY>KHI YCTAaHOBKH IJIsi TE€Heparii ak-
THBHUX MIKPOYaCTHHOK, B TOMY YHCIHIi
pamukanie OH i 030Hy, Ta HIMPOKOCMY-
TOBOTO BHUIIPOMIHEHHA U1 3He3apa-
JKEHHS TIPOMHCIIOBHX Ta30BUX BUKHIIIB.
B ycix HaykoBuXx po3pobkax Mwukoia
IBaHOBMY HE TINBKU KEepyBaB HAayKOBU-
MH po3poOKamy, ane i OpaB HalaKTHB-
HIIIy y4acTs.

ITpodecop boiiko po3poduB meTo-
ITUKH, MATOTYBaB Ta BHKJIAa€ OCHOBHI
TUCHHIUTIHA THKITy TpodeciiHol Ta
MIPaKTHYHOI MiATOTOBKH OakalaBpaM Ta
Marictpam cremianbHocTi 141 «Enekt-
POCHEpreTHKa, eNeKTPOTEXHIKA Ta ele-
KTpOMEXaHika» 3a  CIeiali3amiero
141.13 «BinHOBIIOBaHI JpKepena eHeprii Ta TeXHika i
enekTpodizrka BUCOKMX HAmpyr», B TOMY YHCII aHTJIiH-
CBKOIO MOBOIO IHO3EMHHUM CTY/CHTaM.

Cepen xoner i ctyaeHtiB Mukona [BaHoBHY Kopuc-
TY€TbCS aBTOPHUTETOM Ta IOBaroio 3a mpodecioHamism,
TaKTOBHICTb, TOOPOTY, YyHHICTh i TOTOBHICTH JOIIOMOTTH.

IIpocdecop Botiko € aBropom monax 250 myomikariii,
cepen skux 2 MoHorpadii, 30 aBTOPCHKUX CBIJOITB Ta
MATEHTIB Ha BUHAXIJl, Ta00pPaTOPHUI MPAKTUKYM, & TAKOK
HaBYAJIbHHUH MMOCIOHHK Yy CITiBaBTOPCTBI.

Sk wnaykoBuii kepiBHuk M.I. boiiko mixrorysas
3 xaHIUIaTiB TEXHIYHUX HayK Ta | mokropa ¢imocodii.
IMpodecop boiiko BXOAWTH A0 CKiIaqy IBOX CHELialli3o-
BaHMX BYCHUX paJl i3 3aXUCTY JOKTOPCHKHUX JTUCEPTAIiH.

[Ipodecop boiiko OGepe akTUBHY y4acTh y MiXKHApO-
JHUX T4 HAIiOHATFHUX HAyKOBO-TEXHIYHMX KOH(EPEHIIi-
X, TIOB’SI3aHMX 13 MPoOIEMaMy Cy4acHO] eJIeKTPOTEXHIKH
1 CHepTeTHKH, YIOCKOHAICHHSIM HOBUX PO3POOOK, ITiBH-
MICHHSAM e()eKTUBHOCTI eNeKTPO(I3MIHIX TEXHOIOTITHUX
YCTaHOBOK.

IOBingp  HaropokeHHWII  HOYECHHMM  3HAKOM
«M306petatens CCCP» (1990 p.). Haropomxkenwmii moye-
CHOIO TPaMOTO0 XapKiBChKOI 00JIaCHOT JiepKaBHOT aaMi-
HicTpanii Ta XapkiBCbKOi 00JacHOi paju 3a BHCOKHN
npodecionanizam (2004 p.). IIpodecopa boiiko BKIHOUECHO
o ennukionenii « Who is who in the world» (2005 p.),
mo Bupaerses y CIIA, sk BueHOro, 1m0 3po0UB 3HAYHHUN
BHECOK B HayKy.

Becp xonmextuB HTY «XIIl», xadenpa imxeHepHOT
enekrpodizuku Ta HAIIKI «Momais» HTY «XIID» mmpo
BiTae maHOBHOTO Mukony [BaHOBH4YA 3 IOBijieeM, Oaxkae
macTsi, 3J0pOB’sl, HEBUYEPITHOI €Heprii, HATXHEHHS Ta
HOBHX HayKOBHX JIOCATHEHb Ha JJOBT1 POKH.

