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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
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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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* oM (12)
_ (1 — G) _ Lr 2
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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.

Electrical Engineering & Electromechanics, 2025, no. 4



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).

14
D!Z S D;z S D1Z S
0
INDUCTIVE
b
) Ud LOAD
WZE YA

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
premise | IPS 1 B

A c = X
el '7/CEHS\<' 2
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e
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ES z;
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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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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

B T B s S ES—

.60 i I i i ; i ! i i
o] 2 4 ] 8 10 12 14 16 18 20

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.
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—— 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 :
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SM,

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

" i !
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Fig. 4. Principle of PD-PWM:

references and carriers waves (a); number of inserted SMs (b)

) A 2T N 7

y / N Nl
0.004 0.006 0.008 om 0.012 0.014 0.016

0 -
0 0.002

Nupper

8

:
i

"meﬂ
11141

0 0.005

o

S =N W e noa g%

28

Electrical Engineering & Electromechanics, 2025, no. 4



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

.
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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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Z. Khammassi, H. Khaterchi, A. Zaafouri

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).
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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
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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.
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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
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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.
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Fig. 11. Insulation resistance of the module under of 1 kV DC
in a damp environment
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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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Fig. 15. R, represented by the inverse of the slope of the dashed

line (unstressed module)
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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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4.8
4,75

47
4,65

4,6
4,55

45 V.V
4,45 2V>

o 2 4 & a io0 12 14 kL
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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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.
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Introduction. Multi-branch DC/DC converters offer

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 _ M2l M : bz 2
output [9-11]. This is achieved by eliminating operational —1%1_ i J .
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 _'.TmmJ 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 .
required output power. Addressing this issue requires an Rea  Lew | Mnl R Lo Dn2 Rex Lo
analysis focused on maximizing the converter’s i i B
efficiency. Therefore, the subsequent sections provide a ] | q Mo
detailed analysis of the calculation for the optimal number : By Ly M2l : R, L : 02 Re Lo
of active branches, considering both buck and boost fat m— e { 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 L ¥ Kom " _I':] ;’Z
buck mode and associated losses. The configuration of _ lU & o2 = ul ||z
the analyzed converter operating in step-down (buck) b
mode with n branches is shown in Fig. 2 [14-16]. In this

case, the second transistor for the n-th branch is not
considered.

Fig. 1. Circuit diagram of the n-branch buck-boost converter
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=l1

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):

) di . .
-U+ RPnlln + LPnl d_;l + DS (on)n'n + RLnln +
di di @
+Lnd_;‘1+UF +RPn2in +Lpnzd—;+UZ :O,

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; Rpy; 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.
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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 +rgiy, ; (4)
Ryt = Rpny +1Ds(on) + Rin + Rpna + 755 ®)
Ly =Lpy+L,+Lpy, (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 /,:

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

+[1€

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.

Electrical Engineering & Electromechanics, 2025, no. 4

47



Fio | € | vetca | Hormincn | 1o | cumey | csers | mpasre | wa | s | wyscose | see | umes | e () T @ W
T T T T k 4 T X § T

A b
r v
I L I i . L )
B s00main o R, | EeEm o | 10.0usie 1,068 1onap
& 1 oven o PSR ) Singie S0q
T sovmaiaw w0 SRR A acas ALK
ey i
€T Mo
D mean
T mean

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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Ryt =Rpy1 +1DS 1(on) * Rea + 105 200my5  (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

—
_| Ur
_—

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:
_Rptnz
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
Ry+nZ 1-z
+L. l—-e Lnl f .e Ln2 f

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
Ry Ry 2
+ 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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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

© D.V. Martynov, Y.V. Rudenko, V.V. Martynov

Electrical Engineering & Electromechanics, 2025, no. 4

53



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.

Acknowledgment. The work was carried out by the
budget program on the topic «Source-4» state registration
number 0124U000393 (KPKVK 6541030).

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

REFERENCES
1. Zharkin A., Novsky V., Martynov V., Pazieiev A. Provision
of high quality power supply in distribution networks with
renewable energy sources. Bulletin of NTU "KhPI". Series:
Electric machines and electromechanical energy conversion,
2019, no. 20 (1345), pp. 4-13. (Ukr). doi:
https://doi.org/10.20998/2409-9295.2019.20.01.
2. Hein K., Xu Y., Wilson G., Gupta A. K. Coordinated
Optimal Voyage Planning and Energy Management of All-
Electric Ship With Hybrid Energy Storage System. [EEE
Transactions on Power Systems, 2021, vol. 36, no. 3, pp. 2355-
2365. doi: https://doi.org/10.1109/TPWRS.2020.3029331.
3. Fonseca de Freitas C. A., Bartholomeus P., Margueron X., Le
Moigne P. Partial Power Converter for Electric Vehicle Hybrid
Energy Storage System Using a Controlled Current Source
Cascade Architecture. [EEE Access, 2024 vol. 12, pp. 150898-
150913. doi: https://doi.org/10.1109/ACCESS.2024.3477935.
4. Yurchenko O.M., Martynov D.V., Martynov V.V. Research of
a bidirectional voltage converter for application in energy storage
system. Proceedings of the Institute of Electrodynamics of the
National Academy of Sciences of Ukraine, 2023, no. 65, pp. 121-
126. (Ukr). doi: https://doi.org/10.15407/publishing2023.65.121.
5. El Fadil H., Giri F. Sliding Mode Control of Fuel Cell and
Supercapacitor Hybrid Energy Storage System. [FAC
Proceedings Volumes, 2012, vol. 45, no. 21, pp. 669-674. doi:
https://doi.org/10.3182/20120902-4-FR-2032.00117.
6. Cosso S., Benevieri A., Marchesoni M., Passalacqua M.,
Vaccaro L., Pozzobon P. A New Topology of Multi-Input
Bidirectional DC-DC Converters for Hybrid Energy Storage
Systems. Energies, 2024, vol. 17, no. 20, art. no. 5120. doi:
https://doi.org/10.3390/en17205120.
7. Hosseinzadeh M.A., Sarebanzadeh M., Garcia C.F., Babaei E.,
Rodriguez J. An Asymmetric Switched-Capacitor Multicell Inverter
With Low Number of DC Source and Voltage Stress for Renewable
Energy Source. IEEE Access, 2022, vol. 10, pp. 30513-30525. doi:
https://doi.org/10.1109/ACCESS.2022.3140786.
8. Passos Nascimento A.J., Ferro de Menezes B., Jo de
Mesquita S., Rabelo Costa K., Lessa Tofoli F., Daher S.,
Marcelo Antunes F.L. Bidirectional Isolated Asymmetrical
Multilevel Inverter. [EEE Transactions on Circuits and Systems
1I: Express Briefs, 2023, vol. 70, no. 1, pp. 151-155. doi:
https://doi.org/10.1109/TCSI1.2022.3201601.
9. Meng Z., Wang Y.-F., Yang L., Li W. High Frequency
Dual-Buck Full-Bridge Inverter Utilizing a Dual-Core MCU and
Parallel Algorithm for Renewable Energy Applications.

How to cite this article:

Energies, 2017,vol. 10, no. 3, art. no. 402. doi:
https://doi.org/10.3390/en10030402.

10. Akbar F., Khan U.A., Khan A.A., Ahmed H.F., Elkhateb A.,
Cha H., Park J.-W. Dual-Buck Three-Switch Leg Converters
With Reduced Number of Passive Components. [EEE
Transactions on Power Electronics, 2022, vol. 37, no. 11, pp.
13484-13498. doi: https://doi.org/10.1109/TPEL.2022.3183834.
11. Lyu D., Sun Y., Teixeira C.A., Ji Z., Zhao J., Wang Q. A
Modular Multilevel Dual Buck Inverter With Adjustable
Discontinuous Modulation, /IEEE Access, 2020, vol. 8, pp. 31693-
31709. doi: https://doi.org/10.1109/ACCESS.2020.2972906.

12. Bui D-V., Cha H. Nguyen V-C. Asymmetrical PWM Scheme
Balancing Voltages Dual-outputs Interleaved Four-switch Buck-
Boost DC-DC Converter. 2022 [EEE Ninth International
Conference on Communications and Electronics (ICCE), 2022, pp.
482-487. doi: https://doi.org/10.1109/ICCE55644.2022.9852055.
13. Mirza A.B., Emon A.L., Vala S.S., Luo F.A Comprehensive
Analysis of Current Spikes in a Split-Phase Inverter. 2022 IEEE
Applied Power Electronics Conference and Exposition (APEC),
2022, pp- 1580-1585. doi:
https://doi.org/10.1109/APEC43599.2022.9773407.

14. Yao Z. Review of Dual-Buck-Type Single-Phase Grid-
Connected Inverters. /[EEE Journal of Emerging and Selected
Topics in Power Electronics, 2021, vol. 9, no. 4, pp. 4533-4545.
doi: https://doi.org/10.1109/JESTPE.2020.3027770.

15. Patarroyo-Gutierrez L.D., Hernandez Gémez O.M., Jiménez
Lépez F.R. El inversor dual buck de inductor simple: control de
voltaje y procedimiento para obtener su modelo matematico.
Revista EIA, 2024, vol. 21, no. 41, art. no. 4117, pp. 1-21. (Esp).
doi. https://doi.org/10.24050/reia.v21i41.1692.

16. Bui V.-D., Cha H. Asymmetrical PWM split-phase boost
PWM AC-AC converter with inherent output voltage balancing.
Journal of Power Electronics, 2024, vol. 24, no. 1, pp. 20-31.
doi: https://doi.org/10.1007/s43236-023-00717-w.

17. Guo S., Huang A.Q. Control and analysis of the high
efficiency split phase PWM inverter. 2014 IEEE Applied Power
Electronics Conference and Exposition - APEC 2014, 2014, pp.
2415-2420. doi: https://doi.org/10.1109/APEC.2014.6803641.
18. Kumar R.S., Reddy C.S.R., Chandra B.M. Optimal
performance assessment of intelligent controllers used in solar-
powered electric vehicle. Electrical  Engineering &
Electromechanics, 2023, mno. 2, pp. 20-26. doi:
https://doi.org/10.20998/2074-272X.2023.2.04.

19. Rudenko Y. Analysis of DC-DC Converters by Averaging
Method based on Lagrange Theorems. 2021 IEEE 2nd KhPI
Week on Advanced Technology (KhPIWeek), 2021, pp. 367-370.
doi: https://doi.org/10.1109/KhPTWeek53812.2021.9570089.

Received 30.10.2024
Accepted 20.02.2025
Published 02.07.2025

D.V. Martynovl, PhD Student,

Y.V. Rudenko', Doctor of Technical Science,

V.V Martynovl, Doctor of Technical Science,

!Institute of Electrodynamics of the National Academy of
Sciences of Ukraine,

56, Prospect Beresteiskyi, Kyiv, 03057, Ukraine,

e-mail: d.martynov@electrotechimpulse.com (Corresponding
Author); mart v@ied.org.ua; rudenko@ied.org.ua

Martynov D.V., Rudenko Y.V., Martynov V.V. Improving the operation of an asymmetric inverter with magnetically coupled

inductors for energy storage systems.
https://doi.org/10.20998/2074-272X.2025.4.07

Electrical Engineering & Electromechanics,

2025, no. 4, pp. 53-58. doi:

58

Electrical Engineering & Electromechanics, 2025, no. 4



High Electric and Magnetic Fields Engineering, Engineering Electrophysics
UDC 621.3.022:621.396.6:533.93 https://doi.org/10.20998/2074-272X.2025.4.08

M.I. Baranov

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 breakdown 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 positive leader were found on the basis of: a closeness of n.,
charge and electric potential U, in the head of leader; linear charge q;; of leader of plasma channel; closeness J,; of electron
current i,y 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 R;. 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 certain 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,y 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 [;=0,395 m at 1,;,=1,5 m) the radius of R.,;~0,5 mm, what high potential
U, ()=U.Ty=611,6 kV its active metallic electrode-edge. Obtained result for the maximal electron temperature T,;~1,639-1 0* 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 electrical 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.

