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Electrotechnical Complexes and Systems
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https://doi.org/10.20998/2074-272X.2024.1.01
K. Latreche, R. Taleb, A. Bentaallah, A.E. Toubal Maamar, M. Helaimi, F. Chabni

Design and experimental implementation of voltage control scheme using the coefficient
diagram method based PID controller for two-level boost converter with photovoltaic system

Introduction. Currently, in the solar energy systems and a variety of electrical applications, the power converters are essential part. The
main challenge for similar systems is controller design. In the literature, the PID controller has proved its effectiveness in many industrial
applications, but determining its parameters remains one of the challenges in control theory field. The novelty of the work resides in the
design and experimental implementation of a two-level boost DC-DC converter controlled by a PID controller for photovoltaic (PV)
maximum power extraction. Purpose. Analysis and control of the two-level boost topology with renewable energy source and design of the
PID controller parameters using simple and accurate method. Methods. PID coefficients are optimized using Coefficient Diagram Method
(CDM) in the MATLAB environment. Results. A mathematical model of a two-level boost converter with PID controller and PV energy
source was developed and analyzed. The model allows to design the controller parameters of the proposed system. Practical value. A
prototype steered by the proposed CDM-PID controller was tested using an Arduino embedded board. A comparison between the
simulation results and the experimental one is presented. The obtained results illustrate that the experimental results match the simulation
closely, and the proposed CDM-PID controller provides a fast and precise results. References 24, table 2, figures 16.

Key words: power electronics, energy conversion, two-level boost converter, coefficient diagram method controller.

Bemyn. B oanuii yac nepemsopiogaui nomysicHOCi € Hegio EMHOIO YaCHUHOI0 COHAYHUX eHEPReMUYHUX CUCIEM MA PIBHUX eleKMPUIHUX
npucmpois. OcHo8HOIO NpobIeMOt0 O0lsi MAKUX CUCHEM € NpoeKmyéanHs Koumpoaepa. Y mimepamypi Ill/[-pecyrsmop 006i6 ceoto
egekmusricmy Yy 6a2amvox NPOMUCTOBUX 3ACMOCYBANHAX, alle GUIHAUEHHs U020 Napamempis 3anuuacmscs OOHiclo 3 npobaem y 2anysi
meopii  ynpaeninna. Hoeusna pobomu nonseac y po3pobyi ma excnepumeHmanbHiti peanizayii  060pieHe8o20 NIOBUWLYEATLHOO
nepemsopiosaya nocmitino2o cmpymy, keposarozo I1IJ{-pecynsamopom, 0na ompumants MAKCUMaabHOi ROMYICHOCH POmOoeneKmpusHUX
npucmpois. Mema. Ananiz ma ynpaeninns 080pieHes010 MONONORIEI0 NIOBUWEHHS 3 BUKOPUCIAHHAM BIOHOGTIIOBAHOLO Odicepend eHepeii ma
pospaxyHok napamempie I1l/]-pecynamopa npocmum ma mounum memooom. Memoou. Koegiyicnmu I1I/] onmumizyiombcs 3a 00nomo2oro
Memody diagpamu koepiyicnmie (CDM) y cepedosuwyi MATLAB. Ompumani pezynemamu. Po3pobieno ma npoananizosano Mamemamuymy
MOoOeltb 080PIBHEBO20 NIOBUIYBATLHO0 nepemeoprosaya 3 I1l/]-pezyiamopom ma gpomoenekmpuunum oxcepenom enepeii. Mooens 0036omse
Cnpoekmysamuy  napamempu Kowmpoaepa npononosanoi cucmemu. Ilpakmuuna yinnicme. [Ipomomun, Kepoéauii NnponoHOSaHuUM
xowmponepom CDM-PID, npomecmyeanu 3 suxopucmatnHam 66yooeanoi niamu Arduino. Haseoeno nopisHanHs pe3ynsmamie MoOeno8anHs
3 excnepumenmanshumu Oanumu. Ompumani pe3ynbmamu NOKazyiomv, W0 eKCnepuMeHmanbii pe3ynbmamu OIu3bKo Gionosioaions
Mmooemosantio, a nponorosanuii CDM-I1[/]-pecynamop 3abe3neuye wiguoki ma mouni pesynomamu. biomn. 24, tadm. 2, puc. 16.

Knrouoei crnosa: cnioBa eneKTpoHika, nepeTBOPeHHs eHeprii, 1BOpiBHeBUI MiABUIYBAJILHU IIEPETBOPIOBAY, PEryJIsTOP MeTOLy

aiarpamu KoeQilieHTiB.

Introduction. Nowadays, solar and wind energies
are from the most contributor for power generation among
different renewable energy resources. The use of solar
energy because of their advantageous such as the free
availability, solar energy systems on buildings have
minimal impact on the environment, electricity produced
by solar cells is clean (not produce air pollution or carbon
dioxide) and silent [1-3].

In solar energy systems and a variety of electrical
applications, the power converters are essential part.
There is a several type of converters: AC to DC
converters, DC to AC converters, AC to AC converters,
and DC to DC converters. Also, the use of multilevel
converters topologies in power circuits has many
benefices, including the increase of the voltage level, the
reduction of stress across static switches, the
improvement of power factor with the reduction of power
losses, the reduction of filter size [4-9]. DC to DC
converters are widely used in many modern electronic
systems. They convert a DC input voltage into a different
DC output voltage, and are widely used in power supplies
for all types of electronic devices, such as computers, cell
phones, tablets and telecommunications equipment.

An overview of DC-DC converters allows us to
conclude the importance of this type of converter.
Authors in [10] have presented enhanced fuzzy logic
controller using boost DC-DC converter topologies for a
grid system. In the work [11] have proposed high step up
boost converter for uninterrupted power supply using

renewable energy resources (wind and photovoltaic
(PV)). Authors in [12] have discussed switching DC step-
up/step-down regulators voltage for maximum power
transmission. In the work [13] have presented DC-DC
converter topologies for energy management system.
Authors in [14] have proposed five-level inverter
alimented by DC-DC converter with artificial intelligence
control. The control of DC-DC converters is an important
topic in modern electronic circuit design. Precise
regulation of the output voltage of a DC-DC converter is
crucial to ensure the smooth operation of the overall
electronic system. The intelligent control techniques and
the PID control method are often used to control these
converters [15, 16]. However, optimizing PID coefficients
can be difficult, especially for converters with variable
frequency switching.

The goal of the paper is design and experimental
implementation of a two-level boost DC-DC converter
controlled by a PID controller for PV maximum power
extraction. The PID coefficients are optimized using
Coefficient Diagram Method (CDM); hence the Maximum
Power Point Tracking (MPPT)-PID controller adopting
CDM is utilized for providing better accuracy. A two-level
boost DC-DC converter is exploited which boosts the
oscillating PV wvoltage. The two-level boost DC-DC
topology, the design of MPPT-PID controller based on
CDM, and the main findings are summarized in this article.

Theoretical background of the CDM. CDM is an
algebraic approach, proposed by Prof. Manabe to design

© K. Latreche, R. Taleb, A. Bentaallah, A.E. Toubal Maamar, M. Helaimi, F. Chabni
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the controller parameters [17]. The standard block scheme
of CDM is shown in Fig. 1, on which R(s) is the reference
input signal; Y(s) is the output signal; d(s) is the
disturbance; MN(s) is the numerator polynomial of the
controlled system; D(s) is the denominator polynomial of
the controlled system; A(s), B(s), and F(s) are the CDM
controller polynomials.

dGs)

N(s) | Y(s)
D(s)

Fig. 1. The standard block diagram of CDM

The closed-loop transfer function of the system can

be written as:
P(s) P(s)
where P(s) is the characteristic polynomial of the closed-
loop system presented as:
P(s)=A(s)D(s)+ N(s)B(s) . 2)

The polynomials A(s) and B(s) of the CDM

controller structures are given as:

x y
A()=Y I;s's B(s)=) k;s', 3)
i=0 i=0
where x and y are the degrees of CDM controller.
Next step of design consists of the calculation of the
target polynomial P(s) as follows:

Y(s5)=

n | i-1

P(s)=aol| X T]

i=2\ j=17i-j

(rs)i +rs+1|, (4)

where n is the order of the characteristic polynomial P(s);
7 is the equivalent time constant; y; is the stability indices.

In design of CDM controller, the most important
point is setting of key parameters (y; and 7), because the
key parameters come into closely relation with the
dynamic system performances (rapidity, robustness,
stability). Value of equivalent time constant (r) has
relation with the system rapidity, because it has an impact
on the rise time and settling time. Values of stability
parameter (y;) have relation with the system stability and
robustness, because have impact on the steady state error.
According to [17] y; and 7 values can be selected as
follows: y; values can be written as: {2.5, 2, 2..2}.
Usually (y;) is selecting from the range of (1.5 to 4) to
have a good stability performance based on Routh-
Hurwitz stability criterion and Lipatov’s stability
criterion. In other hand, the key parameters (y; and 7) can
be adjusted to have good desired performances [17-19].