Penakuiitna koserisi xypHany «Enexkrporexsika i
eﬂeKTpOMeXaHiKa» MPpUENHYETHCA pa(e] oux TCINIUX
nobaxxaHs.
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KOJITYIIKO 'EOPI'TI MUXAMJIOBUY

(1o 85-piyust 3 THSI HAPOPKEHHS )

Bumnosamiocs 85 pokiB 3 THS HApOIKEHHS BiOMO-
TO BUYSHOTO Ta (axiBIld y rairy3i TeXHIKA BUCOKHX HAIPYT
Ta JIarHOCTUKM CTaHy 3a3eMIIIOBAJbHUX IPHCTPOIB,
[Touecnoro eneprermka Yxkpaimm (2010 p.), maypeara
HepxaBHol mpemil YkpaiHu B o0sacTi HayKH 1 TEXHIKH
(2004 p.), nmaypeara mnpemii Pagu Minictpie CPCP
(1988 p.), kaHmMmaTa TEXHIYHUX HAYK
I'eoprist Muxaitnosnua Komiymika.

I'eopriii MuxaiinoBuu HapouBCs
1 uepBHs 1940 p. y M. Binaung. ITicns
3akiHueHHs y 1963 poui enekrpoma-
MIMHOOYAIBHOTO (paKyIbTeTy XapKiB-
CBKOTO TIOJNITEXHIYHOTO iHCTUTYTY 3a
po3noxinom OyB HampaBieHuil 1o Hay-
KOBO-IOCTIAHOT J1abopaTopil TEeXHIKH
BUCOKHX Hampyr Ta MEpPETBOPIOBAYIB
ctpymy XIII (ma nmammit wac HIIKI
«Moznis» HTY «XIll»), ne npompa-
ioBaB Maibke 60 pOKiB Ha mocajax BiJ iH)XXeHepa 10
3aCTYIIHUKA TUPEKTOPA.

I'eopriit MuxaiiinoBiu Komiynmko € BU3HaHUM aBTO-
puTeToM B 00JIacTi PO3pOOKM YHIKalIbHUX BHCOKOBOJIBT-
HUX BHIIPOOYBAIBHUX YCTAHOBOK, AESAKi 3 SIKUX 1 JOHHUHI
HE MalOTh AHANOTIB y CBiTi. Floro po6oT mupoKo Bixomi
He TUIbKK B YKpaiHi, a it 3a kopponom. Ilix #oro kepis-
HUIITBOM Ta 3a Oe3rmocepenHboi ydacTi 6yino po3po0ieHo
OGararo BHNpPOOYBAIBHMX BHCOKOBOJBTHUX CTEHJIB,
SK-OT: BHCOKOBOJIFTHAa BHIIPOOyBajbHA YCTAHOBKA JUIsI
BUNPOOYBaHb ABTOMATUYHUX CHCTEM KEPYyBaHHS TEXHO-
JIOTIYHMMH TIPOIIECAaMH Ha BIUIMB €JIEKTPOMArHITHHUX II0-
miB 3a [OCT 29280 («XAPTPOH», m. XapkiB), ycTaHOB-
Ka [UIS OI[iHKH OJIMCKaBKOCTIHKOCTI OOpTOBOrO 007as-
HaHHs Jitaka AH-140 mo iMmynbcHUX HaBeIeHb, iHIYKO-
BaHUX B OopToBuX enekrpuuHux kojax AHTK-1 (AHTK
«AHTOHOB», M. KuiB), KOMIUIEKCH €ICKTPOQI3UIHNX
YCTaHOBOK, SIKi 3a0€311e4yI0Th ITPOBEICHHS HOPMAaTHBHUX
BUIPOOYBaHb EJIEMEHTIB OOMEXyBayiB IepeHanpyr B
CJIEKTPUYHUX MEpeXax ILIMPOKOro KiIacy Hampyru, IIo
Bumyckarotecs cepiiao (HAI BH M. Crnos’sHCEBK), ycTa-
HoBku «TUP-2», €HE-320 x/Ix, €HE-1500 xlx «Jly4,
«Jlipa», reHeparop iMIysbciB cTpymy ycranoBke IEMI-6
«CmmaBy, «Okcamut» (6 M]Ix) Ta BUIpPOOYBaIBHOTO
xommiekcy IEMI-12 «<EDQEC».