Haoani pesynemamu po3paxynko6o-eKcnepumeHmanibHo20 6UsHA4eHHs 0CHOGHUX XapaKMepucmux niazmo8020 Kanany no3umueHo2o
nidepa npu eneKmpuyHoMy Hpoboi 0082020 NOGIMPAHO20 NPOMINCKY 080e1eKmpoOHoi po3psaonoi cucmemu (HEPC) «gicmps-
NIOWUHAY CMAHOAPMHUM KOMYMAYIUHUM anepiooudum imMnyrscom eucokoi Hanpyeu yacoseoi gopmu T,/T~200 mxc/1990 mxc
no3umuenoi noaapuocmi. 3anponoHosano cnpoweny enekmpoQizuuny mooenb SUHUKHEeHMs [ PO3GUMKY NO3UMUBHO20 Nidepa 6
00820My pO3PAOHOMY ROBIMPAHOMY npomidcKy Oocrioxcysanoi JJEPC, na ocnogi sikoi y komniekcHomy uenadi 6yau 3naiioeHi
HACMYNHI OCHOBHI XAPAKMEPUCTNUKU NAA3MO8020 KAHATY OAHO20 NOUMUBHO20 1i0epa: 2YCMUHA Ny, eNeKMPOHIE | eleKmpuyHuil
nomenyian U, 6 20106yi nidepa; no2ouHuil 3apso qp; 1i0epHo2o NiazmMo8020 KAHALY; 2YCMUHA O, €IeKMPOHHO20 CIPYMY iy, i yel
CMpYM i, 6 KaHAali i0epa; Hanpyi#ceHocmi CUNbHO2O eNeKmpuunozo noia écepeouni Ej; i 306ui E;, kanany nioepa; 0osdcuna I
cmpumepHoi 30HU nepeo 20]1068KoI0 Nidepa; Makcumanvha enexmpouna memnepamypa T, 6 ninazmi xaumany nioepa; NO20HHUIL
axmueHutl onip Ry, i nosnuti axmuenutl onip Ry, kanany nioepa. Bukonani Ha imuu3HAHOMY NOMYICHOMY HAOBUCOKOBONLINHOMY
en1eKmpooOIAOHAHHT HA BIOKPUMOMY NOSIMPI 8 YMO8AX eleKmpopizuuHoi 1a60pamopii 6UcoK0801bMHI eKCnepumMenmu niomeepouiu
npaye30amuicms i 00CMOGIPHICMb HU3KU OMPUMAHUX PO3PAXYHKOBUX CHIBGIOHOWEHb Ol 6KA3AHUX XAPAKMEPUCTIUK NIA3MOBO20
Kauany no3sumueHo2o 1ioepa eiekmpuino2o pospsaoy, AKull popmyemvcs i po3gueacmuvcs 8 yiti gucokosonrbmuiv nogimpanii JJEPC.
Bi6m. 49, puc. 7.

Kniouogi cnoeéa: noBruii NMOBITPSIHUI NPOMiXKOK, JilepHUN Po3psiA, eJeKTPUYHMII NPOGiil NMPOMikKy, NMIa3MOBHI KaHaJ
MO3UTHBHOTO JIi/iepa, XapaKTepHCTHKH MO3UTHBHOTO JIiepa.

State and relevance of the problem. According to
the provisions of modern gas discharge physics, the
electrical breakdown of both long (length /; of the order
of 1-10> m, which corresponds to the gas insulation of
extra- and high-voltage electrical equipment), and ultra-
long (length /; of the order of (1-3)-10° m, which is
characteristic of extra-high-voltage lightning discharges
in the Earth’s troposphere) air gaps occurs according to
the leading electrophysical mechanism and ends with
spark form of the discharge and their short-circuiting
mode [1-4]. As a result of this breakdown, the gas
medium of these gaps passes from a dielectric state in the
zone of propagation of this discharge to an electrically

conductive one by transforming it into plasma. At the
same time, the leader discharge in atmospheric air has one
characteristic property [1-3]: from a source of artificial
(charged with high electric potential of the order of
p~+1 MV metal electrode of an electrical device [1, 3])
or natural (charged in the Earth’s troposphere
thundercloud with extra-high electric potential of the
order of @p=£(100-500) MV [2, 5]) electricity, a thin
(radius of about R;~0,5-107 m [1, 3]) plasma thermionic
channel with main spherical part (head with radius R,;~R,
with excess charge ¢, of the corresponding polarity)
that glows brightly, which in the electrophysics of
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high (extra-high) voltages is called a «leader». From the
head of this leader towards the grounded metal electrode
of the discharge electrical system or the surface of the
earth with objects on it, when considering linear lightning,
numerous streamers develop, which are capable of
branching. After the head of the developed leader, which
has an electric potential £U,;, meets the grounded metal
electrode (surface of the earth or ground technical object)
to which it developed, the charge +qeL of the leader head
is neutralized and a stage of powerful reverse discharge
occurs in the leader channel [1-3]. Further, with speed of
about 10" m/s [1, 3] in the direction of the potential
electrode of the specified systems, first a wave of
potential removal in the leader channel with the
disappearance of its charge +¢; propagates, and then a
wave of a large discharge pulse current, and finally, in
place of a thin zigzag leader plasma channel with absolute
temperature of the order of 7,,,~(5-10)-10° K [3] of its
plasma, a strongly ionized spark plasma channel with
absolute temperature of the order of (20-40)-10° K and a
maximum radius 7, >>R;, which is determined by the
Braginsky formula [6, 7], with volumetric electron
density n,; in it of the order of n,~(10*'-10*) m™ [1, 3].

To date, from the published results of research on
the leader and spark stages of electrical breakdown of
long (ultra-long) air gaps in various discharge electrode
systems (mainly in two-electrode extra- and high-voltage
systems «tip-plane» and «thundercloud-ground»), high-
current pulse discharges in gas and condensed media in
the field of high-voltage technology (HVT), high-voltage
pulse technology (HVPT) and atmospheric electricity
with its huge reserves of electrical energy and powerful
thunderstorm discharges according to [1-33], the
questions that remain poorly studied are those related to
the computational and experimental determination of the
quantitative values of such basic characteristics of the
leader plasma channel in atmospheric air as:

e clectron density n,; and electric potential U,; in the
leader head;

e linear electric charge g, of the leader channel;

e density J,, of electron current i,; and this current i,
in the leader channel,

e high electric field strengths inside E;; and outside
E;. of the leader channel;

e length /; of the streamer zone in front of the leader
head;

e maximum electron temperature 7,,; in the plasma of
the leader channel;

e linear active resistance R;; and total active resistance
R; . of the leader channel.

Knowledge of the quantitative values of these
characteristics of the zigzag plasma channel of the leader
will contribute to the deepening of scientific knowledge
about such a complex electrophysical phenomenon in
nature as the electrical breakdown of long and ultra-long
air gaps, which we need in practice for the well-founded
design and engineering selection of high-voltage gas
insulation of power electrical and electrical equipment for
various ground and air technical facilities and their
reliable protection against the striking action of linear
lightning.

The purpose of the article is the computational and
experimental determination of the main characteristics of
the plasma channel of the leader during the electrical
breakdown of a long air gap in a double-electrode
discharge system (DEDS) «tip-plane» by artificial
electricity of high pulse voltage of positive polarity.

1. Problem definition. Let us consider a high-
voltage DEDS placed in the atmospheric air in the form of
a «tip-plane» discharge system [3, 27]) with air gap of
length /; from the range 1 m</,<100 m, in which in the
vertical direction from the potential metal electrode-rod of
this DEDS with radius ry with pointed lower edge with
the radius of its curvature r.<<ry to its grounded metal
electrode-plane, the development of the plasma channel of
the positive leader with radius R; is observed in time

t (Fig. 1).

Fig. 1. Schematic representation of a positive leader during its
development and movement in a long air gap of the tip-plane
DEDS (1 — leader channel with radius R;; 2 — leader head with
radius R,;=R;; 3 — leader streamer zone)

Let the electric potentials of the specified electrodes
of this DEDS, varying in time ¢, be equal to ¢.(f) and
@o(9)=0, respectively, and the air placed between them
corresponds to the following normal atmospheric
conditions [34]: the pressure of its gas molecules is
PO,:(1,013j:0,03)'105 Pa; their absolute temperature is
T,~(273,15£10) K; the relative humidity of these gases is
7/~(45£30) %. We assume that the density p(4) of air in
the DEDS under consideration, in the first approximation,
can be, depending on the height /4=, of its upper electrode
location relative to the Earth’s surface with potential ¢, of
the order of 1 MV, described by the relation of the form
[4]: p(h)=p(0)exp(~h/H), where p(0)=1,293 kg/m’ is the
air density at the Earth’s surface [34], and H=7,5- 10° m is
the height of the Earth’s homogeneous troposphere [35].
Therefore, at h=[~100 m, the ratio p(h)/p(0) takes a
numerical value of about 0,98. In connection with this, the
influence of the density p(%) of the atmospheric air in the
DEDS under study on the value of the radius R; of the
plasma channel of the positive leader in it can be
neglected in the case under consideration [3, 7].

We assume that the radius R; of the leader channel
in the DEDS is quantitatively determined in the first
approximation by the level R;~0,5 mm [1]. This value for
R; corresponds to the known ratio for the maximum
radius R, of the electron avalanche head in air, which has
the following form: R,~0,5 a; ', where a~10° m ' is the
impact ionization coefficient of atmospheric air in the
DEDS [1, 3]. It is known that the positive leader in the
DEDS under study arises on the basis of a positive
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(cathode-directed) streamer developed in its air with
significant heating of its channel by the current. This
initial streamer with density of n., electrons in it
originates in a spherical zone with radius of r=~x; of active
impact ionization by air electrons near the active
electrode-tip of the DEDS, when the maximum electron
temperature 7, in its channel reaches a level near
T,~(5-10)-10° K [3]. Therefore, this absolute
temperature 7, is also characteristic of the maximum
electron temperature 7,,; of the equilibrium plasma of the
channel of the positive leader at the beginning of its
emergence [3]. Let us consider the case of a multi-
streamer-leader electric discharge in the air of a DEDS
[1, 3], when near the electrode-tip of this DEDS, N; of
individual positive streamers with excess positive charge
g.s in their heads simultaneously start from the spherical
head with radius R, of the positive leader towards its
grounded electrode-plane, the radius R; of the plasma
channel of which is much smaller than the radius R; of the
channel of the positive leader with excess positive charge
qe. of its head, which corresponds to the modulus of the
electron density 7., in it. We assume that at g,;~Nq,; this
density n., of electrons in the head with radius
R ~R;~0,5 mm [1, 3] of the positive leader, which is
formed in the spherical zone with radius r~x; of active
impact ionization by air electrons near the electrode-tip of
this DEDS, corresponds to the density 7, of electrons in
the head of a separate positive streamer with radius
R.<<R, with the inequality n,<<n, being fulfilled.
According to [1, 3] the density n.q of electrons in the
initial developed positive streamer of the DEDS should be
of the order 7,,0=10"° m~ and more. Under these physical
conditions and the above-mentioned levels of temperature
T,s and electron density n. in the initial developed
positive streamer in the spherical zone with radius r~x;
near the potential electrode of the tip-plane DEDS, a
positive leader can be formed, which will grow from this
zone with velocity v, into the long air gap of this DEDS
with the help of individual positive streamers in their
number N, (see Fig. 1) and photoionization of
atmospheric air molecules [1, 3, 15].

Let wus limit ourselves to considering the
electrophysical case when the rate of change in time ¢ of
the high voltage U.(H)=p.(t)—po(t))=¢p.(t) in the DEDS
under study, during the electrical breakdown of its long
air gap with length of 1 m < /; < 100 m, satisfies the
inequalities of the form dU,(f)/dt > 5 kV/us [3] and the
development of the positive leader in it occurs
continuously, i.e. without the stepwise formation of the
«tip-plane» of individual leader channels in the long
discharge gap of this DEDS. This position regarding the
specified electrophysical influence of the derivative
dU,(¢)/dt on the nature of the development of the positive
leader in the atmospheric air of this DEDS for a separate
case when the length [, of this gap in the DEDS
corresponded to the range 1 m </, <4 m, was confirmed
by us experimentally using domestic ultrahigh-voltage
equipment [4, 27].