Last step of design is determination of the PID
controller gains. Putting P(s) = P/(s), then presenting the
equations system in matrix form (4X = B). Note that
X = [ky; ky; ko; [1] is the vector of gains for estimating the
PID controller parameters; k, is the proportional gain of
PID controller; %; is the integral gain of PID controller;
k, is the derivative gain of PID controller:

kp=k/l; ki=ko/li; kg=hky[l;.

Description of the proposed two-level boost
connected PV system. Figure 2 displays the proposed
boost-connected PV system. It includes a two-level boost
converter linked to PV system.

1

Control
technique

Fig. 2. The proposed boost-connected PV scheme

To study the control of the system, we must present
briefly the principle and the mathematical model of each
element of the system.

Model of the PV panel. In the literature several
PV models have been discussed. The models differ from
each other in the procedure and the number of
parameters involved in the calculation of the current-
voltage pair [20-22]. Figure 3 illustrates the most
common equivalent electrical circuit of the PV module.

I, R,

Fig. 3. Equivalent electrical circuit of a PV cell (one diode model)

From the electrical circuit, we can obtain the
formula that allows us to obtain the /-J characteristic of
the PV cell and panel. The law of nodes lets us to write
the following relationship (5):

=1, -14-1,=
q(V+RSI)j
AT V+R.I (%)
=11, e[ k) _q |
R,

where I, V are the current and the voltage generated by the
solar cell; 1, 1, are the diode current and the parallel resistor
current; R,, R, are the series and parallel resistors of the solar
cell;  is the Boltzmann constant (k= 1.38-10 J/K); n is the
ideality factor of the solar cell, varies between 1 and 2;
T is the temperature of a diode; ¢ is the charge of an
electron (¢ = 1,6:10" C); L, is the photocurrent
generated by the solar cell.

The photocurrent /,, is proportional to the solar
radiation E and is assumed to be linear as a function of the
surface temperature 7 of the cell, it can be described as:

ph = %(Iphref + Ugee (T - Tref ))a (6)
ref

1

where E is the real solar irradiance, W/m? E,. is the
standard test conditions (STC) irradiance, W/m?; T is the

4

Electrical Engineering & Electromechanics, 2024, no. 1



operating temperature; 7,.ris the STC temperature; i, is
the temperature coefficient of the short-circuit current;
STC conditions are cell temperature of 25 °C and global
solar irradiance of 1000 W/m?.

The choice of the series and parallel resistance
values for simulation is detailed in papers [23, 24]. The
series and parallel resistance values can be calculated as:

107, 0.1V,
Rp> co; Rs<—cos (7
cc cc
where:
1 kT
Iec =1pps Voo =V In 2R v, =,
I q

where V, is the thermal voltage of the diode; V., is the
open circuit voltage; /.. is the short-circuit current.

For a solar panel with N cells, we can write the
saturation current as:

Toh ®)

e NearVi ) _4

Model of the two-level boost converter. Figure 4
displays the topology of the two-level boost converter. A
two-level boost converter is typically composed of one
switch S;, one inductance L, three capacitors Cy, Cy, Cj,
three diode D;, D,, D;, one DC power supply or
renewable energy source (in our case the DC power
supply is replaced by a PV), one resistor R as load. The
output voltage V; is related to the voltage of the two
capacitors V7 and V. Thus, Vo=V, + V, =2V,. The output
voltage can be calculated as:

V=2 9)
l-a

where « is the duty cycle; Vj is the input voltage.

Ig =

Fig. 4. Topology of the two-level boost converter

The state-space model of the two-level boost
converter can be written with the following system of

equations:
dI—L: —(1_a).v0+i.vv;
dr 2-L L - (10)
dvy  (1-a) 2
— = A+ V.
de C R-C

In matrix form, the state space model of the system
is given as:

(11)

X=4.-X+B-U;
Y=C-X,

where:

) _l-a)

A:M 2-2L : B:F/OL} c=[ 1]

c RC
Based on the state space model, the system transfer
function can be expressed using the complement (com)
and the determinant (det) of a matrix (S, — 4), as:

C-(com(S1, —4))" -B
det(S1, —4)
By applying some mathematical manipulations, the
transfer function of the system is given as:
(1-a)
L-C . (13)
) (2 (1-a)?
S°+ S+
R-C 2-L-C
CDM-PID controller design for the proposed
system. To identify the parameters of the proposed
controller used in this application by the CDM technique,
the open-loop transfer function G(s) of the system is used.
First, the transfer function G(s) of the system is given in
polynomial forms as follow:
(1-a),

L-Cc’

G(s)= (12)

G(S)=

N(s)=
(14)

D(s) = 52+(

)2
2 S+ (l a) .
R-C 2-L-C
In this work, we have chosen a second-order
polynomial controller C(s) given by the following structure:
7.2 1 .
B(S)—kzs +k1S +k0, (15)

A(s)=los” +1s" +1,.
So, the transfer function C(s) of the controller is
given by:

kys? + kys' + kg

C(s)= (16)

12S2 +11S1 +lo .
The characteristic expression of the standard PID
controller is written as:

ki

kS +k; +kgS?
Crip(5) =hp +-E kS =~ ——

S (17

By identification between (16) and (17), the second-
order polynomial controller is written as:
kos® +his' tho by o ki ko %)
A s 4 L LS

By identification between (17) and (18), the PID
controller parameters can be estimated as:

ky=ki/l; ki=ko/li; kq=ky/l;.
The characteristic polynomial P(s) of the closed-

loop system is given as:
P(s)=A(s)D(s)+ N(s)B(s) =

_ (11s1).{s2 +(T2st+(2l._;{);]+ | 19)
+ ((lL%g)}(kzﬁ s+ k)

Applying some mathematical manipulations, the
characteristic polynomial P(s) can be written as:

C(s) =

Electrical Engineering & Electromechanics, 2024, no. 1



(20)

P(s) = +((1_.“).k1+
(

The target characteristic polynomial P(s) is given as:

3 (-1

B(s)=ay Z H]L (r~sy +7-s+1].

i=2\ j=17i-j

21

Applying some mathematical manipulations and
simplifications, the target characteristic polynomial P(s)
can be written as:

1 1
ﬁa(ﬂ'} 'S3 + —1002'2 ‘S2 +
B =\ rai 7 - (22)

+(a0 ~z’)-s+a0

The time constant 7 and a, are picked as follows for
our application: 7= 0.001 and a, = 1. The stability indices
y, and y, are selected as y; = [2.5, 2], i = 1, 2. In order to
improve the system’s performance, these parameters were
picked from the Manabe’s standard form.

Putting P(s) = P(s), by identification between (20)
and (22), the polynomials expressions can be written as:

1
L= ; 2a013;
an
—(l_a k2 +—2ll Zilaofz;
Lc 7 RC (23)
2
(l—a)k1+(l—0!) llza()T,
L-C 2-L-C
(l_a)k =a
L.C 0 0

In matrix form (4X = B), the matrix equations of the
polynomials expressions (23) are given as:

0 0 0 |
Cdo 0 2
A= l=a) (1-a)f |
L-C 2.L-C
0 0 (IL_? 0
6101'3
k2 yort
X = kl . B= 6102'2 A
ko 7
ll aoT
ap

where X is the matrix of gains for estimating the PID
controller parameters.

The previous design steps of the CDM-PID
controller are programed in MATLAB editor. Achieved
results are discussed in the following section.

Results and discussion. Simulation of the proposed
two levels DC-DC boost-connected PV is validated

through MATLAB environment. Table 1 displays the
electrical parameters of the solar panel Solarex MSX-60.

Table 1
The electrical parameters of the solar panel Solarex MSX-60
Parameter Value

Maximum power Py, W 60
Number of cells 36
Voltage at maximum power ¥V, V 17.1
Current at maximum power /,,,, A 35
Minimum power guaranteed, W 58
Short-circuit current /..., A 3.8
Open circuit voltage V., V 21.1
Temperature coefficient at V,,,, mV/°C —(80+10)
Temperature coefficient at /..., %/°C (0.065+0.015)
Approximate effect of power temperature, %/°C| —(0.5+0.05)

Figures 5,a,b illustrate the curves of PV panel
characteristics, the current-voltage (/-¥) characteristic and
the power-voltage (P-V') characteristic, respectively.

60

_____________________________________

o

N Iy e e

20 [ o o

Avv

: : o :
0 10 20 25 0 10
Fig. 5. Characteristics of a PV panel:

a — I-V characteristic; b — P-V characteristic

Figure 6 illustrates the impact of irradiance and
temperature on the / = f{V) and P = f{V) characteristics.