J1o 0co0nMBO BU3HAUHKX JIOCSITHEHB B cepi TeXHi-
KM BHCOKHUX HAmpYT CITiJ BiTHECTH pOo3pOOKY Ta BBEICHHS
JI0 eKCILTyaTalii eKiUIbKOX BHCOKOBOJBTHHX YCTaHOBOK,
SIKi BHECEHO /10 MIXKHApOJHOrO PEECTpy YHIKaJIbHUX BU-
npobyBanpHuX cBiToBUX neHTpiB EMI (IEC 61000-4-32).

[Mig xepisarmrBoM .M. Komiymko B Mexkax CIIiB-
pobGitHunrBa 3 Kurtaem Haj npoextom «Bennka crinay
CTBOPEHO KOMIUIEKC IMITaTOpiB IMITyJNbCIB HAIpyr Ta
cTpymiB rpo3oBux po3psniB «KIHC-My, koMmIuieKcHHiA
CTEH/I ISl MOJICIIOBAHHS €JIEKTPOCTATUYHHX BIUIMBIB Ha
00’€KTH aBialliiHO-KOCMIYHOI TeXHIikH «EictaT»y, KOM-
IUIEKC IMITaTOpIB IMITYJIECIB EJIEKTPOMATHITHUX TIOJIB
rpo3oBux po3psaais «KKIEMI-M».

I'eopriii MuxaityioBU4 € 3aCHOBHMKOM HOBOT'O Hay-
KOBOTO HAaIpsAMY, aKTyaJbHOTO B EHEPreTHYHIH Taiy3i

VYkpalHH — IiarHOCTHKU CTaHy 3a3¢MIIIOBAIBHUX MPH-
CTpOiB €HEeprood’eKTiB, KUl J03BOJISE ONTHMAIBHO I10-
€JIHYBATH 3aX0/U 13 3a0e3reueH s Oe3MeKH MepCoHaNy Ta
€JIEKTPOMATHITHOI CYMiCHOCTI Ha 00’ €KTI.

[Mix xepiBaunTBoM Komiymka .M. KOIEKTHB CIIiB-
POOITHHKIB pPO3pOOHMB TpH BUMIPIOBAIBHI KOMIUIEKCH
«KA3-1Y», «IK-1¥» Ta «KI-1Y» Ta
MPOBIB IX JepKaBHI BUIPOOYBaHHSA, SKi
JI03BOJIMJIM  BBECTH iX A0 Jlep:kaBHOro
peecTpy 3aco0iB BUMIpPIOBAIEHOI TEXHIKA
VYkpainu.

I'eopriem MuxaiinoBudeM 3akiajie-
HO (YHIAMEHT JUIs IUTIHOI CIIBIIpalli B
oOnacTi MigBUINEHHS Oe3nekd podoTh
00’eKTiB 3 (haxiBIIMHU BCIX aTOMHHX €JIe-
krpocranniii, HEK «Yxkpenepro», ITAT
«YxkpHadTa» Ta OUIBIIICTIO 00JEHEPro
VYkpainu.

IOBinsIp € omaUM 3 aBTOpIB T71aB 1.7 Ta 4.2 «IIpaBun
YJIAIITYBaHHS €JIEKTPOYCTAaHOBOK», & TAKOX OpaB aKTHB-
Hy y4acTb y po3poOii T0BiIKOBO-METOAMYHOTO MTOCIOHH-
ka «TexHiuyHe IiarHOCTYBaHHS, BHIPOOYBaHHS Ta BUMi-
PIOBaHHS €JIEKTPOOOIaJHaHHI B yMOBaX MOHTaXYy, Hajla-
TO/DKYBaHHSA 1 B eKcrutyararii. YactuHa 2 3araibHi MeTo-
A Ta 3aCO0M JiarHOCTYBaHHS, BUIIPOOYBaHb Ta BHUMIpIO-
BaHb EJIEKTPOOOJIaIHAHHS, BUBEICHOTO 3 poOoTH». 3a
Horo Oe3mocepeqHbOi ydyacTi PO3POOJICHO IEpIIHiA B
VYkpaiHi HOpPMATHBHHH HOKYMEHT, SKHH perjaMeHTye
IpaBWiia BUIIPOOYBAaHHS 1 KOHTPOJIIO CTaHy 3a3eMIIIOBa-
npHuX npuctpoiB COY 31.2-21677681-19 «Bunpoby-
BaHHS Ta KOHTPOJIb PUCTPOIB 3a3eMIICHHS €JIeKTPOycTa-
HOBOK», 3aTBEp/UKEHMH Haka3oM MiHnanuBeHepro
VYkpaiHu, sIKuid BUKOPUCTOBYETHCS (paxiBLsIMH BCiX iCHY-
FOUMX €HEeProcucTeM Y KpaiHu.