It is necessary, taking into account the calculated
and experimental data, to determine in an approximate
form the main characteristics of the plasma channel of the
positive leader in the DEDS under study, which include

the values of the following physical indicators: electron
density n,; and electric potential U,; in the head of the
positive leader; linear charge ¢;; of the leader plasma
channel; density J,; of electron current i.; and this current
i, in the leader channel; strong electric field strengths
inside E;; and outside E;, of the leader channel with
specific electrical conductivity E;, of its plasma; length /
of the streamer zone in front of the leader head; maximum
electron temperature 7,; in the plasma of the leader
channel; active resistance R;. of the leader channel.

2. Determination of the parameters of the zone of
active impact ionization of air in the DEDS. As is
known, diatomic oxygen molecules O, in the composition
of the atmospheric air gases of the DEDS under study
occupy up to 21 % of the working volume of its long
discharge gap [34]. At the same time, according to the
data of Table 1.6 from [3], the ionization energy W=Wj
of oxygen molecules O, by electron impact is one of the
smallest for the main atoms (molecules) of gases that
make up the air of this DEDS, and is numerically about
Wi=12,5 eV. For comparison, we note that for diatomic
nitrogen molecules N,, which occupy up to 78 % of the
volume of the air gap of the DEDS «tip-plane» [34], the
ionization energy of them by electron impact is about
W~Wx~=15,6 eV [3]. Therefore, the shortest duration of
the process of ionization of air insulation gases in this
DEDS by electron impacts will be determined by the
ionization energy W=W;, of its diatomic oxygen
molecules O,. Taking this into account, in further
calculations of the process of active impact ionization by
electrons of atmospheric air in the studied DEDS, we will
limit ourselves to using the ionization energy Wj, which
is characteristic of its oxygen molecules O,.

Let us consider the case when the process of
avalanche-like electron propagation in the atmospheric air
of the DEDS under study is carried out due to the impact
ionization of this air under the influence of one initial
electron (Ny=1) for gas-discharge plasma formations,
which are caused by the action of an ultra-strong electric
field in a spherical zone with radius of x/~r; of active air
ionization by electron impacts near the DEDS electrode-
tip. In this electrophysical process at the edge of this zone
with radius of x~r; of active ionization by electrons of
atmospheric air, located near the potential metal electrode
of the DEDS, the number of electrons N, in the head of
the developed positive streamer, which is formed in this
zone due to the specified process of their multiplication,
in the first approximation will be described by the
dependence [1, 3]: N=Noexp(a; x;), where o; =(a—1) is
the effective coefficient of impact ionization of air in the
DEDS, and 7 is the coefficient of electron adhesion in the
air of this DEDS.

Electrons with their charge modulus e=1,602:10" C
and rest mass 7,=9,109-107" kg [34] between their two
successive collisions with effective frequency v, with
atoms or molecules of air (for example, oxygen O,) in the
DEDS under study, gain near the potential electrode-tip of
this DEDS in its superstrong electric field with averaged
strength  E, a drift velocity of approximately
vesceoE/(m.v,) and, accordingly, an energy W,ceoE VeV,
[1], which for the condition of the beginning of the
process of active ionization of this air must be at least
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equal to the ionization energy W=W; of its oxygen
molecules  O,. Therefore, from the equality
W= VV,«OZeOZEXkZ/(meva) one can obtain a calculated
expression for the averaged value of the critical strength
E. of the electric field at the edge of the ionization zone
of the atmospheric air under consideration. This value
turns out to be equal to Exk:eo’lvm(meW,-o)” 2,
At v,~2,96-10" s7' [1] and W,=12,5 eV [3] the critical
electric field strength E,; in the DEDS under study takes a
quantitative value of about £,;~24,9- 10® V/m. In this case,
the drift velocity v./~eyE./(m.v,) of electrons at this edge
of the spherical zone with radius x~r; of active impact
ionization of air near the potential electrode of the DEDS
is equal to v,~1,48" 10° m/s.

According to [1], the coefficient # of electron
adhesion to molecules for the atmospheric air we have
adopted in the DEDS under study, with the frequency of
their adhesions v,ﬁlO8 s and the electron drift velocity
Ve~1,48-10° m/s in the plasma of the positive streamer
discharge channel in the DEDS, takes a numerical value
of about #=v,/v.~67 m ! Therefore, with a~10°> m
[1, 3], the influence of electron adhesion on their
propagation in the air of this DEDS can be neglected, and
the parameter «; depending on the number of electrons N,
in the head of the developed positive streamer in the
specified zone of its ionization is taken equal to a;.

Let us indicate that the radius x;=r; of the zone of
active impact ionization of atmospheric air molecules by
electron impacts near the potential electrode-tip of the
DEDS is determined by the following calculated
expression: x~r~ gd/Exk:Uedeovm"(meWio)’”z, where U,,
is the voltage of the appearance of a continuous positive
leader in the air DEDS [3]. According to formula (5.35)
from [3], the voltage U, in the studied DEDS is
determined by the approximate expression: U, ~E olyin/ke,
where  E,=23[1+1,22(r,.) *"] with the dimension
(kV/cm) is the initial electric field strength in the DEDS
at the edge of its metal electrode-tip with the equivalent
radius of its curvature r,~r., and k~(14+1,5/;,) with the
dimension of the minimum length /.;, of the DEDS air
gap in (m) is the critical value of the dimensionless
coefficient of electric field heterogeneity in the DEDS.
We see that the electric voltage U,, in the DEDS «tip-
plane» depends both on the length of the air gap
IFLyin > 1 m in the DEDS, and on the geometry
(curvature) of the edge of its potential electrode-tip. With
the increase in the length /,;, of the gap in the DEDS, its
influence on the voltage U,, decreases. We note that the
reliability of this calculation expression for x/~r; in the
DEDS under consideration, at 1 m < /[; < 4 m, was
confirmed by us experimentally [4, 27].

For the electrophysical case, when in the
high-voltage DEDS the «tip-plane» is investigated, at
7~ ~3 mm (r9=15 mm) and the electrical breakdown of
its air gap with minimum length //~/;,=1,5 m, which
corresponds to the length of the straight line drawn from
the tip of the potential electrode of the DEDS along the
normal to the flat surface of its grounded plane, the
calculation voltage U, according to the above-mentioned
relations from [3] is numerically equal to about
U.~616,6 kV. Note that in this case, the experimental
breakdown (discharge) voltage U, for a switching

aperiodic  voltage pulse of the time shape
T/Ty=200 us/1990 ps of positive polarity (7, T, are,
respectively, the time corresponding to the amplitude U,,,
and the duration of the voltage pulse U,.(f) in the DEDS at
the level of 0,5U,,) took the quantitative value
U~611,6 kV [4, 27], which differs from the calculated
value U,~616,6 kV within 1 %. Therefore, at
v, =2,96-10" s7' [1], U,~616,6 kV and W;=12,5 eV [3],
which is characteristic of electron impact ionization of
oxygen molecules O, in the atmospheric air of the studied
DEDS (a~10° m™' [1, 3]), the radius of the spherical zone
of active ionization by electron impacts of air near its
potential metal electrode-tip takes the numerical value
xﬁr,-:24,7 mm.

According to [1, 3], taking into account the above
calculated relations, the density n. of electrons in the
head of a developed positive streamer with radius
R.~0,50;,'~0,5 mm, which is formed in a spherical zone
with radius x~r~24,7 mm (U, = 616,6 kV) of active
impact ionization of air by electrons near the electrode-tip
of the DEDS, Ny=1 and a~10° m™' is approximately equal
to the numerical value 7,,0=10,2-10" m™>. We see that the
obtained estimated quantitative value nesO corresponds to
the required level of electron concentration (of the order
of n,,=10" m™ [1, 3]) in the head of the initial developed
positive streamer, on the basis of which a positive leader
with radius of about R;~0,5 mm of its plasma channel can
be formed in a spherical zone with radius of
r~x~24,7 mm near the potential electrode-tip of the
studied DEDS «tip-planey.

3. Determination of the electron density #n,; in the
head of the positive leader in the air DEDS. At the
level of high electric voltage U,(f)>1 MV in the studied
DEDS and the duration #;=T,;~100 ps of the main phase of
electric discharge processes in its long air gap [3, 15, 24],
where the parameter 7, corresponds to the time of its
electrical breakdown (the time of cut-off 7. of high
voltage U,(f) at this insulating gap), the positive leader in
the considered high-voltage DEDS will correspond to the
mode of its continuous development in its air with the
fulfillment of the specified condition dU,(f)/d¢ > 5 kV/us.
For an approximate calculation of the electron density
neL in the head of the positive leader in a high-voltage air
DEDS «tip-plane», we use the well-known generalized
Saha formula for the electron density n., in the
equilibrium plasma of this DEDS as a function of their
temperature 7,,; and the ionization energy W; of neutral
atoms (molecules) of atmospheric air gases in this
plasma [1, 36]:

np = (Ag, 1 g)" *myTop* exp(=0,5; /T, ), (1)

where 4=6,06:10"' cm eV % g, g, are, respectively,
the statistical weights of ions and neutral atoms
(molecules) of air gases in the leader plasma; nnL is the
density of neutral atoms (molecules) of atmospheric air in
the leader plasma (cm*); 7, is the maximum electron
temperature in the leader plasma (eV); W; is the ionization
energy of neutral atoms (molecules) of air in the leader
plasma (eV).

According to [1], the Saha equation (1) was obtained
using statistical physics methods regardless of the
mechanisms of electron generation in the equilibrium
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plasma under consideration. In the case of atmospheric air
in the DEDS, which is a mixture of different gases, this
Saha equation can be used for atoms (molecules) of each
type that are part of it [1]. Therefore, during a single
impact ionization by electrons of oxygen molecules O,
(g+=4, and g,=3 [l1]), which are present in the
electroneutral air plasma of the long discharge gap of the
studied DEDS, the specified Saha formula (1) takes the
following simplified form:
11 1/2-3/4

Rep = 0,9-10 nnLOTmL exp(—O,SWiO /TmL) )
where n,;, is the density of neutral oxygen molecules O,
of the atmospheric air DEDS in the leader plasma (cm™);
Wi is the impact ionization energy of neutral oxygen
molecules O, of the atmospheric air DEDS in the leader
plasma (eV).

For the case of using in the calculations of the
electron density neL in the head of the positive leader the
process of impact ionization of neutral oxygen molecules
O, of atmospheric air in a high-voltage DEDS
(1,,0%2,52:10"" cm™ according to the data of Table 8.3
from [1]) at W=W;=12,5 eV [3] and T,,~1,639-10* K
(see Section 8), which corresponds to 7,,~1,413 eV
[34, 37], by (2) the electron density n,; in the head of the
positive leader in the air DEDS wunder study is
quantitatively equal to approximately 1n,,~0,7-10*" m™.
Therefore, for this case, the degree of ionization y~n.;/Ny,
where N;=2,687-10° m> is the Loschmidt number
[34, 38], the air in the tip-plane DEDS will be about
2~0,26-10"*. The numerical value of neL obtained by (2)
differs from the density 7.,~0,9-10* m~ adopted in
Section 8 when determining the specified plasma
temperature 7,,; by (12) within 22 %. Let us point out that
these quantitative values of the electron density neL in the
positive leader are in good agreement with the known
data for the concentration of free electrons in air plasma at
its temperatures of the order of 7~ mLZ(SfIO)-103 K
[1, 3, 39, 40]. In addition, the result obtained for (2) for
the density nel of electrons in the positive leader
corresponds to the condition of the Loeb electrical
breakdown for gas insulation, according to which the
density 7, of electrons in their avalanche when a streamer
appears on its base in short gas gaps (air of the DEDS)
must be at least n, > 0,7-10" m~ [1, 3].