E=1000 w/m2,T:variable T:25°c,E:variable

t=0° E=400w/m*

t=25° E=600w/m*
4'51’ A ) t=50°| ﬂ.g’ A E=800w/m?

t=75° E=1000w/m*

v,V
0 5 10 15 20 25

E=1000 w/m2,T:variable

T=25°c,E:variable

t=0° E=400w/m?
t=25° E=600w/m*
t=50° E=800w/m*
P,W t=75° W E=1000w/m?
60 7 60 I~ |
50 50
z
40 » 40
o
H
30 930
]
20 £20
10 10 }
. v,V 8\
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Fig. 6. I-V and P-V curves of the solar panel with various
scenarios of temperature and irradiance values

To check the system through simulation, the
parameters of the converter are given in Table 2.
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Table 2
The electrical parameters of the converter

Parameter Value
Input voltage Vi, V 30
Switching frequency, kHz 1
Inductance L, mH 800
Capacitances Cy, C,, C3, uF 220
Resistance R, Q 1500
Duty cycle o 0.5

Figure 7 shows example of gate signal for the switch
S} with =1 kHz and variable duty cycle «. Figure 8 shows
the input and output voltages of the two-level boost
converter with duty cycle a = 0.5. From Fig. 8 we note that
the output voltage achieve a maximum value equal to 120
V with an input value equal to 30 V. Equation (9) confirm
the obtained results.

v,V

15

12 a
0

1] 1 2 3 4 Lms 5
v,V

15

10

5 b
0

0 1 2 3 4 tms §
v,V

15

‘Ig c
0

1] 1 2 3 4 tms §

Fig. 7. Simulation example of gate signal for the switch S;
with f=1kHz: a— a=30%; b—a=50%; c—a=70%.

v,V ——B— Qutput voltage
—0— Input voltage

150 ;
» e
:100 _ ................ ................ . ................................
SO A S

: :
o S S
E 1 ts
0 0.2 0.4 0.6 0.8 1

Fig. 8. Input and output voltages of the two-level boost
converter with duty cycle a =50 %

Now, we will execute the programmed CDM-PID
code in MATLAB editor. Solving the system gives the
coefficients of the PID controller as: k, = 4.3997-10%;
ki =4.4-10% k, = 1.7579.

After achieving the PID controller parameters using
the CDM, the next step is testing the system responses.
Figure 9 illustrates the system’s output with the CDM-PID
controller in the scenario of variable reference. The
reference was changed from 5 V to 20 V, and then to 10 V.

According to the achieved simulation results, it can
be seen that the system output tracks the wvariable
reference with a good accuracy and quickly, where the
system output follows the reference path after varying its
value; therefore, the PID based on CDM controller
provides a good dynamic response to the system.

25

Vv Reference
Cutput voltage
20¢ Zdom 1
T
15} :
4
0.05 01 .15
10r
5 - -
s
D 1 1 1 1
o 02 04 0.6 0.8 1

Fig. 9. System responses with the PID based on CDM controller
in the case of variable reference

For testing the robustness of the PID-CDM
controller, disturbance is injected in the closed-loop
system. Figure 10 shows the block diagram of the closed-
loop system when adding disturbance. The effects of the
disturbances and their corresponding system responses are
depicted in Fig. 11.

Disturbance
Reference d(s)
Input Output
R(s) B(s) N(s) Y(s)
A(s) D(s)
Controller Plant

Fig. 10. Block diagram of the closed-loop system with disturbance
25

Output voltage of the sclar panel
Output vottage of the boost converter

V,V !

7 s e

_zoom _

--------- | . 5
0oz : : '

EI'.E:N

ts

0 i i i i i i i i
o0 005 01 015 02 025 03 035 04
Fig. 11. System response with PID-CDM controller
when adding disturbance

The curves in Fig. 11 demonstrate that the
disturbances are rejected. The system responses return to
the reference trajectory in the case of step disturbance.

According to the obtained simulation results, it can
be seen that the PID-CDM controller provides good
system responses and robust rejection of the disturbance.
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Experimental results. To validate the achieved
theoretical and simulation results, an experimental setup
of the two-level boost converter with PV system has
been constructed using one MOSFET switch, one
inductance, three capacitors, three diode, one resistor as
load, one DC power supply as PV panel, Arduino chip,
oscilloscope, and PC with MATLAB/Simulink software.
Figure 12 illustrates the experimental prototype of the
proposed system.

i
Voltmeter r

Power supply for feeding XA p ‘
the control circuit (15 V) s

! Stabilized DC input voltage g

Fig. 12. Prototype of the two-level boost converter

Figure 13 demonstrates an experimental example of gate
signal for the switch S; with switching frequency /= 1 kHz
and variable duty cycle: a — a = 30 %, b — a = 50 %,
c—a= 70 %, respectively.

| e e OO
::?::

Metrix — 88

CHi= 588U

Metrix BN

CHi= 588U

Meirix BN &

CH1= S.8al CH1L /780U
Fig. 13. Experimental example of gate signal for the switch S} with
f=1kHzand duty cycle a— =30 %, b— a=50 %, c— a=70%

Figure 14 shows the capacitors voltage and the output
voltage of the two-level boost converter with duty cycle
a = 0.5, and switching frequency f = 1 kHz. From
Fig. 14 we note that the output voltage V, achieve
a maximum value equal to 120 V with an input value equal
to 30 V.

el
ﬁ N N N N N N N

CH1=E£@, CH2u : CHZ Fe.aal :
Fig. 14. Experimental voltages of the two-level boost converter

with duty cycle & =50 %: a — the capacitors voltages;
b — the output voltage V,

Figure 7 illustrates simulation example of gate signal
for the switch S; with = 1 kHz and variable duty cycle
using  MATLAB/Simulink. Figure 13 illustrates the
experimental gate signal for the switch S, using the
experimental prototype. By comparison, the simulation
results are matching closely the experimental one. Also,
the simulation analyses of the converter output voltage V,
is matching closely the experimental analyses as shown in
Fig. 14. All the results were achieved using a simple and
accurate design method.

Conclusions.

1. A mathematical model of a new system composed of
coefficient diagram method based PID controller and two-
level boost converter with photovoltaic system has been
developed and investigated. The model allows to design
the controller parameters based on the coefficient diagram
method.

2. The two-level boost converter has been employed to
extract the maximum power from the photovoltaic panel.
coefficient diagram method based PID controller has been
used to control the output voltage.

3. Simulation was done in MATLAB/Simulink
software to verify the performance of the proposed
system. In addition, an experimental evaluation was
conducted using a low-cost Arduino board. The
experimental results confirm that coefficient diagram
method for controling multilevel boost converter is an
effective and easy-to-apply technique.

4. As an extension to the work, it looks interesting to
implement other methods to design the controller
parameters, like the intelligent metaheuristic algorithms.
Control the system with fuzzy logic controller, or neural
network controller. Furthermore, other similar systems
can be addressed, such as: feeding the multilevel boost
converter with other renewable energies as the wind. The
principal advantages of sustainable energies are to meet
the increasing demand for electricity, particularly in the
event of natural crises and international problems, to
reduce air pollution and to limit global warming.
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Total harmonic distortion analysis of inverter fed induction motor drive using neuro fuzzy
type-1 and neuro fuzzy type-2 controllers

Introduction. When the working point of the indirect vector control is constant, the conventional speed and current controllers
operate effectively. The operating point, however, is always shifting. In a closed-system situation, the inverter measured reference
voltages show higher harmonics. As a result, the provided pulse is uneven and contains more harmonics, which enables the inverter
to create an output voltage that is higher. Aim. A space vector modulation (SVM) technique is presented in this paper for type-2
neuro fuzzy systems. The inverter’s performance is compared to that of a neuro fuzzy type-1 system, a neuro fuzzy type-2 system, and
classical SVM using MATLAB simulation and experimental validation. Methodology. It trains the input-output data pattern using a
hybrid-learning algorithm that combines back-propagation and least squares techniques. Input and output data for the proposed
technique include information on the rotation angle and change of rotation angle as input and output of produced duty ratios. A
neuro fuzzy-controlled induction motor drive’s dynamic and steady-state performance is compared to that of the conventional SVM
when using neuro fuzzy type-2 SVM the induction motor, performance metrics for current, torque, and speed are compared to those
of neuro fuzzy type-1 and conventional SVM. Practical value. The performance of an induction motor created by simulation results
are examined using the experimental validation of a dSPACE DS-1104. For various switching frequencies, the total harmonic
distortion of line-line voltage using neuro fuzzy type-2, neuro fuzzy type-1, and conventional based SVMs are provided. The 3 hp
induction motor in the lab is taken into consideration in the experimental validations. References 22, tables 3, figures 15.

Key words: space vector modulation, neuro fuzzy type-1, neuro fuzzy type-2, induction motor, total harmonic distortion.