Ieopriit Muxaitnosuu — asrop noHax 300 apykoBa-
HUX poOiT, 25 BUHAXOMIB Ta MATCHTIB, HU3KH HOPMATHB-
HUX JOKYMCHTIB.

Cepen kousier Ta (paxiBLiB YCTaHOB, SIKI CIIBIPAIIO-
tots 3 HATIKI «Momwis» HTY «XTIIl», 'eopriit Muxaii-
JIOBUY KOPHUCTYETHCS aBTOPUTETOM Ta IIOBaroio 3a BHCO-
Kuil mpodecioHali3M, TaKTOBHICTb, TOOPOTY, YYHHICTH i
TOTOBHICTH JONMOMOITH. A JUIi MOJOAWX BYCHHX
I'M. Komiymko € mpukiIagoM y IJIECIIpIMOBaHOCTI,
BMiHHI BHpILIyBaTy MOCTABJCHI HAYKOBI Ta TEXHIYHI 3a-
BIaHHA, OakaHHI HE 3yIMUHATHCS HAa JOCATHYTOMY Ta Bif-
KpPHUBATH HOBI HAIPSIMH B POOOTI.

leopriii MuxaiiioBu4 € 3pa3KOBHUM CiM’STHUHOM 1
pasoMm i3 gpyxuHOIo, ['amuHOIO IBaHiIBHOIO, 2 dYepBHSA
2025 p. CBATKYIOTh 65-Ty PIYHHIIO BECLIIIA.

Becy konmexktnB HTY «XIll», cnoiBpoOITHUKH
HAIKI «Mounnisty HTY «XI1l», konern ta aApy3i mmpo
BiTaroTh IaHOBHOTO ['eopris MuxailoBu4a 3 IOBLICEM,
Oaxkae MIIHOTO 370pOB’sl, HEBUYEPITHOI €HEeprii, MacTs,
HATXHEHHS Ta HOBUX HAYKOBHUX JIOCSTHEHb.

Penaxmiiina xomerisi xypHanmy «EmekrporexHika i
eJIEKTPOMEXaHiKa» TPHEAHYETbCS OO0 I[HX  TEIUINX
1o0akaHb.
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ATYI BAJIEPII TPUTOPOBUY

(1o 80-piyust 3 THSI HAPOPKEHHS )

[Ipodecop kxadenpn koM IOTEpHUX HayK i iHPOP-
MaIiifHuX cucreM XapKiBChKOTO HAliOHAILHOTO aBTOMO-
OimpHO-HOpOXkHBOTO YHiBepcutery (XHAJLY), mokrop
TeXHIYHUX Hayk, npodecop Sryn Banepiit I'puroposuu
HapouBcst 29 nmumnns 1945 p. B micti Mapiynoni JloHeis-
koi obmacti. B 1962 p. BcTymmB 1o
XapKiBCHKOTO TOJITEXHIYHOTO 1HCTH-
tyty (XTIII) 3a cneuianpHicTio «IIpomu-
CJIOBA ENIEKTPOHIKaY.