4. Determination of the linear charge ¢;; of the
positive leader channel in the air DEDS. When
calculating the linear charge g, of the leader plasma
channel in the high-voltage DEDS under study, we will
proceed from the physical position that this charge is
formed by positively charged heads of positive electric
streamers with charges ¢.,~q.;/N;, which are formed by
the positive leader growing in the air of this DEDS.
During this leader germination in the air, the positive
charge ¢,, of its head and the electron density modulus 7,
in it according to (2) remain for this DEDS of artificial
origin little changed until the moment of the through
discharge phase in its long air gap. With similar
approximate  mechanism of the electrophysical
development of this leader in a short time Az;~R;/v; of its
advancement in the air gap of the DEDS, the total positive
charges ¢.~q.:N;~q.; of the heads of individual electric
streamers starting from the leader head into the air will

determine the charge ¢;; of the leader channel. Therefore,
for the linear positive charge ¢g;; of the leader plasma
channel in an air high-voltage DEDS, in which the
electron current i,; and its density J,; are determined by
the negatively charged sections of positive streamers with
radius R,~0,le; '~0,1-10° m [1, 3] moving towards the
grounded electrode-plane of the DEDS in a total quantity
of about NSEZ(RQL/R“)%SO with density of electrons 7, in
them, and the ion current i; and its density J; are
determined by the heads of these cathodically directed
positive streamers with module of the density of electrons
ne in them (see Fig. 1), we have the following
approximate calculation relationship:

qrL = OaSQestRil ~0,5q.. /R, ~ 2”@0”eLR£ /3. ()

According to (3), the greater the value of the charge
q.. of the head of the positive leader, the greater the linear
positive charge g, of its plasma channel will be.

With r,,~0,7-10*' m and R;~0,5¢; '~0,5-10" m [1]
according to (3), the linear charge ¢;; of the plasma
channel of the positive leader in the air of the studied
DEDS (/iy=1,5 m) has a value of about ¢;~58,7-10° C/m.
To compare this result for g;; with known data, we
indicate that with leader high-current extra-high-voltage
discharge in this DEDS (/=100 m) with switching
aperiodic pulse of extra-high electric voltage U.(f) with
amplitude U,,~3,2 MV of time shape 7,,/T,~1,5 ns/3000 us
of positive polarity, the linear charge g;, of this leader was
q:~100 uC/m [3].

With the germination of the DEDS channel of this
leader with speed v; in the air, its all new cylindrical
sections will receive the indicated positive charges from the
heads of positive streamers emerging from its spherical
head. Taking into account such monotonic charging of the
leader channel, its positive charge ¢, will increase until it
covers the air gap of this DEDS (within the limit of
q1~q1r lmin). In this case, the total current i;y of the plasma
channel of the positive leader in this DEDS is determined by
the sum of its ionic current i;~q;, v, and electron current i,;,
which is determined by the negatively charged areas of the
specified positive streamers, caused by this positive leader,
and directed towards the grounded electrode of the DEDS.
According to (3), at ¢;~58,7-10° C/m and v,~10° m/s
[1, 27], the ionic current i;; in the channel of this leader
takes the approximate value i;~5,87 A, and its density
6,»L:i,»L/(7rRL2) is approximately 9;,~7,47- 10° A/m?>.

5. Determination of the density J,; of the electron
current i,; and the current i,; in the channel of the
positive leader in the air DEDS. According to the
proposed approximate model of the electrophysical
development of the positive discharge leader with the
actual use of charges from its streamer zone from the
atmospheric air of the DEDS and the further advancement
of this leader towards the grounded electrode of the
DEDS «tip-plane» (see Fig. 1), for the velocity ved of the
directed motion (drift) of electrons in the plasma channel
of the leader towards the potential electrode-tip of this
DEDS, caused, among other things, by positive streamers
with density nes of electrons in their individual channels,
one can use the well-known formula [38]: v./~d.;/(eon.r).
On the other hand, for this electron velocity ved we have
the following expression [1]: v./~e\E./(m.v,), where
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Exkzeo’lv,,,(meWi)1/2 is the critical strength of the extra-

high electric field in the long air gap of the studied DEDS.
As a result, for the density J,; of the electron current i.; in
the plasma channel with radius R;~0,5a;'~0,5 mm [1, 3]
of the studied positive leader in this DEDS, we can obtain
an analytical relation of the form:

Sor, = eqnemg W2 “4)

From (4) it follows that the density J. of the
electron current i.; in the channel of the positive leader is
determined by the density n,; of electrons in its spherical
head with radius R.;~R;~0,5¢; '~0,5-10° m [1, 3]. The
greater the value of this density n, of electrons in its
head, the greater the density J,; of the electron current i,
in the leader channel.

At n,,~0,7-10*' m™ and WaW;=12,5 eV [3] (in the
case of impact ionization by electrons of oxygen
molecules O, in the atmospheric air of the DEDS), the
density o, of the electron current i,; in the plasma
channel of the positive leader in this air DEDS «tip-
plane» by (4) takes a quantitative value of about
0,~1,6610° A/m?. This value of J, corresponds
numerically to the current density in the positive leader,
which is given in [1, 3, 40].

As for the electron current ieL in the channel of the
positive leader under study, it is calculated by the
approximate formula of the form: i ~mR % 0,. At
3.,~1,66-10° A/m* and R;~R.;~0,5¢; '~0,5 mm [1, 3] this
electron current i.; in the cylindrical plasma channel of
the positive leader for the specified applied
electrophysical case during the electrical breakdown of a
long air gap in the studied high-voltage air-based DEDS
«tip-plane» (/,;,=1,5 m; U~611,6 kV [4, 27]; ozi:lO3 m’
[1, 3]; vw2,96:10"% s7' [1]; N=50; WsWiy=12,5 eV [3];
x~24,6-10~ m) is quantitatively approximately 7,,~130,5 A.
The obtained calculated numerical result for the electron
current icL in the positive leader channel corresponds to
the empirical data that were previously provided in a
number of literature sources in the field of HVT and
HVPT [1, 3, 40]. We note that in the plasma channel of
the positive leader in this DEDS, the obtained electron
current i,;~130,5 A significantly exceeds the above-
mentioned ion current i;~5,87 A, which is provided by
the motion with speed of about v,~10° m/s [1, 27] of this
channel. Physically, this difference can be explained by
the corresponding speeds of directed motion of these
electricity carriers (these drift speeds in the leader
channel are about 10° m/s for electrons, and 10> m/s for
ions [1, 3, 15]).

6. Determination of the electric field strengths
inside E;; and outside E;, of the positive leader
channel in the air DEDS. For an approximate calculation
of the longitudinal electric field strength E;; inside a thin
zigzag cylindrical channel (R;~0,5-10° m [1]) of the
positive leader in the air DEDS under study, we will use
the classical electrodynamic relation of the form:
E; =0, /yr. [41-43]. Then, for the length-averaged
longitudinal electric field strength E;; inside the plasma
channel of the positive leader in this DEDS, taking into
account (4), we use the expression:

. 2 =1 —1/2y,1/2
Epi =iy (myro R = egnoryreme Wi =, (5)

where y,,~10* (Q'm)"' is the specific electrical
conductivity of the plasma of the positive leader channel
in the DEDS [1], which takes into account the change in
the degree of ionization y~n,.;/N; of its air with increase in
the maximum electron temperature 7,,; of the plasma of
the positive leader channel in this DEDS.

According to (5), the length-averaged longitudinal
electric field strength E;; inside the plasma cylindrical
channel of the positive leader in the air DEDS «tip-plane»
is determined both by the value of the electron density n,;
in its head with radius R,;~R;~0,5¢; '~0,5 mm [1, 3], and
by the specific electrical conductivity y,. of the discharge
leader plasma. At 1~0,7-10" m>, WaW,=12,5 eV [3],
R;~0,5 mm [1, 3] and y,,~10* (Q-m) "' [1] according to (5)
the calculated length-averaged electric field strength Ej;
in the case of using the specified standard switching
aperiodic voltage pulse U,(f) during electrical breakdown
of a long air gap (/,i;=1,5 m) takes a quantitative value of
about £;~16,6 kV/m. This value of E;; corresponds to the
accepted in HVT and HVPT levels of length-averaged
longitudinal strong electric field strength inside the
channel of the positive leader, which develops in the
microsecond time range in the high-voltage air DEDS
«tip-plane» for its gaps from the range | m < /;;, <5 m
[3, 39, 40]. According to [40], at values of the minimum
length /,;, in this DEDS of the order of /,;;=<100 m, the
level of electric field strength E;; in the channel of the
positive leader approaches its minimum numerical value
of the order of £;,10 kV/m [1], which is observed in the
channel of an open stationary electric arc at currents of
the order of 1 A.

When determining the length-averaged values of the
electric field strengths outside (in the streamer zone of the
leader according to Fig. 1) E;, and inside Ej;; of the
plasma channel of the positive leader in the air DEDS
«tip-plane», as well as the averaged length Is of the
streamer zone in this DEDS when the condition
dU,(1)/dt<10* kV/us is met, we will use the balance
equation for the electric voltage on the discharge long air
gap of this DEDS, which corresponds to the moment of
the onset of the through phase of the discharge in this air
gap of the high-voltage DEDS [3, 401]:

U)rUy = Epi(lg =1+ Epels (6)
where [,~1,131;, is the length of the zigzag path of the
leader-streamer discharge in the air of the DEDS [4, 27].

We note that when the through phase of the leader-
streamer discharge occurs in the DEDS under study, the
following geometric equality is satisfied: ([;+)=l,,
where [, is the length of the positive leader channel in
the DEDS.

According to [40], under normal atmospheric
conditions in the DEDS, which correspond to the
conditions we have adopted for its air, the value of the
length-averaged electric field strength E;, in the streamer
zone of the positive leader is quantitatively equal to about
E;~465 kV/m. We see that this numerical level of the
averaged longitudinal electric field strength E;. outside
the cylindrical plasma channel of the positive leader in its
air streamer zone corresponds to the range of strong
pulsed electric fields [37]. The reliability of this value
given above for the level of averaged electric field
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strength £7,~465 kV/m outside the plasma channel of the
positive leader (in its air streamer zone) in the DEDS
under study may be indicated by the experimental data
obtained by wus when determining the maximum
breakdown strength Epax=U,p/[min462,6 kV/m of the
electric field for this high-voltage air DEDS «tip-plane»
(Imin=1,5 m), which, during its electric spark breakdown,
experienced the direct action of a standard switching
aperiodic voltage pulse U,f) with amplitude U,, of
the time shape T,/7, = 200 ps/1990 ps of positive
polarity [4, 27].

From (6) for the averaged length / of the streamer
zone in the DEDS «tip-plane» we have the following
expression:

ly=Ug = Eplg)(ELe — Ep;) . (7

For the electrophysical case of the action in the air
DEDS «tip-plane» (/ni,=1,5 m; /,~1,13/,;,=1,695 m) of
the above-mentioned aperiodic voltage pulse U,(f) of
positive polarity with breakdown voltage U~611,6 kV
[4, 27], using (7) at E;~16,6 kV/m and E;.~465 kV/m,
we obtain a quantitative value for the average length /; of
the streamer zone in the DEDS, which will be about
[~=1,3 m. Let us indicate that according to [1] in this air
DEDS at 1,5 m < [;;, < 10 m the streamer zone extends in
front of the head of the positive leader to a distance of the
order of /[~1 m. The numerical result obtained by
calculation and experimental methods for the averaged
length /=1,3 m of the streamer zone in the «tip-plane»
DEDS may indicate the validity of the data we used for
the averaged length-wise electric field strengths inside
E;~16,6 kV/m and outside E;, =~ 465 kV/m of the positive
leader channel in this DEDS.