Bcemyn. Konu poboua mouka nenpsimoeo 6eKmopHO20 YNpasainHa cmana, mpaouyitini pe2yisimopu wWeUuoKocmi ma cmpymy npayiooms
epexmusno. I[Ipome poboua mouxka nocmitino 3miHOEMbCa. Y cumyayii' 3akpumoi cucmemu GUMIpAHA THEEPMOPOM ONOPHA HANPY2d
NOKA3y€e Guwyi 2apMOHIKU. B pezynmvmami iMnynsc, wo noodaemucs, HEPIGHOMIPHULL I MiCmumb OLIble 2APMOHIK, WO O0360TA€E THBEPMOPY
cmeopiosamu Oitbul 8UCOKY 6UXIOHY Hanpyey. Mema. Y yiii cmammi npeOcmagnena Memoouka npocmoposoi 6eKMopHoi MoOyaayii
(SVM) ons neiiponeuimrux cucmem muny 2. IIpodykmueHicme ineepmopa nopieHIOEMbCSL 3 RPOOYKMUGHICIIO HEUPOHEUImKOL cucmemu
muny 1, nevponeuimkoi cucmemu muny 2 ma xiacuunoi SVM 3 euxopucmanmuam mooemosanna MATLAB ma excnepumenmanvHoi
nepesipxu. Memooonozia. Hasuacmovca wabnon 0anux 86e0eHHA-6UB00Y, BUKOPUCMOBVIOUU ANIROPUMM 2iOPUOHO020 HABYAHHA, AKULL
NOEOHYE ¥ €OOI Memoou 3860POMHO20 NOWIUPEHHS NOMUIKU MA Memody HalMeHwux Keaopamis. Bxioni ma euxiowi Oami Ona
3anpoONoOHO8AHOI MEMOOUKU BKIIOUAIOMb THOPpMAayito npo Kym Ho8opomy i 3MIHY Kyma NO8Opomy AK OMPUMAHI 6XIOHI | GuXiOHI
Koeiyichmu  3anognenms. Junamiuni Xapakmepucmuku npueody ACUHXPOHHO20 OBUSYHA 3 HEUPOHEHImKUM  YNPAGIIHHAM
nopienoomsbcs 3 xapakmepucmuxamu sguuatinoco SVM. ITlpu euxopucmanni netiponeuimxozo SVM muny 2 acunxponnuii 08ucyH,
NOKAZHUKY NPOOYKMUBHOCE NO CIMPYMY 00epmaroio2o MOMeHmMY I WeUOKOCMI NOPIGHIOIOMbCS 3 NOKAZHUKAMU NPUBOOY ACUHXPOHHOO
dgueyna 3 Hetponeuimxum ynpaeninuam muny 1 ma mpaouyiinozo SVM. Ipaxmuuna winnicme. [Ipooykmuenicms acuHXpoHHO20
08U2YHA, CMBOPEHO20 34 Pe3yIbmamamu MOOeN08anH s, 00CTIONCYEMbCA 3 BUKOPUCTNAHHAM eKcnepumenmanvhoi nepesipku dSPACE
DS-1104. J[na piznux yacmom nepemuxanis po3paxogyiomuvCs 3a2abHi 2apMOHIUHI CNOMBOPeHHs NHINHOI Hanpy2u 3 GUKOPUCHANHAM
HelpOHeyimKo20 YNPAGIiHHA Muny 2, HeupoHeuimkozo ynpaeninua muny 1 i mpaouyiiinoeo SVM. Acunxponnuil 08ueyH nomyswcricmio 3
J.c. y 1abopamopii 6paxo8yemuvcs nio 4ac ekchepuMeHmansHux nepesipok. biomn. 22, tadmn. 3, puc. 15.

Kniouosi cnosa: npocTOPOBO-BEKTOPHA MOAYJIAINif, HelipOHewiTKUI THII 1, HelipOHeYiTKMIl THI 2, ACHHXPOHHUII IBUT'YH, IOBHE
rapMoHiiiHe CiOTBOpEHHs.

1. Introduction. Space vector modulation (SVM) is a
technique for managing the pulse width modulation method
used to regulate the inverter-fed induction motor (IM). At
the turning points, which are caused by space vector
instants, the pulse width modulated voltage source inverter
is used. In compared to the straightforward sinusoidal
approach, switching times are reduced and current and
torque ripple are decreased [1]. For both linear and non-
linear modes of operation, the digital implementation is a
technique utilized in transient simulation. SVM is a method
for implementing optimum bus voltage utilization and
support for the harmonic spectrum utilized in current
applications is explained in [2]. To reduce ripple in torque
and current, the adaptive neuro fuzzy interference system
based on maximum power point tracking is presented for
IM driving in MATLAB/Simulink and is confirmed using
an experimental setup utilising the hardware D-space
(1104) is discuss in [3]. The type-2 fuzzy logic direct
torque control technique is implemented because of the
replacement of proportional-integral controllers. Using the
control technique, the reaction improved in both transient
and steady state conditions. Under various operating
conditions, it also reduces torque ripple and flux distortion
in contrast to the regular direct torque control [4]. Instead

of using filters to reduce torque ripple like standard
propositional integral controllers, adaptive neuro fuzzy
interference system current controllers are employed for an
indirect vector of an inverter driven IM. The performance
of the drive is simulated under various operating conditions
[5] To reduce switching losses and output voltage
distortion from the created SVM algorithm, the proposed
method uses variable frequency modulation to voltage
source inverter fed IM [6]. Instead of a proposal integral
controller with no filter, a neuro fuzzy torque controller is
employed to eliminate torque ripple. The SVM approach is
also suggested, although information is required to
calculate the sector and angle [7]. For the error inside the
boundary, an n-level voltage source inverter fed with
current error space vector hysteresis is used as the current
controller. The advantage of the hysteresis controller is that
it transitions from linear to over modulation smoothly. It
has also been confirmed by experimental validation with
steady and transient performances. [8]. For the voltage
source inverter fed IM drive, type-2 fuzzy-based
methodology has been used. The technique has been
compared to traditional SVM for performance and is
independent of switching frequency. [9]. The adaptive-
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network-based fuzzy inference system based SVM is not
required to predict the switching frequency or required
training error when using the SVM method. This is the
reason why, in contrast to other optimization strategies like
genetic, neural and fuzzy [10]. The development of a
technology known as constant switching frequency torque
control can be used to manage torque in both steady state
and dynamic conditions. For calculating the torque ripple
and angular velocity, it employs flux error vector-based
SVM [11]. Fast switching frequency is implemented using
the artificial neural network SVM based fed voltage source
inverter, which leads to dynamic operation of the IM drive
under linear region to square wave. [12]. SVM based on
neuro fuzzy and three-level inverter fed voltage source
used to implement improved constant and dynamic
performance of the IM drive. The suggested method
generates an output with the proper duty ratios by changing
the input space-vector angle. The neural network with a
specific integrated circuit chip is used to easily implement
the SVM algorithm. [13, 14].The recommended artificial
neural network with SVM-based voltage source inverter
fed IM drive estimate a variety of outputs without regard to
switching frequency [15]. The five-layer network fed into
the neuro fuzzy SVM-based inverter produces output that is
trained duty ratios from input from V and V. Simulation
and experimental validation can be used to estimate the
total harmonic distortion (THD) computation for various
switching frequencies [16]. For a wind turbine with a
doubly fed induction generator, use SVM. The method is
used for minimizing the harmonic distortion of stator
currents under various wind speed [17].

2. Mathematical modelling of IM. Using direct-
quadrature (d-q) stationary references, a mathematical model
of a three-phase squirrel cage IM was developed [18].

dig 1 L2, 1 LR,
T —E(Rs +L—2)lds+z 2 Vart

B . ; s L (1)
O_LSZ OrY g L:’
digg 2
%?ismﬁi—'g&)mﬁé ’Z?r Var— o
e
d"g—t‘”I—i—:l//d,—Pwrl//qﬁLLfr igs; )
(h/;—tqr=—§—:¥/qr+f’wr'//dr+%iqs; “)
Loy, )

where o = (I—Lfn / L,L,) is the leakage coefficient; iy, iy
are the stator currents of d-q axis; Ry, R, are the stator and
rotor resistances; Vy, V. are the stator voltage of d-g axis; Ly,
L, are the stator and rotor inductances; vy, ¥y are the rotor
fluxes of d-q axis; L,,, @, p are the magnetizing inductance,
rotor speed and number of poles; B is the damping
coefficient; J is the moment of inertia; 7,, 7; are the
electromagnetic and load torques.