[Tin yac nHaByaHHs Banepiii OyB
HAJ[3BUYAMHO BpPAKCHUI JICKIIIMHA 3
aHaNI3y EJIEeKTPOHHUX CXEM TOMOJIOTiY-
HUMH MeToamH, siki uutaB B.T. JlonOHs,
o OyB Ha TOH Yac MiMCHO MPOBiTHUM
BueHHMM B Co01031 3a LM HaIpPSMOM.
B 1967 p. Banepiii I'puropoud oTpH-
MaB JIUIUIOM 3 BiZI3HAKOKO 1 OyB po3mo-
nineHndi Ha Kadeapy IPOMHUCIOBOL
enexktponikn  XIII. ¥V 1968 p.
B.T. J[lonOHst mnoroauBcst NPUHHATH
B.I'. fIryna no 3ao4Hoi acmipaHTypu i
BH3HAUMB HOMY TeMy AMcepTalii, sika Oysia mpuCBsUeHa
JIOCITIZPKEHHIO TIEPEXiTHHUX MTPOLECiB Y BEHTHIBHUX KOJIaX
Ha OCHOBI HampaBieHuX rpadiB. B xomi mocmimxeHHS
B.I. Sryn 3anponoHyBaB OIEpPAaTOPHO-PEKYPEHTHUI
METOJ] IIePeX0/y A0 AUCKPEeTHOro rpada ajis po3paxyHKy
NPOLECIB 32 YHIBEPCAIBHUM aJTOPUTMOM AJIsI BEHTHIIb-
HHUX CXeM a0COJIFOTHO IOBIIBLHOI TOMOJIONII. 3aXUCT quce-
prauii BinOyBcs y 1974 p., npruuoMy 3a peKOMEHIALIE0
Buenoi pamm 3a marepianamu auceprauii B.I'. SAryn
BUJIAB HABYAJILHUI MOCIOHUK, SKUH, 30KpeMa, 3a 3alIUTOM
O0yB nepenanuit mis sukopucranus B [EJ]] AH YPCP. 3a
TEeMOI0 Jucepralii Oyna nmojaHa podoTa Ha KOHKYPC MO-
JIOJMX BYEHHWX, sika HaropomkeHa ['pamotoro Ilpesmmii
AH YPCP. B 1979 p. B.I'. AIrynom y cmiBaBTOPCTBI Ta 3a
penakmiero B.T. HonOHi BHMmaHO MiAPYYHHK 3 TpUPOM
MiHBy3y, NpPUCBIYCHHH BHUBUYCHHIO EJIEKTPOHHHUX NpH-
CTPOIB 3 BUKOPHCTAHHSM TOIOJOTIYHUX METO/IB.

3 1972 p. npotsirom 15 pokis B.I'. fIryn BukoHye
000B’SI3KM BYEHOTO Cekperaps ceMiHapy «llutaHHA Teo-
pii, po3poOKH i AOCIIKEHHS BEHTUIILHUX MEPETBOPIOBA-
yiB» min kepiBHuurBoMm B.T. Jlon6ni i B.I1. umimo.
VY 1986 p. B.I'. SIryn BunaB mMoHorpadiro « ABTOMaTH30-
BaHHU pO3paxyHOK THPHCTOPHUX CXEM).

3 1990 p. mo 2002 p. B.I'. Aryn mpamtoe B Ykpain-
CBKIH IH)KGHEpHO-Ilefaroriuniii akamemii. Ha mocani
3aBimyBada Kadenpu aBTOMATHKU Ta PaJiOeeKTPOHIKH
BiH MMpHIIMa€ y4acTh y CTAHOBJICHHI HOBO{ CIIEIiaIbHOCTI,
a TaKoX 3aBepllye IOKTOPCHKY AWCEPTALilo, SIKy MOJaE
no BueHoi cnenpanu IE]] HAHY wanpukiuaimi 1996 p. 3a
cnemianpHicTio 05.09.12 — HamiBIPOBIIHUKOBI MMEPETBO-
proBadi enekrpoeHeprii. B mucepraiii BUpilieHi TUTaHHS
NOBHOI aBTOMaTH3allil pO3paxyHKIB MPOLECIB B BEHTHJIb-
HHUX CHCTEeMaX Oy/b-sKOT TOMOJIOTIT, BKJIFOYAIOYH TUTAHHS
ABTOMATUYHOrO (pOpMyBaHHS PiBHSAHb TUHAMIYHHX HPO-
neciB. [Ipu npoMy Ha BCiX eramnax 3acTOCOBYIOTHCSI OpH-
TiHaNBHI aJITOPUTMH KOMIT IOTEPHOI 00pOOKH CUTHAIBHUX
rpadiB CTaHIB TepeTBOpIOBadiB. Bupimena mpobiema

MIPUCKOPEHOTO 3HAXO/HKEHHS YCTAICHUX PEKHUMIB, TOCHi-
JDKSHHSI PEXHMIB KOB3aHHA Yy KOMIT'IOTEPHHX MOJEISAX
THPUCTOPHUX  TepeTBoptoBadiB.  CTBOpEHHH  HUM
koM totepanii  komruieke CIMITAT, nepemanwii mms
BUKOPUCTaHHS HU3L1 YCTaHOB. 33Ul NPOBEICHHS HAYKO-
Boi poborn B.I'. fIrynm omanyBaB mpo-
rpaMyBaHHSI Ha aJTOPUTMIYHHX MOBAxX
Fortran, ALGOL, PL/1, Pascal, C++,
VBA, a Takox, KpiM HIMENBKOi, BHU-
BYMB APYry iHO3eMHY MOBY. Y 1982 p.
BiH 3aKiHuMB Jlep>kaBHi TpHUpiuHi KypcH
1HO3eMHUX MOB i JaJli CIIBIpAITIOBaB 3
TopriBeIbHO-IIPOMHCIIOBOIO NAJIATOIO B
SIKOCTI TepeKiIagada 3 aHTJIHCHKOI,
IICTaBIIA  PiBEHb  CepTU(IKOBAHOIO
nepexiiaaaya 3 TeXHIYHOT aHTJIHCHKOI.