For a rough numerical estimate of the maximum
value E},,, of the electric field strength in the air streamer
zone with the radial coordinate x>>R, of the positive
leader of the studied DEDS with sharply inhomogeneous
electromagnetic field, the following approximate
relationship can be written using the theory of the
electrostatic field [41]:

Epom = et ((470%3) = eqno Ry Beoxi) ™, (8)
where x; is the distance along the radius from the center of
the spherical head of the leader in the air towards the
grounded electrode-plane of the DEDS; qgﬁ47reon€LRgL3/3
is the electric charge of the head of the positive leader in
the air gap of the DEDS, which at #,,~0,7-10*' m™~ and
R,~R;~0,50,'~0,5 mm [1, 3] is approximately
q~58,7 nC; £y=8,854 1072 F/m is the electric constant [34].

We see that according to (8) this maximum strength
E}., in the streamer zone of the positive leader with the
radius R; of its thin plasma channel is directly
proportional to the value of the electron density 7, in the
spherical head with the radius R,~R; of this leader. At
n~0,7-10* m~, R,~R;~0,50;,'~0,5-10° m [1, 3] and
x~10R,~5 mm according to (8) the maximum strength
E;.. of the electric field in the vicinity of the head of the
positive leader in the studied DEDS takes the quantitative
value E;.,~21,1 MV/m. This level of the electric field
strength Ej., outside the head of the positive leader
corresponds to the range of ultra-strong pulsed electric
fields [40]. It was shown above that the critical electric
field strength E,; near the metal electrode-tip of the

studied DEDS, which causes active impact ionization by
electrons of its atmospheric air, should have a value of the
order of E;~24,9 MV/m. Therefore, in the atmospheric
air of this DEDS near the spherical head with radius
Ry, = R, = 0,5 mm [1, 3] of the positive leader
(xy = 10R,, = 5 mm) at the level of the maximum electric
field strength near E;.,~21,1 MV/m, physical conditions
will be created for the active development in its given
local air zone (see Fig. 1) of electron avalanches and,
accordingly, positive streamers, which will supply to this
spherical head of the positive leader the electric charges
necessary for its development and advancement in the
atmospheric air of this DEDS.

7. Determination of the electric potential U, of
the head of the positive leader in the air DEDS.
According to (6), when the «tip-plane» through-phase of
the leader-streamer discharge occurs in a high-voltage
DEDS, when the equality (/;+/)=l, is satisfied, for the
electric potential U,, of the spherical head with radius
R.~R;~0,5 mm [1, 3] of the positive leader in the air
DEDS studied by wus, the following approximate
calculation relation can be obtained:

Uup = Ug — Ef;(1130yin ~ 1) ©

Taking into account the results of our quantitative
determination of the average length /~1,3 m of the
streamer zone in this DEDS (/,;,=1,5 m; U~611,6 kV
[4, 27]) according to (9) at E;~16,6 kV/m for the
potential U, of the head of the positive leader
([;=1,130,i7—1~0,395 m) we obtain a value that is
numerically about U,;~605 kV. We see that in this case
the voltage drop U, on the channel of the positive leader
takes a numerical value that is approximately equal to
U;=E;1;~6,6 kV. Thus, the main part of the voltage
during the leader-streamer through-phase discharge
(U~611,6 kV [4, 27]) by an aperiodic voltage pulse U,(f)
of the time shape T,/7,~200 us/1990 us of positive
polarity of a long air gap with minimum length /;;,=1,5 m
falls on the positive streamers (voltage about U~605 kV),
which develop from the leader head towards the grounded
electrode-plane of the DEDS. When the head of the
positive leader touches the grounded electrode-plane of
the DEDS, its electric potential takes on a zero value
(U,~0), and the entire breakdown voltage U, is added to
the leader channel.

8. Determination of the maximum electron
temperature 7, in the plasma of the positive leader
channel in the air DEDS. When determining the
temperature level in the plasma of the positive leader,
which propagates in the long air gap of the high-voltage
DEDS under study, we will proceed from the position that
in the adiabatic regime, due to the rapid in time ¢ flow of
thermal processes in the plasma channel of this leader
(with its change of the order of 10° K/s [4, 9, 15]), it
corresponds to the maximum temperature 7,, of its
electrons, which have a speed of movement (drift) in it of
the order of 10° m/s [3]. We will indicate that in this case
the maximum temperature 7,,; of ions for the equilibrium
plasma of the leader at their drift speed in it of the order
of 10° m/s [3] is equal to the specified temperature 7, of
electrons. To find the maximum electron temperature 7,,;
in the plasma of the positive leader channel in the DEDS,
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we will use the relation known from thermal physics
for the maximum heat flux density ¢,; in the leader
channel [38]:

14
Gmr 7 0l s (10)

where 6,=5,67-10"° W(m’K*)™" is the fundamental Stefan-
Boltzmann constant [34].

Due to the fact that the primary source of energy
input into the leader plasma channel is the electrical
energy stored in the studied DEDS, the following
approximate electrophysical expression can be used for
the heat flux density g,,; [44]:

dmL =~ eLUe07 (11)
where . is the electron current density in the plasma
channel of the leader; U,y is the electrode voltage drop in
the plasma channel of the positive leader at the moment of
its genesis near the potential metal electrode-tip of the
DEDS (this constant electric voltage U, varies in the
numerical range U,=(5-10) V for various metal
electrodes of this DEDS, which are used in the field of
HVT and HVPT [3, 4, 45]).

Then, taking into account (4), (10) and (11), to
calculate the maximum electron temperature 7, in the
plasma channel of the positive leader, which is formed in
the zone with radius r/~x; of impact ionization by air
electrons near the potential metal electrode-tip of the
studied DEDS, we have the relation:

4 —1/273,1/2 __—1
TmLz\/”eOneLUeOme VV; O¢ - (12)

We see that according to (12) the electron
temperature 7,,; in the equilibrium plasma of a positive
leader, which is born and develops in a long air gap of
the DEDS «tip-plane», is mainly determined by the level
of electron density n., in the head with radius
R.,~R;~0,50;'~0,5 mm [1, 3] of this leader. For example,
at n,~0,9-10"' m* [4], WaW=12,5 eV [3] and
U,=6,1 V (for a DEDS steel electrode-tip) [44] according
to (12) the maximum electron temperature 7,, in the
plasma of the positive leader takes a numerical value of
approximately 7,,,,~1,639-10" K. At n,~0,7-10*" m”
according to (12) this maximum temperature 7,,; is equal
to about T,,,L=1,539-104 K. These approximate
temperature levels 7,,; obtained by (12), which differ
within 6 %, correspond both to the characteristic range of
its change in the positive leader channel at the beginning
of its occurrence in atmospheric air of the «tip-plane»
DEDS during the electrical breakdown of its long gap,
indicated in [3], and to the value of this temperature given
in [1] of the order T,,,~(2—4)-10" K in the air equilibrium
plasma of the positive leader. In addition, these
quantitative values of the temperature 7, in the plasma
channel of the positive leader obtained by (12) correspond
to the threshold temperature level 7,,,~(1-2)10* K [1, 39],
upon transition of which the value of the degree of
ionization y~n./N; of its plasma increases significantly.
Let us point out that, for example, the temperature value
T,.~1,639-10* K corresponds to the beginning of active
thermal ionization of atmospheric air in the studied
DEDS, for which the temperature in this channel is not
less than 8:10° K [1]. By the way, the generalized Saha
formula according to (1) takes into account the influence

of the plasma temperature 7,; in the positive leader
channel on the process of thermal ionization of
atmospheric air gases in the DEDS. Now the physical
reasons for the bright glow of the positive leader head in
this DEDS, which is a harbinger of an electrical
breakdown of a long air gap in the DEDS, become clearer
to us.

9. Determination of the active resistance R;. of
the positive leader channel in the air DEDS. For the
linear active resistance R;; of the positive leader channel
in the high-voltage air DEDS «tip-plane», we have the
classical approximate relationship [38, 43]:

Ry =~y R (13)
At R;~0,5¢; '~0,5 mm [1, 3] and y,.~10* ('m) "' [1]
by (13) we find that the linear active resistance R;; of the
plasma channel of the positive leader in the air DEDS
under consideration, the emergence and development of
which in its long discharge interval is due to the action of
the standard switching aperiodic high voltage pulse U,(f)
of the above-mentioned time shape [4, 27] used in it, has
a quantitative value of about R;~127,3 Q/m. Then, for an
air gap of length /,;;=1,5 m in this DEDS, the total active
resistance R;. of the plasma channel of the positive leader
will take at /;=1,13/,;,=1,695 m [4, 27] a value that will
be numerically equal to about R; ~R;;"[~215,8 Q. At this
value of the resistance R;., taking into account the
influence of the resistance R;~4,59 kQ of the current-
limiting resistor, the discharge in the electric circuit of the
powerful ultrahigh-voltage generator of test switching
aperiodic high-voltage pulses U,(¢) used by us [46—48],
the electrical circuit and general view of which are shown
in Fig. 2, 3 with the studied DEDS «tip-plane»according
to Fig. 4, at the stage of development in its long air gap of
the leader channel, which at time =7,~7,~95 ps together
with positive streamers covers (galvanically short-
circuits) this gap, will be aperiodic in nature.

1 ]
F Ry R
L
Ry DRm |:|RD2 =Cg |:|RD _"_DEDS
T
—

Fig. 2. Electrical substitution circuit of the discharge circuit of
the generator of standard switching voltage pulses of the time
shape T,,/T,=200 ps/1990 ps of positive (negative) polarity with
amplitude of up to U,,~+2 MV (Rs~4,5 Q, Ls~80 uH,
C=~0,125 pF — the intrinsic electrical parameters of the pulse
voltage generator of the GIN-4 type; Rp =440 kQ) — the
discharge resistance of the GIN-4 generator with switch F;
Rpp=32,7 kQ — the additional discharge resistance;
R~4,28 kQ — the resistance of the shaping resistor;
Cr=13.3 nF — the shaping capacitance for voltage of £2,5 MV;
R=~4,59 kQ — the resistance of the current-limiting resistor;
Rp=107,3 kQ — the resistance of the high-voltage ohmic arm
voltage divider type OPN-2,5 for nominal impulse voltage of
+2,5 MV with division factor K,~53650) [46]
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Fig. 3. General view of a powerful extra-high-voltage generator
of standard switching aperiodic voltage pulses of the time shape
T,/ T,=200 ps/1990 ps of positive (negative) polarity with
amplitude of up to U,,~+2 MV (on the left, on an insulating
support 12 m high, a forming capacitance Cr~13,3 nF is
installed, to the upper potential electrode of which forming
R~4,28 kQ and current-limiting R~4,59 kQ high-voltage
resistors are connected) [46]

This discharge mode in the generator circuit is
confirmed by the data of the oscillograms in Fig. 5, 6.
Therefore, with this discharge mode, the amplitude 7,,, of
the current i () in its electrical circuit can be calculated
by the following expression [43]: 1,,~U/T,)/(R.+Rc). As
a result, this amplitude /,. of the discharge current at
UT)=U611,6 kV, R, ~215,8 Q and R=~4,59 kQ can
take the numerical value 7,.,~127,3 A. We see that this
value of the discharge electric current 7, = 127,3 A
practically corresponds (within an error of 3 %) to the
previously obtained electron current i,;~130,5 A in the
positive leader channel.

10. Results of some experimental studies of
breakdown of long air gaps in DEDS.

Figure 4 shows a general view of a high-voltage air
DEDS «tip-plane», which tested the direct action of a
standard switching aperiodic voltage pulse U,f) of the
time shape 7,/7,~200 pus/1990 us of positive polarity
from a powerful ultra-high-voltage generator of the
corresponding voltage pulses U,(f), the general view,
electrical diagram and parameters of the discharge circuit
of which were given in [46-48] and additionally
presented in Fig. 2, 3.

Figure 5 shows the oscillogram of the full standard
switching aperiodic high-voltage pulse U, () with
amplitude of U,,~622,3 kV of the time shape
T,/T/~200 us/1990 ps of positive polarity, which acts in
the discharge circuit of the powerful ultra-high-voltage
test generator of the corresponding voltage pulses [46]
used by us on the tip-plane DEDS without electrical
breakdown of its long air gap of length /,,;,=3 m.