3. Mathematically modulated two level inverter.
Variable speed drives use pulse width modulation, which
is regulated using a method known as space vector. The
states of a two-level inverter are flipped using these
various vectors. The connection diagram of two level
inverter and space vector diagram is presented in Fig. 1.
Choosing the ¥ and V7 vectors results in a voltage that is
zero. The remaining vectors V) to Vs are chosen to
provide the induction machine with the necessary voltage.
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Fig. 1 Two level inverter (@) and space vector diagram
with active vectors ()

The reference voltage V,.; which has a constant
value, is created by combining the nearest two active
vectors V, and V., with zero vectors (V, and V). By
merging two active vectors, effective vectors can be
employed to achieve the desired results. The block
diagram of proposed SVM based inverter control using
neuro fuzzy type-2 (NFT2) is shown in Fig. 2.

V7.

wo-I
. uty rat a
‘orrection
Two- Level
of ' ce cal wo- L
voltag ase Inverter
ge Sc >

vector evel —> -

Fig. 2. Proposed SVM for inverter control using NFT2

counter

The following can be inferred from mentioned
concept of the necessary mean voltage and unit sample
time for the reference vector:

Vref =, + TV, )/ T
where T, T, represent the V-V sector’s active times.
While the equation are being equated, along the
direct axis is
Viep cosaly =V T + (Ve cos(/3)T, - 3
As the equation are being equated along the quadrature
axis:

O

Vref sinaly =Vy T + (Ve Sin(ﬁ/3))T2 > ©))

where V. is the magnitude of each active vector; V. is
the angle of 60° sector with respect to the sector’s
beginning V-Vs;

in(7z/3—
_y 8 (7/3-a),. .

T, ; (10)
! sin(z/3) °
sina
T=M—"—T; (11)
27 sin(z/3)
To=T,-T,-T,, (12)

where T is the sampling period; T is the duration of zero
vector and M is the modulation index and is given by V,/V..
The ripple value decreases to zero when time is divided
uniformly.

4. Modified NFT2 based SVM. In order to develop
a NFT2 system, the IF-THEN rules are used which have
antecedent and consequent sections with type-2 fuzzy
values. Uncertainties in fuzzy sets of Gaussian type-2 can
be connected to the mean and standard deviation.
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Layer1

Layer2

Layer3 Layer4

Fuzzification Defuzzification

Layer5

A fuzzy inference system’s hardware implementation
comprises of implementing the fuzzification, fuzzy
inferences, and defuzzification discussed in [19]. The duty
ratios are generated using a NFT2 based SVM that has
been trained in the under modulation zone. The switching
frequencies are 3 kHz and 15 kHz. The training data for

v+
.
I : ‘ Repetative/
Tunin, X=X,=0.X,=0 Up-down
I L Tuning counter
I Duty ratio2 X
I
Layer1 Layer2 Layer3 Layer4 Duty ratio3

Defuzzification

5. Results and discussions. In the direct torque control
concept, using a proportional integral speed controller causes
a loss of decoupling with respect to parameter fluctuations
[21]. The performance characteristics of an IM have been
studied using proportional integral, neuro fuzzy type-1
(NFT1), and NFT2 SVM-based controllers in a different
operating condition, i.e. steady state and step change.
The command speed of the 3 hp IM is 157 rad/s (1500 rpm).
The parameters of the IM are shown in Table 1.

Table 1

Parameters of the IM
Motor power 2.2 kW (3 hp), 400 V
Number of the poles p 4
Inverter switching frequencies, kHz 3 and 15
DC link voltage, V 150
Modulation index 0.86
Stator resistance R, 0.55
Stator inductance L,, mH 93.38
Rotor resistance R,, Q 0.78
Rotor inductance L,, mH 93.36
Magnetizing inductance L,,, mH 90.5
Moment of inertia J, kg-m? 0.019
Damping coefficient B 5.107

5.1 Inverter line-to-line voltage and harmonic
spectrum switching frequency of 3 kHz.

For DC link voltage 150 V the fundamental line
voltage increased by 0.56 % in NFT2 as compared with
conventional based SVM (see Fig. 4,a,c) and 0.44 %
increased as compared NFT1 based SVM (see Fig. 4,b,¢).

L Tuning X =X, =6.X,=6

-100
-150
=200

NFT2 interference system obtained simulating the
conventional SVM [20]. Typically, training takes from
0 to 5 min each epoch on a 1.8 GHz Pentium Dual Core
computer, with a training error of less than 0.0002.

Vdc

Two-level
switching
pulses

Sa

Sb

Relay Two-Level

Inverter

Sc

Fig. 3. Structure of NFT2 Takagi-Sugeno system

The input variables € (space vector) and 6’(change of
space vector) each have a number membership function
of 5 and 5, respectively (see Fig. 3). So, there are we have
25 rules (5-5 = 25). For two input variables, Bell shape
membership functions are employed. As a result, NFT2
are 105 fitting parameters overall. Because the premise

parameters are 30 (5-3+5-3 = 30) and the consequent
parameters are 75 (3-25 =75).
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Fig. 4. Inverter line to-line voltage and harmonic spectrum
at switching frequency of 3 kHz
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In comparison to NFT1 SVM and conventional SVM,
the 5" and 7" harmonics are decreased in NFT2 SVM.
Comparing NFT2 based SVM to NFT1 based SVM and
conventional SVM, the THD was also lowered (see Table 2)

Table 2
THD comparison at 3 kHz
Conventional NFT1 | NFT2
No Parameter SVM based | based
SVM SVM
Fundamental line
1 voltage (peak), V 135.8 136 136.6
2 |5™ harmonic, % 2.13 1.98 1.87
3 7™ harmonic, % 1.86 1.55 1.1
4 |THD, % 17.29 16.31 14.32

5.2 Performance of IM (switching frequency 3 kHz).

1. Operation during steady state. IM steady state
torque ripple decreased from 2.2 N-m to 1 N-m in NFT2
based SVM as compared to conventional based SVM (see
Fig. 5,a,c). Similarly, torque ripple reduced from 2.2 N-m
to 2 N-m in NFT2 as compared with NFT1 based SVM
(see Fig. 5,b,c). The speed response reaches early in
NFT2 based SVM compared with NFT1 and conventional
based SVM (see Fig. 5,c¢). SVM technique and fuzzy logic
control are used in two distinct direct torque control
methods, which are described in [22].
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Fig. 5. IM performance at 3 kHz during steady state operation

2. During step change operation. When compared to
conventional SVM, an IM is operating during a step change,
the torque ripple is reduced from 17.5 N-m to 15 N-m in
NFT2 based SVM (see Fig. 6,a,c). Similarly as compared
to NFT1 based SVM, torque ripple reduced from 17 N-m
to 15 N-m (see Fig. 6,b,c).
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The torque ripple reduced by 16.66 % in NFT2
based SVM. When compared to NFT1 and conventional
SVM, the stator current increased by 33.33 % in NFT2
based SVM (Fig. 6,c). The quick response arrives before

time (see Fig. 6,¢).

5.3 Inverter line-to-line voltage and harmonic
spectrum at switching frequency of 15 kHz.

The fundamental line voltage increased by 0.87 % in
NFT2 as compared with conventional SVM (see Fig. 7,a,c).
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Fig. 7. Inverter line-to-line voltage and harmonic spectrum
at switching frequency of 15 kHz

Similarly, in NFT2 based SVM the fundamental line
voltage increased by 0.65 % as compared with NFTI

based SVM (see Fig. 7,b,c). For a 150 V DC inverter,
NFT2 based SVM reduces the 5™ and 7" harmonic as
comparing with conventional and NFT1 based SVM, the
overall THD was similarly lower (see Table 3).

Table 3
Comparison of THD at 15 kHz
Conventional NFT1 NFT2
No Parameter 0 Si/MO based based
SVM SVM
Fundamental line
1 voltage (peak), V 137.2 137.5 138.4
2 [5™ harmonic, % 1.2 0.2 0.14
3 |7™ harmonic, % 0.47 0.31 0.06
4 |THD, % 2.95 2.42 1.66

5.4 Performance of IM (switching frequency 15 kHz).

Operation during steady state. When compared to
conventional SVM, the torque ripple caused by an IM
operating in steady state is reduced (1.5 N-m to 0.5 N-m)
by 66.665 % in NFT2 (see Fig. 8,a,c). Similarly, in NFT2
based SVM, the ripple in torque reduced (0.8 N-m to
0.5 N'm) by 0.375 % as compared with NFT1 based SVM
(see Fig. 8,b,c). The ripple in the stator current was also
reduced by 0.37 %, and the speed response arrived earlier
(see Fig. 8,¢).
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6. Experimental validation. A dSPACE DS-1104 is
employed to carry out the NFT2 based SVM algorithm in
real time. The initial development of the control algorithm
takes place in MATLAB/Simulink. By using MATLAB’s
real time workshop, automatic C code generation for real
time implementation is accomplished. The experimental
setup is shown in Fig. 9.