3 2002 p. B.I'. Aryn mpartoe Ha
kadenpi  eNEKTPONOCTaYaHHS  MICT
XHYMI im. O.M. BekeroBa. 3aBusiku
cmiBmpani 3 3aBigyBadeM Kadenpu
O.JI. I'pubom, B.I'. Srym nocmimkye
MUTaHHS KOMIICHCaMii PeaKTHBHOI HOTY)KHOCTI B CHCTe-
Max enekTporoctadanHs. Ha npoMy erami y cmiBmpani 3
BUITYCKHHUIICIO iHKeHepHO-¢izngHOoTo (Pakynprery XIII
K.B. Arym 6yno po3po06iieHO anropuTMu aHajlizy i CHHTe-
3y  KOMIICHCYBAIBHHX  INpPUCTPOIB  Ha  OCHOBI
KOMIT FOTEPHUX MOJIeJIel i MEeTO/IIB MOIIYKOBOI ONTHMI3a-
Iii, 1110 T03BOJISIE BU3HAYUTH MTApaMETPH MPUCTPOIB 3a 15
TIOBHOI KOMIIEHCalii peakKTUBHOT MOTYXXHOCTI IPU HECH-
METPHUYHUX HaBaHTAXKEHHSIX.

[potsrom ocranHix necarwrite B.I'. Srym 3a 3a-
MIPOILIEHHSIMH CITIBITPAIIOBAB 3 HU3KOIO TEXHIYHHUX BY3iB,
JOIOMAararoyl B TOCTAHOBLI B HHX JUCLHMIUTIH,
MIOB’SI3aHNX 3 MOJENIOBaHHAM cucTeM. Ilpu mpomy BiH
HEOIMIHHO IPOTIAaTyBaB i BTLIFOBAB CYYacHi CIIeIiaNbHi Ta
TOTIOJIOTIYHI METOH 3 iX KOMII FOTEPHOIO pealtialli€ro.

B.I'. Aryn onyGmikyBaB monan 230 HayKOBHUX
npampb, B TOMy 4Hciai 3 MoHorpadili Ta 5 HaB4aIbHUX
nociOHuKH. BiH OyB WiIEHOM JBOX JOKTOPCHKUX CIELpa,
YJICHOM PEIKOJIErii HayKOBO-TEXHIYHHX KYPHAIIIB, Kepi-
BHUKOM TIOCTIHHO mdirodoro ceminapy HaykoBoi pasu
HAH VYxkpainun «HaykoBi OCHOBH €IIEKTPOEHEPTETHKNY.
3a pimenHsM BueHoi paau oMy NMpUCBOEHO 3BaHHS I10-
gecHoro npodecopa XHYMI im. O.M. Bekerora.

Cai#t BimbHHH yac Banepiii ['puropoBuy npucssaye
mitepartypi, maxam, rpi Ha ¢opremniano. barato pokis
mpuiiMaB ydacTh y XyHOOXHiH camomistmpHOCTI XIII, y
1966 p BuiznuB Ha BcecorosHi 3MaranHs y ckiafi 30ipHOL
koManau KBK M. Xapkoga.

Pekropar XHAIY 1  KomekTHB  Kadenpu
KOMIT'FOTEPHUX HayK 1 iH(opMamiiHUX CHUCTEM PO
BiTaroTh Banepis I'puropoBuda 3 foBijieeM, 3U4ath oMy
MIIIHOTO 3/I0pOB’Sl, TOJANIBIINX TBOPYMX YCIIXiB y HOro
OararorpaHHii Ta TUTAHIA HaAyKOBIH 1 TNeNaroriyHin
IISIIBHOCTI.

Pemakuiitna koserist xypHany «EnexTporexHika
i eNeKTPOMEXaHiKa» NPHEAHYETbCS 1O IHMX LIUPUX
noOaxxaHs.
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