Figure 6 shows an oscillogram of a standard
switching aperiodic high-voltage pulse
T./T/~200 ps/1990 ps cut off on the rising part
with electrical breakdown of a long air discharge gap in a
test DEDS «tip-plane» with minimum length /,,;;=1,5 m.

Fig. 4. General view of the high-voltage aerial DEDS
«tip-plane» (/,;,=1,5 m), in which an ohmic voltage divider of
the OPN-2.5 type for a nominal pulse voltage of £2,5 MV with
division factor equal to K~53650 is connected to the potential
upper steel rod electrode pointed at the lower edge (7,~3 mm)

with radius 7y=15 mm, located in the center of its grounded
lower flat electrode made of galvanized steel with dimensions
of Smx5m
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Fig. 5. Oscillogram of a full switching aperiodic high-voltage
pulse U,(?) of the time shape T,,/T,=200 ps/1990 ps of positive

polarity without electrical breakdown of a long air gap in the
«tip-plane» DEDS (/,;,=3 m; U,,=11,6 V x 53650~622,3 kV —
amplitude of the high-voltage test pulse; 7,200 pus — rise time

(rise) of the high-voltage pulse to its amplitude U,,,;
T,/21990 ps — duration of the voltage pulse at the level
of 0,5 U,,,; vertical scale — 268,2 kV/div;
horizontal scale — 250 ps/div) [27]
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Fig. 6. Oscillogram of a truncated standard switching aperiodic
high-voltage pulse U,(¢) of the time shape T,,/T,~200 ps/1990 us
of positive polarity during an electrical breakdown
of a long air gap in the «tip-plane» DEDS (/;,;,=1,5 m;
Ur11,4V x 53650=611,6 kV — voltage pulse cut-off level,
T~T,~95 us — voltage pulse cut-off time (breakdown);
T,~17 ps — voltage pulse cut-off (switching) duration;
vertical scale — 107,3 kV/div; horizontal scale — 50 ps/div) [27]
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We would like to point out that when obtaining the
experimental data according to Fig. 5, 6, the following
were used: a domestic powerful generator of standard
switching aperiodic pulses of ultra-high voltage U/(¢) of
the time shape T,/7,200 us/1990 us of positive
(negative) polarity for a nominal electrical voltage of
+2 MV [46, 48]; an ohmic voltage divider of the OPN-2.5
type (K/~53650) for a nominal pulse voltage of +2,5 MV
[47]; a digital oscilloscope Tektronix TDS 1012B
certified by the State Metrological Service, which stores
measured electrical signals (calibration certificate
UAO1Ne1312 dated 29.06.2023). We would like to note
that the amplitude-time parameters of high-voltage pulses
U.(f) according to the data in Fig. 5, 6 were determined
according to the requirements of the Standard [49].

Figure 7 shows a general view of the spark discharge
channel and the spherical zone of active impact ionization
of air near the potential electrode in the tip-plane DEDS
(lnin=1,5 m; U~611,6 kV).

— T

Fig. 7. General view of a zigzag cylindrical plasma channel of
a spark discharge with almost spherical zone of radius r=x;
of active impact ionization of air, which glows brightly at the
top near the potential electrode of the DEDS «tip-plane», during
the electrical breakdown of its air gap by a switching aperiodic
high-voltage pulse of the time shape 7,,/7,~200 us/1990 us
of positive polarity (/,;,=1,5 m; U(T,)=U~611,6 kV [27])

Let us point out that according to the approximate
experimental data obtained by us, the diameter 2x; of the
spherical zone of active impact ionization of atmospheric
air near the edge of a potential steel rod-tip with diameter
of 2r=30 mm in the DEDS, in terms of its bright
luminosity, was approximately twice as large as the
diameter 27, of the electrode-tip and four times as large as
the diameter 2r,; of the plasma channel of the spark
discharge (see Fig. 7) [4, 27].

Experimental studies of the electrical breakdown in
the tip-plane DEDS (see Fig. 4) of long air gaps with
length of 1 m < /;;, <4 m, carried out in the conditions of
the high-voltage electrophysical laboratory of the
Research and Design Institute «Molniya» of NTU «KhPI»
using the above-mentioned test equipment, allowed us to
confirm [4, 27] the following for the case of using in the

experiments a standard switching aperiodic high-voltage
pulse U,(#) of the time shape 7,,/7,~200 us/1990 ps of
positive polarity: first, the emergence near the potential
metal electrode-tip of the DEDS under study of an almost
spherical zone with radius of about x~r=(25-30) mm of
active impact ionization by electrons of atmospheric air;
secondly, the emergence and further development in the
long air gap of the DEDS under study of the positive
leader channel always occurs from this local zone with
radius of x~r; of active air ionization; thirdly, the level of
the breakdown pulse voltage U, in this DEDS, which at
Inin=1,5 m was about U~611,6 kV (7,95 ps), and at
Inin =3 m — U, =1062,3 kV (T; =104 ps); fourthly, the
fulfillment of the approximate relationship /,~1,13/;, for
the length of the zigzag path of channel development in
the long air gap of the DEDS; fifthly, the physical
position that the electrical breakdown of air gaps with the
specified length Imin in the studied DEDS always occurs
on the increasing frontal part of the high-voltage
switching pulse U,(¢) used in the experiments.

Conclusions.

1. A simplified electrophysical model of the
emergence and development of a positive leader in a long
discharge air gap of a tip-plane DEDS is proposed, which
tests the action of a standard switching aperiodic high-
voltage pulse U,(¢) of the time shape 7,,/7,~200 us/1990 ps
of positive polarity. This approximate electrophysical
model allows us to find in a complex form a number of
basic characteristics of the plasma channel of this
discharge leader during electrical breakdown of a long air
gap in the DEDS under study by a high pulse voltage of
positive polarity.

2. Approximate calculated relations are obtained for
determining the following basic characteristics of the
plasma channel of a positive leader in a tip-plane DEDS
with atmospheric air: electron density s, and electric
potential U,; in the head of this leader; linear charge g;; of
the leader plasma channel; density J.; of the electron
current i,; and this current i.; in the leader channel; ion
current i;, and its density J;; in the leader channel; strong
electric field strengths inside E;; and outside E;, of the
leader channel; length Is of the streamer zone in front of
the leader head; maximum electron temperature 7,,; in the
plasma of the leader channel; linear active resistance R,
and total active resistance R;. of the leader channel. Data
are provided that confirm the reliability of a number of
these approximate calculated relations for the plasma
channel of a positive leader in air DEDS.

3. It is shown by calculation that the maximum
electron temperature 7,,; in the equilibrium plasma of the
positive leader in the air DEDS «tip-plane» at a density
n,,~0,7-10* m™ of electrons in the plasma of the leader
of this DEDS takes the numerical value 7,,;~1,539-10* K,
which corresponds to the characteristic range of its
change in a similar leader adopted in the field of HVT and
HVPT for a long discharge gap of DEDS with atmospheric
air and approaches the level T7,,~2-4)10" K,
characteristic of a developed positive leader and obtained
using known spectroscopic measurements. This obtained
temperature level 7, indicates that the plasma in the
channel of the positive leader in this DEDS becomes
thermoionized.
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4. Based on the Saha equation known in plasma
physics, in the case of ionization by electron impacts of
neutral oxygen molecules O, of atmospheric air of the
high-voltage «tip-plane» DEDS studied by us, it is shown
that the density neL of electrons in the air equilibrium
plasma of the positive leader channel of this DEDS at
T,,~1,639-10* K takes a quantitative value of about
n~0,7-10°" m™, which corresponds to its known
numerical values in the field of physics and technology of
high-voltage gas discharges of atmospheric pressure.

5. It is shown by calculation and experimental
methods that for the electrophysical case considered in the
air DEDS «tip-plane» (/,;,=1,5 m), at the stage of
emergence, development and advancement of a positive
leader in the atmospheric air of the studied DEDS at the
electron density nel in the spherical head of this leader
with radius R,;~0,5-10° m near 7,~0,7-10*' m” its
electric potential U, changes from the Ilevel
U(T)=Usm611,6 kV (the beginning of the leader
development) to approximately zero (the completion of
the leader development and the onset of the through-
discharge phase at the length of its plasma channel
=113, in the air gap of the DEDS). For the
intermediate state of development in the long air gap of
this DEDS of the leader channel (/;~0,395 m), the electric
potential U,; of the head of the positive leader in its
atmospheric air will be quantitatively U,;~605 kV with
voltage drop on the leader channel U;~6,6 kV.

6. It has been established that in the streamer zone of
the air gap near the head of the positive leader (at a
distance x~10R,~5 mm from it) of the studied DEDS
(Imin=1,5 m) an extremely strong electric field is formed
with maximum strength £;.,~21,1 MV/m (with averaged
over the length of this gap strength E;,~465 kV/m, which
is characteristic of the streamer zone in front of the
leader), which is comparable to the critical strength
E~24,9 MV/m of the electric field, which causes active
impact ionization by electrons of its atmospheric air. In
this regard, outside the head of this leader, physical
conditions will be created for the active development of
electron avalanches and positive streamers in the amount
of N, which start from the head of the leader with its
excess positive charge ¢.,~58,7 nC towards the grounded
electrode-plane of this DEDS.

7. It is shown that the strength E;; of the longitudinal
electric field inside its plasma channel with radius of
about R;~0,5-10° m in a high-voltage air DEDS
«tip-plane» for the case when [,;;=1,5 m and
UT)=Ur611,6 kV, with specific electrical conductivity
71~10* (Q'm) ™" of the equilibrium plasma of the channel
of this leader, numerically amounts to approximately
E;~16,6 kV/m.

8. The value of the average length Is of the streamer
zone in front of the head of the positive leader was
obtained by calculation and experiment, which for the
case of using in the air DEDS «tip-plane» (/i;=1,5 m) a
standard switching aperiodic high-voltage pulse U,(¢) of
the time shape 7,,/T,=200 us/1990 ps of positive polarity
with breakdown voltage U~611,6 kV is [~1,3 m.

9. It was established that the density J,, of the
electron current i.; in the plasma channel of the positive
leader for a high-voltage air-based DEDS «tip-plane»

(I.n=1,5 m) takes the quantitative value ,,~1,66-10° A/m?,
and the electron current i,; towards its grounded metal
electrode-plane is 7,;~130,5 A.

10. It is shown that the linear charge ¢;,; of the thin
plasma channel of the positive leader, which moves in the
atmospheric air of the tip-plane DEDS, has a quantitative
value of ¢,~58,7-10° C/m. This electric charge
determines the ion current iilL in the plasma channel of
this leader, which is numerically approximately equal to
i7~5,87 A at its density of about 5;~7,47-10° A/m”.

11. It is established that with the specific electrical
conductivity y,,~10* (Q-m)" of the thermoionized plasma
of the positive leader channel in the high-voltage air tip-
plane DEDS, the linear active resistance R;; of the plasma
channel of this leader is quantitatively about R;~127,3 Q/m.
In this case, the total active resistance R;. of the zigzag
plasma channel of the positive leader in this DEDS
(Imin=1,5 m) will take a value that will be numerically
equal to R;~1,13R;; [in=215,8 Q.

12. The corresponding experimental studies of
electric discharge processes in the DEDS «tip-plane» with
lengths of 1 m < /,;, <4 m of its long air gap, carried out
on domestic powerful ultrahigh-voltage equipment in the
open air under the conditions of an electrophysical
laboratory, indicate the validity of the simplified model
proposed by us of the formation near the potential
electrode-tip of this DEDS and the further development in
its atmospheric air of a thin plasma channel of the positive
leader with its main characteristics indicated above.
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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
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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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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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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 software 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.
Determination 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 equations, 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 equivalence method, a relative error value of 10 % was
chosen when determining the normalized parameters of a grounding system of the given topology and soil type. When determining the
error, the calculation 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 significantly 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 resistance 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 m’, 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 equivalence techniques of multilayered soils of different types when calculating 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 parameters of grounding system by software 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.