— e -

Fig. 9. Experimental setup

6.1 Line—to-line voltage at 3 kHz. The THD value also
reduced in NFT2 based SVM as compared with NFT1 based
SVM and conventional SVM (Fig. 10-12, where 1 div is 50 V).

Fig. 10. Conventional SVM

Fig. 11. NFT1 based SVM

Fig. 12. NFT2 based SVM

6.2 Speed response of IM drive. Finally, Fig. 13-15
present the speed response reaches early in NFT2 based
SVM as compared with NFT1 based SVM and conventional
based SVM. The performance of IM drive improved under

steady state operation and step change operation.
2BB53S

" Fig. 15. NFT2 based SVM

7. Conclusions. A dynamic response of the induction
motor (IM) has been seen while comparing the recommended
neuro fuzzy type-2 (NFT2) space vector modulation (SVM)
based controller to the conventional based SVM and neuro
fuzzy type-1 (NFT1) based SVM controllers.

The performance of NFT1 controllers based SVM IM
drive under various operating conditions with switching
frequency at 3 and 15 kHz examined. The fundamental line
voltage is 0.14 % increase in NFT1 based SVM as compared
with conventional SVM. The 5™ 7™ harmonic components
are reduced by 7.04 %, 16.66 % respectively in NFT1 based
SVM as compared with conventional SVM. The total
harmonic distortion (THD) in NFT1 based SVM reduced by
5.66 % as compared with conventional SVM.

Electrical Engineering & Electromechanics, 2024, no. 1

15



Similarly, IM drive operates under 15 kHz operation
the fundamental line voltage is increased by 0.21 % as
compared with conventional SVM. The 5™, 7" harmonic
components are reduced by 83.33 %, 34.04 % respectively
in NFT1 based SVM as compared with conventional SVM.
The THD in NFT1 based SVM reduced by 17.96 % as
compared with conventional SVM.

The experimental implementation of the IM drive with
conventional SVM, NFT1 and NFT2 controllers based SVM
examine at switching frequency 3 kHz using dSPACE DS-
1104. The inverter line voltage V, THD value reduced by
23.1 %, 9.65 % in NFT2 SVM by as compared with
conventional SVM, NFT1 SVM respectively. The inverter
line voltage V,. THD value is reduced by 18.9 % in NFT2
SVM by as compared with conventional SVM. The inverter
line voltage V., THD value is reduced by 23.1 %, 9.65 % in
NFT2 SVM by as compared with conventional SVM, NFT1
SVM respectively.

The dynamic performance of IM drive improved
with NFT2 based SVM as compared with NFT1 and
conventional based SVM.
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G. Themozhi, K. Srinivasan, T. Arun Srinivas, A. Prabha

Analysis of suitable converter for the implementation of drive system in solar photovoltaic panels

Introduction. Photovoltaic (PV) systems gained immense attraction in the recent years since it produces electricity without causing
environmental pollution through direct conversion of solar irradiance into electricity. Solar PV panels produce DC power. The magnitude
of this DC power varies with temperature and irradiance of the sun rays. The DC supply from solar panels can be regulated using DC-DC
converter and then can further be converted into the desired AC voltage by means of a voltage source inverter before being fed to an
induction motor (IM). The speed and torque of an IM, fed from PV arrays, can vary due to the variation in the output power of the panels.
Goal of this work is to improve the dynamic performance and reduce the torque ripple of Cuk converter-inverter fed IM drive system. The
novelty of the current work proposes interleaved Cuk converter between solar PV DC source and the inverter. Purpose. To provide
continuous current using an interleaved Cuk converter to the IM drive and in turn to reduce the torque ripple in IM. Methodology.
Introduced an interleaved Cuk converter which is a blend of Cuk converters connected in parallel with each other between solar PV
arrays and IM drive system. Originality. Simulation results are obtained for Cuk converter and interleaved Cuk converter fed IM drive by
means of MATLAB. The hardware setup for the same IM systems is developed. Practical value. Simulation and hardware results are
coincided with each other and it is subject from the simulation and hardware results that the interleaved Cuk converter-inverter fed IM
system produced results superior than the Cuk converter inverter fed IM drive system. References 25, table 2, figures 22.

Key words: induction motor drive, interleaved Cuk converter, voltage source inverter.

Bemyn. @omoenexmpuuni (DE) cucmemu nadynu enuyesnoi npueabausocmi 6 0CmarHi poKu, OCKibKu 6OHU GUPOOIIAIOMb eleKmpoeHepeiio,
He BUKTUKAIOYU 3a0pyOHeHHs HABKOTUWIHBORO CepeoosULlyd, 3a PAXYHOK NPAMO20 NEPemEopeHHs COHAYHO20 GUNPOMIHIOBANHS HA eNeKIMPUKY.
Conauni @F naweni eupobnsiomsv eHepeilo NocmiiiHoeo cmpymy. 3HaueHHs Yiei NOMYsHCHOCHI NOCMIHO20 CIPYMY 3aTelCUums 6i0
memnepamypu ma OCeimieHocmi COHAYHuX npomenis. Ilooaua nocmitinoco cmpymy 6i0 COHAYHUX RAHenell MOodice peylosamucs 3d
donomozoto DC-DC nepemeopiogaua, a nomim modice 6ymu nepemeopena 8 6adjicany 3miHHy Hanpyey 3a 00nomMo2olo iHeepmopa oicepend
Hanpyau neped nooavero Ha ACUHXpoHHUl osuyH. Illeudkicmes ma obepmarouuii MOMEHM ACUHXPOHHO20 OBUSYHA, WO Jicueumbcs 6i0 OF
bamapeii, MoX’CYMb 3MIHIOBAMUCS Yepe3 3MiHY SUXIOHOI nomydcHocmi nawnenetl. Memoto Oanoi pobomu € ROKpaweHHs: OUHAMIYHUX
XAPaKmMepucmux ma 3MeHUWeHHA NyTbCcayitl 00epmaioto20 MOMEHNTY CUCeMU Npusoody ACUHXPOHHO20 OsucyHa 3 dcueientam 6i0 Cuk
nepemeopiosaua-ineepmopa. Hoeusna yici pobomu npononye Cuk nepemeopiosay, wjo uepsyemucs, migxc consunum PE Oowcepenom
nocmitino2o cmpymy ma ineepmopom. Mema. 3abesneuenns besnepepsrnocmi cmpymy 3a donomozoto Cuk nepemeopiosaua, wjo uepeyemocs,
015 NPUBOOY ACUHXPOHHO20 OBUSYHA i, Y CB0I0 Uep2y, 3MEHWIEHHS NYIbcayii 00epmaiio20 MOMeHNy 6 acUHXpoHHoMY Osu2yHi. Memoodonozia.
TIpeocmaenenuii Cuk nepemsoprosay, wjo uepeyemocs, saxuil sense coboro cymiui Cuk nepemeopiosayis, niokmouenux napanetbHo 00uH 00
00Ho20 midic consunumu DPE bamapesamu i cucmemoro npusoody acunxponnozo osueyha. Opueinanwuicms. Pesynomamu mooeniosanHs
ompumani ona Cuk nepemeopiosaua i npusody acunxponnoeo osucyma 3 srcuenennam Cuk nepemsoproeaua, wjo uepeyemucs, 3a 00NOMO20k0
MATLAB. Pospobneno anapamuy 4acmumy yux dice AcuHXpoHHux oeucyHie. Ilpakmuuna wuinnicme. Pesynmomamu moOemosanHs ma
anapammoeo 3abesneyents 3612aiombcs 00Ul 3 00HUM, § 3 Pe3VIbIMAMie MOOeNOBAHH MA anapamHo20 3ade3nedeH s GUNIUBAE, WO CUCmeMa
acunxponHozo oeuzyma 3 dcuanenam 6io Cuk nepemeoprosaya-ineepmopa, wo yepeyemuCsl, 0ac pe3ynbmami, SKi nepesuufyioms pe3ybimami,
HIDIC cUCeMA npusody ACUHXPOHHO20 08U2yHa 3 dcusnerusam 6i0 Cuk nepemeoprosaua. bion. 25, Tabi. 2, puc. 22.

Kniouosi cnosa: npuBig acnHXpoHHOro AsuryHa, Cuk nepersopioBay, 1110 YepryeTbesi, iHBepTOp A:Kepesia HANPYTrH.

1. Introduction. Photovoltaic (PV) systems gained
immense attraction in the recent years since it produces
electricity without causing environmental pollution
through direct conversion of solar irradiance into
electricity. This reality, together with constant decline in
the cost incurred for PV arrays and increased efficiency
which makes the next generation PV systems a preferable
one. The capacity of PV cells relies upon a number of
elements, for example, temperature, solar irradiance,
daylight timings, soil condition, shadow timings and types
of PV panels etc. The magnitude of this DC power varies
with temperature and irradiance of the sun rays. DC
supply from solar panels can be regulated using DC-DC
converter and then can further be converted into the
desired AC using a Voltage Source Inverter (VSI) before
being feed to an induction motor (IM) for controlling its
velocity and modes of operation.