Bcmyn. Hopmosani napamempu 3a3eMuio8aibH020 NPUCMpoOIo, maki AK Hanpyea OOMUKY ma Onip, € KpUMmu4Ho 8adCausumu O
3abe3neyenns enekmpuyHoi 6esneku ma Haoditinocmi pobomu erekmpocmanyiii ma niocmauyin. Crraonicms Oazamowlaposoi
CMPYKMYPU IPYHMY CMBOPIOE NpoONeMu ONsl 8USHAYEHHA 6KA3AHUX napamempis. Lle 06ymoeneno mum, wjo peanvHi IpyHMu Ha
mepumopii enepeoo6 ’ckmie Yxpainu maroms mpu i 6inbiue wapis, a HOPMOBAHT NAPAMEMPYU BUIHAYAIOMbCS NPOZPAMHUMU 3ACOOAMU
3 080WAPOBUMU PO3PAXYHKOBUMU MoOenamu. Tomy HeobXiOHicmb eKgieanrenmy8anisa 6a2amouaposux 2e0ei1eKmpuiHux CmpyKmyp y
o0goulaposi mooeni 0N NPakmuyHo20 3ACMOCY6AHHA € AKMyanbHolo 3adadero. Mema. Busnauenns meosic 3acmocysans memooy
eKGI6aneHmy6ants b6azamowiapogux IPyHMi6 HA OCHOBI AHANIZY pe3YIbmamié pO3PAXYHKY HOPMOGAHUX NAPAMEmpi6
3a3eMma08anbH020 npucmpoio. Memoodonozia. Y 0ocniodicenni po3ianymo mpumapogy mMooes 0id Homupbox munie ipynmy (4, H,
0O, K), nowupenux ¢ Yxpaini. Po3paxynku 6UKOHAHO 3a 0ONOMO2010 Npocpamuozo komniexcy LiGro, axui 6azyemuvcsa Ha memooi
iHmezpo-oupepeHyitinux pigHsHb, 3ACMOCOBAHOMY O/l AHANIMUYHO2O GUPIUEHHS 3a0a4i Npo NOMEHYIal eNeKMmpPUYHO2O MO
MouK06020 Odicepeia CmMpymy 6 MmpUuuiapo8oMy NpoGiOHOMY Hanienpocmopi. B axocmi xkpumepiio MOMCIUBOCMI 3ACMOCYBANHS
Memooy eKei6aneHmysants 00pano eeruyny 6iOHOCHOI noxubku 6 10 % npu eusHavyenni HOPMOBAHUX NAPAMEMPIE 3A3eMI0E8ATLHO20
npucmpoio 3adanoi mononocii ma muny rpyumy. Ilpu eusnauenni noxubKu 3a icmunHe 3HAYEHHS NPUUMATUCL De3YTbmamu
PO3PAXYHKY y GUXIOHIL MPUWLaposii. cmpykmypi Ipynmy Oas 3a0anoi mononozii 3azemniosanshozo npucmpoio. Pesynsmamu
O0eMOHCIMPYIOmb, WO epeKmusHicmy Memody eK6I8ANIeHMYSAHHA CYMMEBD 3ANEHCUMb i0 Mumny IpYHmy md HAOWi cucmemu
3asemnenus. 30kpema, Ona Ipyumy muny A 3aMina 6epXHbO20 Ma CEPEOHbO20 WAPY eKBIBANEHIMHUM NEPUUM WAPOM (HUIHCHLOLO —
opyeum), 3abe3neuye menuty nOXUOKY po3paxyHKie onopy 3a3emienis, Hidc npedCmasnents epXHbo20 Wapy 6 IKOCmi Nepuiozo, a
cepeoHbo20 ma HUNCHL020 — Opy2020. Ilpu yvomy cnocmepicacmuvcs menoenyis 00 3meHwenHs noxuoku 6io —14,6 % oo —2,6 % 3i
spocmannam niowi 06’ekmy 6i0 225 m> 0o 14400 r’. Opuzinanvnicms. Bnepuie npedcmaeneno pesyibmamu oyinKu noxXubKu
Memooy eK6i8aneHmysants 6azamowaposux IPyHmie PisHUX Munie npu po3paxyHKy HOPMOBAHUX NAPAMEMpIE 3a3eMII0BANbHUX
npucmpois. Ilpakmuuna yinnicms. Busnauennss ymoe ma medc 3aCmocy8anHs Memooy eK8i8aneHmy6aHHs Npu pPO3PAXYHKY
HOPMOBAHUX NAPAMEMPIE 3a3eMNI08ATNLHUX NPUCMPOI8 NPOZPAMHUMU KOMIIEKCAMU MOdice OYMU GUKOPUCMANO NPU NPOEKMYBAHHI
HOBUX abO peKoHCmpPYKYii ichylouux enep2ood ‘ckmie Ykpainu. bibmn. 20, Tabun. 5, puc. 4.

Kniouoei cnosa: 3a3eM/Il0BaIbHMIA PUCTPIiii, HANPYTa J0THKY, ONip 323eMJII0BAJIbHOTO MPHCTPOI0, METO/ eKBiBAJICHTYBAHHS,
0araTomapoBHii IpyHT.

Introduction. Calculation of the normalized
parameters of grounding devices (GDs) of power plants
and substations, namely GD resistance, GD voltage and
touch voltage, is an important scientific and practical task
both from the point of view of designing new energy
facilities [1-3] and operating existing ones [4]. The initial
data for performing such calculations are the single-phase
ground fault current, the operating time of the main and
backup protection, GD topology [5], the material and
cross-section of the grounding conductors, the resistance
of the base [6] and the electrophysical characteristics of

the soil [7]. The latter factor is practically independent of
human influence and cannot be changed during operation.

In common software packages for modelling
electromagnetic processes in GDs [8—13], a two-layer soil
model with a separation boundary parallel to the ground
surface is used. Based on the fact that, according to the
results of the analysis of 612 soundings, more than 80 %
of soils in the locations of energy facilities in Ukraine
have three or more layers [7], there is a need to reduce the
existing structure to a two-layer one. Usually, the
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equivalence method is used for this [12—18]. Its idea is
that a model with such characteristics of the geoelectric
structure of the earth is considered equivalent, under
which the grounding conductor will have the same values
of electrical parameters as in the original multilayer
structure.

To reduce the multilayer geoelectric structure to
equivalent, the total transverse (normal) and longitudinal
(tangential) conductivities are determined when currents
flow in the corresponding directions in a rectangular soil
column of height 4y, with a base in the form of a square
with a side of a known size (for example, a = 1 m).
The expressions for determining the equivalent resistivity
pe (1) and the equivalent layer thickness /. (2) have the
form [7, 14, 15]:

Pe = i(hi'pi)x[iﬁJ_ ) )

i=1 i=1 Pi

he= |3 (- pr)x Y-, )
i=1 i=1 Pi

where p; and #; are the resistivity and thickness of the i-th

layer, m is the number of equivalent layers.

In general, three methods (see section 2.3.2 [3]) of
applying the equivalence method [7] have become
widespread in practice:

1. Method No. 1 — the upper layer of a real
geoelectric structure is considered as the first layer of an
equivalent two-layer one, and the following layers are
equivalent to the second (it is believed that this method
allows to determine the potential distribution on the soil
surface and the touch voltage with the smallest errors).

2. Method No. 2 — all upper layers of the real
structure are represented as the first layer of an equivalent
geoelectric structure, and the lower one is the second
layer (this method is usually used when calculating the
resistance and potential on the ground).

3. Method No. 3 — all upper layers of the real
structure before the grounding conductor and additional
0.1-0.2 m are represented as the first layer of the
equivalent geoelectric structure, and the lower ones (or
those that are lower relative to the grounding conductor
elements, other layers) are represented as the second
layer.

The first and second methods are obtained on the
basis of the physical meaning of the normalized
parameters: the ratio of the specific electrical resistance p
of the upper layers has the greatest influence on the value
of the potential on the soil surface, and therefore on the
touch (step) voltage, and the resistance and potential on
the grounding conductor are more influenced by p of the
layer in which the grounding conductor is located (see
section 2.3.2 [3]). The third method has been practically
applied in the Research and Design Institute «Molniya» of
NTU «KhPI» on the basis of numerical calculations and
comparison of experimental and calculated values.

However, in [9—15] there are no visual information
and analytical and statistical data that would allow
assessing the general impact of the equivalence of
different types of soil (A, H, Q, K) on the results of
calculating the normalized parameters. The results

obtained in [4] can be considered only a preliminary
analysis for a GD 5x5 m’ area and insufficient for
practical use.

Considering that the specified parameters affect the
electrical safety of station and substation service
personnel, as well as the reliability of equipment
operation, relay protection systems and telemechanics, the
study of such an impact to increase the accuracy of their
determination is a relevant task.

The goal of the work is to determine the limits of
application of the method of equivalence of multilayer
soils based on the analysis of the results of calculating the
normalized parameters of the grounding device.

Research materials. Considering that in Ukraine, in
the locations of energy facilities, the vast majority of soils
are three-layered, it is advisable to consider this particular
geoelectric structure and the method of its equivalence. It
is generally known that three-layer soils are divided into
four types based on the ratio of the electrical resistivity of
the layers:

*Q—(p1>p2>p3); * A= (p1<p2<p3);

e H—(p1>p2<p3); e K—(pi<p2>p3).

The analysis of the percentage distribution of the
results of experimental soil sounding studies on the
territory of energy facilities of Ukraine, carried out in [4],
showed that the soil type Q is 44.43 %; A — 0.84 %;
H-31.42%; K—-23.31 %.

To achieve the goal, as a criterion for the limits of
application of the equivalence method, it is proposed to
choose a value of relative error of 10 % (acceptable for
solving practical problems on calculating the soil surface
[6, 8, 11]) when determining the normalized parameters
of the GD of a given topology and soil type. To carry out
the study of the above soil types, the LiGro software
package was used [17], which allows determining the
normalized parameters of the GD of arbitrary complexity,
located in a three-layer soil. The specified complex was
created on the basis of the method of integro-differential
equations, applied for analytical solution of the problem
of electric field potential of a point current source in a
three-layer conductive half-space, with subsequent
integration of a set of point current sources in the form of
an arbitrarily oriented grounding conductor.

To perform the calculations, three variants of the GD
with the size of 15x15 m’, 45x45 m’ and 120x120 m’
were used. The cell size in all cases is 3x3 m’ (see
Tables 1 — 4). A rod made of hot-rolled steel BSt3SP
(Fe37-3FN) with diameter of 14 mm with the
corresponding electromagnetic characteristics was chosen
as the grounding conductor. The grounding conductor is
located at a depth of 0.5 m, which meets the requirements
of the regulatory document [19].

According to [7], it is advisable to consider the
values at the ratio p*= pi/p; in the range [0.01; 10],
which allows to cover 99.9 % of three-layer soils of
Ukraine in the locations of operating energy facilities [4].
According to [4], the thickness of the layers is within
hy € [0.02; 10] m for the first layer and 4, € [0.01; 35] m
for the second one. To perform a qualitative analysis, the
average value of #; and h, was chosen [7]. The
parameters of the considered initial three-layer and
equivalent two-layer soil models are given in Table 1 — 4.
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In this case, the average statistical values obtained in [7]
are taken as the initial soil model. The equivalent two-
layer ones are obtained using (1) and (2).