The output from the PV system gets increased when
utilizing a Cuk converter. With the help of a 3-phase VSI,
the Cuk converter’s output is upturned and pragmatically
feed into a 3-phase IM. PV fed Cuk converter is permitted
to make DC voltage as the input of inverter. In this way, the
PV system’s output is improved by using a Cuk converter.
In general, the yield of the Cuk converter is reversed in an
inverter-fed 3-phase IM.

By presenting a novel active clamper circuit, a
converter circuit for electric vehicles (EVs) that achieves
high efficiency and constant input current is demonstrated
[1]. A modular multilevel inverter was designed using fuzzy
logic technique for marine water pumping applications. A
systematic method to attain Maximum Power Point
Tracking (MPPT) for a PV fed IM support water pumping
system was proposed [2]. Cuk converters were not
employed in PV array-based water pumping systems prior
to this study, despite the fact that they have various
advantages and are a viable choice for utilisation when
compared to other DC-DC converters. This study also
proposed low-esteemed DC interface capacitor of VSI [3].

In order to eliminate the input current ripple at the
selected duty cycle, two Cuk converters with positive and
negative output voltage polarity are interleaved to create a
buck-boost converter [4]. By calculating the quantity of
inductors on the input side of both converters, the selective
duty ratio can be calculated. The buck-boost converter uses
output inductors to achieve low output current ripple and
zero input current ripple. The converter’s maximum
voltage gain is straightforward and easy controlled [5].

A novel MPPT procedure for solar panels utilizing a
SEPIC or Cuk converter was proposed. This study

© G. Themozhi, K. Srinivasan, T. Arun Srinivas, A. Prabha

Electrical Engineering & Electromechanics, 2024, no. 1

17



proposed a novel method to leverage the highest result
power from solar panels under differing environmental
conditions. The study followed a methodology in which a
pulse-width-modulated DC-DC SEPIC or Cuk converter
was connected with a solar panel along with load or the
battery bus [6]. The converter functions in a manner under
discontinuous capacitor voltage mode, whereas the input
current-fed switched inverter having single-stage, high
boost inverter with buck-boost capability is reported for
better electromagnetic interference noise immunity, wide
input and output voltage range of operation, etc. A hybrid
converter has been also developed to suit both AC and
DC loads [7]. To enhance the robustness of a robotic
system, a fractional PID control system is identified and
analyzed. Control system parameters are obtained by
employing recursive least-squares method [8]. Given
attention on a 5 horse power, 110 V, 80 Hz IM that is
appropriate for EV applications. High base frequency is
utilised for uphill driving in order to maintain steady
torque over a wider range. When developing the IM for
an EV application, efficiency, power factor, and
breakdown torque are taken into account [9]. It is said that
an IM with four active and reactive power quadrants, a
variable speed operation range, excellent energy
efficiency, and better power quality. Because of its unique
functions, this IM was specifically created for high-power
wind energy conversion systems. Additionally, a three
phase matrix converter is offered to lower the big
harmonics [10].

Bridgeless Power Factor Correction (PFC), SEPIC
and Cuk rectifiers were introduced that resulted in fewer
amounts of conduction and switching losses). The study
proposed novel bridgeless single-stage AC-DC PFC
rectifiers in line with SEPIC and Cuk topologies. Due to
the lack of input diode connect and since the two
semiconductor switches are close proximity to the current
streaming way, during each switching cycle, it ensures
that the conduction losses get reduced while the thermal
management is also increased in comparison with general
SEPIC converter and Cuk PFC converter. The
recommended topologies were proposed to exertion in
DC motor to finish a next solitary control aspect in a
flourishing method [11]. Model predictive control based
field weakening algorithm is insisted to eliminate the DC-
link disturbance in traction EV using a low-voltage IM
[12]. A dynamic snubber zero voltage exchanging Cuk
converter was planned, designed and executed [13]. The
primary windings seemed to be series-connected in two
transformers of the converter proposed in the study, while
parallel connection was established between two half-
wave rectifiers at output end in order to diminish the
power stretches that occur in the transformer’s secondary
winding. The design and control of a single stage power
controller used in a solar fed standalone application is
given in [14]. A DC synchronous reference frame based
controller is designed for the converter to normalize the
yield voltage as per the requirement of the load [15].
Robust analysis on a non-linear system controlled by PID
controller and FOPID controller were performed and
compared their performance based on their ability to
reject external disturbance. The performance of the
controllers was done on the system based on their

response for a step input [16-18]. There is a requirement
to normalize the speed of IM while the guidelines for
open loop Interleaved Cuk Converter-Inverter fed IM
(ILCCIIM) seem impressive.

The review of literature is evident that the works
conducted earlier missed to deal with ILCCIIM [19-25].
There is a requirement to regulate the speed of ILCCIIM
system.

The goal of the article. The current work proposes
interleaved Cuk converter between solar PV DC source and
the inverter to regulate the speed and torque of the IM.

2. Selection of Cuk converter for IM drive system.

DC-DC Cuk converter. In general, DC-DC Cuk
converter can work in both boost and buck modes. It
further ensures the energy is flown in both directions i.e.,
between source and the load. Based on input voltage, the
output voltage from Cuk converter remains negative. The
converter can handle nonstop input voltage and persistent
output current. The inductor, on the output side, is used
for better output current. Likewise, on input side, it is
used to support the voltage level. It is possible to make
the Cuk converter function in either continuous
conduction mode or in discontinuous conduction mode
based on load requirements. Since the output current of
the converter is discontinuous, in order to make it
continuous and to meet the load current requirement of
the IM, the Cuk converter can be interleaved. Here the
interleaving means the parallel connection of Cuk
converters by retaining the rating of the components like
inductors and capacitors. This work concentrated on two
stages of interleaved Cuk converter. If the number of
stages is increased that will lead to increase in complexity
and more switching loss. Hence two stages of interleaved
Cuk converter are preferred here for the decide speed
control of IM drive.

3. Proposed interleaved Cuk converter.

Output of Cuk converter. The production of all the
Cuk converters is available as output for the load. The
course of action of two converters makes the output in
such a way that an interleaved Cuk converter turns into a
single controlled device topology. The benefit of the
proposed interleaved Cuk converter is the mitigation of
torque ripples in the output.

The turn-around stream of current that emerges from
load side to input side gets inhibited by the input side
inductor. Figure 1 shows the proposed interleaved Cuk
converter in which two Cuk converters are connected in
parallel. Figure 2 shows the circuit diagram of converter-
inverter fed IM system.

Fig. 1. Proposed interleaved Cuk converter
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4. Simulation results of Cuk converter-inverter fed
IM. The MATLAB/Simulink model is used to investigate
the performance of the Cuk converter and interleaved
converter circuit. The high gain interleaved Cuk converter
has a 100 V input voltage and a 400 V output voltage. The
switching frequency is held constant at 10 kHz.

The Cuk converter fed IM system created in
MATLAB/Simulink is shown in Fig. 3. Figures 4, 5
illustrate the applied input voltage and the voltage across
the Cuk converter, respectively. The applied input voltage
is 150 V DC. The voltage across the Cuk converter is shown
in Fig. 6. The Cuk converter’s output voltage is 60 V.
Figure 7 depicts the Cuk converter’s voltage ripple.
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Fig. 3. Cuk converter fed IM system
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Fig. 6. Voltage ripple of CUK converter

Figures 7, 8 show the inverter’s output voltage and
current, respectively. The output current (peak to peak) is
50 A, and the output voltage is 500 V.
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Fig. 8. Output current of the inverter

Figures 9, 10, respectively, display the motor speed
and motor wave forms. According to the findings, the
motor torque stabilizes about 0.5 s.
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g/ Pm 5. Simulation of ILCCIIM system. The MATLAB
s S Simulink is used to build the ILCCIIM system. Similar

- 1 outcomes are also attained with this system. ILCCIIM
a : | system circuit is depicted in Fig. 11. Figure 12 depicts the

output torque ripple of a single Cuk converter as well as

1 the superimposed waveform of a two-stage interleaved
Cuk converter.

w6 Bt 1t u u® # | In order to lessen the input current ripple, two Cuk

t, ms . .

converters were assigned in tandem. The speed response

established by ILCCIIM is depicted in Fig. 13, and it had

oL N'm a value of 0.48 N-m. Due to improved insulation, the

ILCCIIM’s torque and speed were both stabilized at
higher values.

6. Implementation results of ILCCIIM. A
hardware setup for an inverted-fed, interleaved Cuk
converter motor was created and put into practice in a lab
environment (Table 1). Figure 14 shows the hardware
[T setup of ILCCIIM system. Figure 15 shows the output
voltage of solar panel whereas. Figure 16 shows the Cuk
converter’s output voltage.