Table 3
Results of calculation of the parameters of the GD for soil type Q

Equivalent model by method:

Parameter | Original model
When performing calculations, it is assumed that the No. 1 No. 2 No. 3
resistance of the base is 100 Q [3], and the current of a p1, Qm 1000 1000 155,54 1000
single-phase fault to the ground is 10 kA. The calculation hy, m 0.8 0.8 8,7 0,6
of the touch voltage was performed at the center (U,.) and pa, Qm 100 17.5 10 19,6
at the edge (Uy) of the grounding conductor (see hy, m 6,3
Tables 1 —4). The resistance of the GD (R) and the voltage p3 m 10 5
on the GD (Ug) were also determined. The calculation GD 15x15 m
. . Ue., V 23800 24810 2953 16380
results (values of U,., Uy, Rg and Ug) for a given grounding R O 431 377 289 253
system located in soil type A are given in Table 1. Uo V 43120 37660 28920 25330
Table 1 Uy, V 26810 25850 4793 17570
Results of calculation of the parameters of the GD for soil type A GD 45x45 m*
Parameter | Original model Equivalent model by method: Ue V 5494 5437 812,8 530,6
No. 1 No. 2 No. 3 Rg, Q 1,01 0,87 0,62 0,27
p1, Q'm 10 10 64,3 10 Us, V 10040 8657 6203 2680
hy, m 0,79 0,8 8,7 0,6 U, V 6127 5926 1250 935
0y, QO'm 100 570,3 1000 510 GD 120x120 m’
hy, m 5.46 U V 861,5 815 1598 | 4977
s, Om 1000 Rg, Q 0,19 0,18 0,13 0,16
GD 15x15 m® Us, V 1852 1772 1320 1587
Ue, V 91,81 73,43 848,60 92,82 U, V 1082 1095 274,1 874,2
Rg, Q 3,61 3,94 4,13 4,40 Table 4
Us, V 36050,0 39420,0 | 41310,0 | 43990,0 Results of calculation of the parameters of the GD for soil type K
Up V 512,80 548,70 | 2183,00 | 635,60 P . Equivalent model by method:
3 arameter | Original model
GD 45x45 m No. 1 No. 2 No. 3
U,, V 34,77 39,26 111,20 38,41 p1, Q'm 10 10 253,8 10
Rg, Q 2,36 2,29 2,49 2,15 hi, m 0,8 0,8 21,7 0,6
Ug, V 23550,0 22940,0 | 24940,0 | 21540,0 P2, Qm 1000 473 10 47,1
Uy V 243,50 237,60 | 974,10 | 23430 Iy, M 6,3
GD 120x120 m* 3, Qm 10
U, V 30,16 31,15 | 40,16 | 32,11 GD 15x15 m’
Rg, Q 1,45 1,24 1,49 1,24 U, V 84,22 159,20 | 4412,00 193,50
Ug, V 14530,0 12410,0 | 14910,0 | 12400,0 R, Q 2,29 0,95 6,00 1,01
Uy, V 127,70 11620 | 436,30 | 121,60 Us, V 22890,0 9500,0 | 59960,0 | 10090,0
Uy, V 538,70 432,90 | 7935,00 | 478,90
Tables 2—4 show the results of a similar calculation GD 45%x45 m>®
for other soil types. Ue, V 51,27 56,47 | 1056,00 63,57
Table 2 Rg, Q 0,85 0,39 1,54 0,40
Results of calculation of the parameters of the GD for soil type H Us, V 8542,0 3888,0 | 15350,0 4012,0
Parameter | Original model |—£duivalent model by method: Up V 200,80 165,50 | 2372,00 [ 179,00
No. 1 No. 2 No. 3 GD 120%120 m>
p1, Qm 1000 1000 39.4 1000 Ue V 34,37 33,79 | 220,10 34,80
hy, m 0,8 0,8 21,7 0,6 Rg, Q 0,25 0,16 0,34 0,16
p2, Q-m 10 211,5 1000 212,3 Ug, V 2479,0 1626,0 3364,0 1649,0
hy, m 6,3 Uy, V 78,17 76,61 | 536,10 | 80,03
ps, O'm 1000 . .
GD15x15 m? To analyze the data of the calculation experiments,
UV 24770 21300 736,10 | 15860 the error in determining the normalized parameters o
Re. O 4.60 9.08 1,84 8,06 using the equivalence method was considered. The true
Ug, V 46000 90820 18410 | 80580 values were those obtained when calculating using the
Uy, V 25740 28340 1270 22710 model of the GD placed in a three-layer soil. For each of
GD 45x45 m* the normalized parameters and the corresponding soil
U,V 5126 4340,00 | 133,60 | 3225 type, the dependence of the relative error 0 on the GD
R, Q 1,68 2,75 1,08 2,55 area S was constructed.
Us, V 16810 27450 10810 | 25470 Figure 1 shows the specified dependence for soil
Up V 6270 7909 477,10 | 6577 type A. Here, in Fig. l,a, the dotted line indicates the
GD 120x120 m’ family of curves for the touch voltage at the edge of the
Ue V 467,2 594,30 36,92 | 446,2 GD (Uy), and the solid line indicates the touch voltage in
Rg, Q 0,84 0,89 0,72 0,86 the center of the GD (U,.). The designations No. 1 —No. 3
Ug, V 8290 8920 7180 8644 correspond to the methods of equivalence. In Fig. 1,b, the
Un, V 1466 1958 217,30 1704 solid curves correspond to the dependence J(S) for the
82 Electrical Engineering & Electromechanics, 2025, no. 4



GD resistance (R;), and the dotted lines indicate the
voltage on the GD (Ug).
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Fig. 1. Error in determining normalized parameters depending
on the area of the GD and the method of equivalence of soil type A:
a — solid curve — U,.; dotted curve — Uy;

b — solid curve — Rg; dotted curve — Ug

It should be noted that the error of more than 300 %
is not shown in the graph. According to the results of
modeling for soil type A, we see confirmation of the
initial hypothesis — method No. 2 is quite effective for
calculating the voltage on the GD and the GD resistance
(the error decreases with increasing area), and methods
No. 1 and No. 3 show a sufficiently high accuracy in
determining the touch voltage. At the same time, in the
center of the GD, method No. 3 shows the best results
(error up to —10.5 %), and at the edge of the GD — method
No. 1 (error up to 9 %).

Figure 2 shows similar calculation results for soil
type H.

According to the results of modeling for soil type H,
we see that the error in calculating the touch voltage in
the center and at the edge of the GD lies in the range from
—27 % to 15 % (equivalence methods No. 1 and No. 3).
However, it is practically impossible to identify a specific
range of application for them. For the specified type of
soil, the use of the equivalence method for calculating the
voltage on the GD and the GD resistance is not
recommended, although the tendency for the error to
decrease with increasing area remains. At the same time,
contrary to the established opinion, methods No. 1 and
No. 3 have the smallest error (for them, the absolute value
of the error decreases from —97 % to —6 % and from
=75 % to —4 %, respectively). However, in the future, it is
necessary to additionally investigate their behavior with
an increase in the RP area.

Figure 3 shows similar calculation results for soil
type Q. The symbols are similar to Fig. 1.

According to the modeling results for soil type Q,
we see that only method No. 1 can be used to calculate
the touch voltage in the center and at the edge of the GD
(the error lies in the range from —4.2 % to 5.6 %), the
voltage on the GD and the GD resistance (the error is
from 22 % to 4.3 %).
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Fig. 2. Error in determining normalized parameters depending
on the area of the GD and the method of equivalence of soil type H:
a — solid curve — U,; dotted curve — Uy;

b — solid curve — R; dotted curve — Ug
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Fig. 3. Error in determining normalized parameters depending
on the area of the GD and the method of equivalence of soil type Q:
a — solid curve — U,; dotted curve — Uy,

b —solid curve — Rg; dotted curve — Ug
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Figure 4 shows similar calculation results for soil
type K. The symbols are similar to Fig. 1. In Fig. 4,a,
method No. 2 is not shown, since it gives an error of more
than =500 %.

According to the simulation results for soil type K, we
see that the equivalence methods No. 1 and No. 3 can be
used to calculate the touch voltage in the center and at the
edge of the foundation, respectively, with area of less than
2000 m” (the error lies in the range from —10 % to 15 %).
The use of the equivalence method for calculating the
voltage on the foundation and the foundation resistance is
not recommended, although the tendency for the error to
decrease with increasing area is also preserved.
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Fig. 4. Error in determining normalized parameters depending
on the area of the GD and the method of equivalence of soil type K:
a — solid curve — U,; dotted curve — Uy,

b — solid curve — Rg; dotted curve — Uy

According to the results of the analysis of Fig. 1 — 4,
we can form the following algorithm for choosing an
equivalence method for calculating a certain normalized
parameter of the GD depending on the type of soil (see
Table 5). The principle of forming Table 5 was as
follows: if for a certain type of soil when calculating one
of the normalized parameters the condition

|0|< 10 % 3)
is achieved, then the number of the corresponding
equivalence method is indicated and it is recognized as
acceptable for use.

If there are certain restrictions on the area of the GD for
which condition (3) is achieved, then the method is accepted
as conditionally acceptable, and the restrictions are given in
the note. If condition (3) is not met, then the method is
considered unacceptable, and Table 5 indicates «—».

The application of the proposed algorithm for
selecting the equivalence method is considered on the
example in Appendix 1.

Table 5
Recommendations for the algorithm for choosing
the equivalence method

Soil type / GD parameter U, Uu Rg Ug
Type A (91 < p2< ) 3 1| 2* | ¢
Type H (p1> pr <p3) - - - -
Type Q (p1 > pr > p3) 1 1 - -
Type K (o< > > p3) TR IR I

Note: * — permissible at S > 1000 m’;
** _ permissible at S > 2000 m>.

Conclusions.

1. Based on a series of calculation experiments and
analysis of the obtained values of the normalized
parameters of the grounding device, it was established:

— for soil type A, methods No. 1 (the upper layer of
the real geoelectric structure — the first layer of the
equivalent two-layer, and the following layers are
equivalent to the second) and No. 3 (all the upper layers of
the real structure to the GD and an additional 0.1-0.2 m —
the first layer of the equivalent structure, and the following
ones — the second layer) can be used to determine the touch
voltage, where method No. 3 is better for the center of the
GD (error up to —10.5 %), and method No. 1 is better for
the edge of the GD (error up to 9 %). Method No. 2 (the
upper layers of the real structure — the first layer of the
equivalent structure, and the lower one — the second layer)
for calculating the voltage and resistance of the GD is
allowed to be used for areas over 1000 m?;

— for soil type H, none of the equivalence methods
allows for a calculation with error of less than 10 %;

— for soil types Q and K, the equivalence method can
be used only for calculating the touch voltage. In this
case, for Q, the equivalence method No. 1 should be used
(error from —4.2 % to 5.6 %). For type K, method No. 1 is
better for the center of the GD, and method No. 3 is better
for the edge of the GD with area of over 2000 m>.

2. Regardless of the soil type, when determining the
GD resistance and the GD voltage, in all cases there is a
decrease in the error with increase in the GD area, which
indicates the possibility of improving the accuracy of
calculations for objects with area of over 10,000 m®.

3. Based on the analysis of the modelling results, an
algorithm for selecting the equivalence method for
calculating a certain normalized GD parameter depending
on the soil type was formed. The relative error within
+10 % was chosen as the acceptance criterion. At the
same time, depending on the soil type and the GD
parameter being determined, the methods are divided into
acceptable, unacceptable and conditionally acceptable
(taking into account the limitation on the GD area).

4. Considering that a full calculation of all
normalized parameters using the equivalence method can
be performed only for soil type A, it is most advisable to
use software packages that allow taking into account the
three-layer structure of the soil in the process of
determining the normalized GD parameters.

APPENDIX 1
An example of applying the proposed algorithm for
selecting the equivalence method. The initial object has a size
of 120x65 m” with depth of the soil location of 0,6 m. Soil
parameters: p; = 53,9 Qm; p, = 117 Qm; p; = 12,3 Qm;

84

Electrical Engineering & Electromechanics, 2025, no. 4




hy=1,2 m; hy = 12,3 m. Accordingly, the soil is located in
the first layer.

The given soil parameters correspond to soil type K,
and the area of the soil is 7800 m* and meets the condition
S > 2000 m”. Therefore, to determine the touch voltage in
the center of the GD (U,.), one should use the equivalence
method No. 1 according to expressions (1) and (2),
according to the results of which the parameters of the
equivalent model will be: p;, = 53,9 Q:m; p,, =32,18 Q-m;
hi. = 1,2 m. To determine the touch voltage at the edge of
the GD (Uy) using the equivalence method No. 3:
Pre = 53,9 Q-m; py, = 32,32 Q'm; hy, = 0,8 m. In case of
need to determine the voltage on the GD and the GD
resistance, one should use a three-layer soil model.
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