Fig. 9. Motor speed
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Fig. 11. Interleaved Cuk converter-inverter fed IM
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7 R g ST 4 o Fig. 13. Motor speed
- . Table 1
TORQUE ENVELOPE OF 1LCC ! Hardware parameters of Cuk converter-inverter fed IM
: Zh ] e : Parameter Value
LiLs 0.5 mH
. Tp £ Tv, Tr=Tp-Twn - C,,Cy 1000 uF
t MOSFET(IRF840) 500V/8A
Diode 230V/1A
Controller PIC16F84A
Fig. 12. Torque wave form of the interleaved CUK converter Driver IC IR2110
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Fig. 14. Hardware setup of solar based IRCCIIM
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Fig. 16. Output voltage of the Cuk converter

Figure 17 shows the switching pulses for M1, M4
and Fig. 18 shows the switching pulses for M5, M2.
Figure 19 shows the voltage across the motor load. The
inverter’s output spiked because the switching order was

changed at intervals of 600.
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Flg 19. Voltage across motor load

The output voltage contains reverse polarity nature
in case if it is attached with input voltage. Cuk converter’s

output is then applied on to 3-phase inverter. The
balanced voltage, which is actually developed with the
help of 3-phase inverter, is then applied onto IM.

The hardware setup for ILCCIIM is checked and
verified. The structure suggested in this study is shown in
Fig. 20 in terms of hardware setup and it is composed of
PV panel, inverter board, Cuk converter board, control
board and transformer board.

Figure 21 shows the input voltage from solar PV system
further. Figure 22 shows the voltage across Cuk converter.
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Fig. 21. Input voltage from solar panel to Cuk converter
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Fig. 22. Voltage across Cuk converter

The comparison between Cuk converter based
system and interleaved Cuk converter based system is
given in Table 2.

Table 2
Comparison between CCIM and ILCCIIM
Parameters CCIM | ILCCIIM
Input voltage V;,, V 150 150
Output voltage V,, V 400 475
Frequency, kHz 5 5
Speed n, rpm 1200 1250

7. Conclusions.

1. An interleaved Cuk converter compared to other
conventional converters, inverter-fed induction motor
systems offer greater voltage transformation and a
reduction in input and output current ripple.

2. In continuous conduction mode, a traditional Cuk
converter creates enormous input side current ripples, which
then inject harmonics into the source. The interleaved Cuk
converter is used to reduce the undesired input current ripple.

3. The output voltage of an interleaved Cuk converter
is 75 V higher than that of a regular Cuk converter,
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according to simulation data. Cuk converter with
interleave inverter designed is also suitable for high
power applications, such as electric car systems.
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Method for prediction and control by uncertain microsatellite magnetic cleanliness based on
calculation and compensation magnetic field spatial harmonics

Aim. Development of method for prediction and control the microsatellite magnetic cleanliness taking into account the uncertainties of the
magnetic characteristics of the microsatellite, based on calculation the magnetic field spatial spherical harmonics in the area of the onboard
magnetometer installation and using compensating multipoles. Methodology. Spatial spherical harmonics of microsatellite magnetic field in
the area of the onboard magnetometer installation calculated as solution of nonlinear minimax optimization problem based on near field
measurements for prediction far spacecraft magnetic field magnitude. Nonlinear objective function calculated as the weighted sum of
squared residuals between the measured and predicted magnetic field. Values of the compensating dipoles, quadrupoles and octupoles and
coordinates of them placement inside the spaceship for compensation of the dipoles, quadrupoles and octupoles components of the
microsatellite initial magnetic field also calculated as solution of nonlinear minimax optimization problem. Both solutions of this nonlinear
minimax optimization problems calculated based on particle swarm nonlinear optimization algorithms. Results. Results of prediction
spacecraft far magnetic field magnitude based on spacecraft spatial spherical harmonics of the magnetic field using near field measurements
and compensation of the dipoles, quadrupoles and octupoles components of the initial magnetic field with consideration of spacecraft
magnetic characteristics uncertainty for ensuring the microsatellite magnetic cleanliness. Originality. The method for prediction and control
by spacecraft magnetic cleanliness based on calculation spatial spherical harmonics of the magnetic field in the area of the onboard
magnetometer installation using compensation of the dipoles, quadrupoles and octupoles components of the initial magnetic field with
consideration of magnetic characteristics uncertainty is developed. Practical value. The important practical problem of ensuring the
magnetic cleanliness of the «Sich-2» microsatellite family based on the spatial spherical harmonics of the magnetic field model using the
compensation of the dipole, quadrupole and octupole components of the output magnetic field of the sensor for the kinetic parameters of the
neutral component of the space plasma at the point of installation of the on-board magnetometer LEMI-016 by setting the compensating
dipole, quadrupole and octupole with consideration of spacecraft magnetic characteristics uncertainty solved. References 59, figures 2.

Key words: microsatellite, magnetic cleanliness, magnetic field spatial spherical harmonics, prediction, control,
measurements, uncertainty.

Mema. Po3pobxa memody npocHO3y6aHHs mMa YNPAGLIHHA MASHIMHOIO YUCMOMOIO MIKPOCYNYMHUKA HA OCHOGI 00YUCIEeHHs
NpoCmMoposux CeputHux 2apMOHIK MACHIMHO20 NONA 8 30HI 6CMAHOGIEHHS OOPMOBO2O MAcHIMOMempy 3 BUKOPUCHIAHHAM
KoMneHcayii chepuuHux 2apMOHIK BUXIOHO20 MASHIMHO20 NOJSL MA 3 YPAXY8AHHAM HEGUIHAYEHOCMI MASHIMHUX XAPaAKmepucmux.
Memooonozia. Ilpocmoposi cghepuuni 2apmMoHiKu MasHimHO20 NONA MIKPOCYNYMHUKA PO3PAXOBAHT AK pileHHs 3a0ayi HeniHiliHOT
MIHIMAKCHOT onmumizayii Ha OCHOGI GUMIPIOBAHL OIUNCHLO2O MACHIMHO20 RO ONA NPOSHO3Y8AHMSA BEIUYUHU OANbHLOO
maeuimuoeo nons. Heninitina yineoea @yukyis obuuciena 6 6ueisioi 36adceHOi Cymu Keaopamie 3aIUWKIE MINC GUMIDAHUM [
NPOCHO308AHUM MASHIMHUM noaeM. Benuuunu KoMneHCylOuux Ounonie, Keaopynounie ma OKMYNOAiG mad KOOpOuHamu ix
PO3MAULY8AHHS 8 NPOCMOPT MIKPOCYNYMHUKA Ol KOMNEHCayli 8UXIOH020 MACHIMHO20 NOJSL KOCMIYHO20 anapamy po3paxoeami K
plwienns Heniniunoi 3a0aui Minimaxkchol onmumizayii. Piuwennss 060x 3a0au HeMHIUHOI MIHIMAKCHOT onmumizayii po3paxoeamni Ha
0CHOGI aneopummie Heniniinoi onmumizayii poem uwacmunox. Pesynbmamu. Pesynomamu npocno3ysanhs eenudunu O0aibHb020
MA2HIMHO20 NOASA MIKPOCYNYMHUKA HA OCHOGI OOYUCIEHHA NPOCMOPOBUX CHEPUUHUX 2APMOHIK MOOeNi MAZHIMHO20 MO 6 30Hi
6CMAHOBNEHHA OOPMOBO20 MASHIMOMEMpPY 3 GUKOPUCTHAHHAM BUMIPIOBAHL ONUNCHBLO20 NOJA MA KOMNEHCayii OunoIbHUXx,
K6AOpYNONbHUX MA OKMYNONbHUX KOMNOHEHM BUXIOHO20 MAHIMHO20 NONA 3 YPAXYBAHHAM HEGUIHAYEHOCMI MASHIMHUX
Xapaxmepucmux 01 3a0e3neyenns MasHimuol yucmomu mikpocynymuuxa. Opuzinanwvnicms. Po3pobreno memoo npocHo3yeanus
ma ynpaguinua MAazHimHoIO0 YUCMOmoIo MiKpOCYNYMHUKA HA OCHOGI OOYUCIEHHA NPOCMOPOBUX CHEPUUHUX 2APMOHIK MASHIMHO20
nojiA 3 BUKOPUCAHHAM KOMNEHCayii OUnOIbHUX, K8AOPYNONIbHUX MA OKMYNOIbHUX KOMNOHEHM GUXIOH020 MASHIMHO20 NOa ma 3
ypaxysaumam HegusHauenocmi maznimmux xapaxmepucmux. IIpakmuuna wyinnicme. Bupiweno eadciugy npakmuymy 3adauy
3abe3neyents MasHim1ol uucmomu opoimanbHo2o Kocmiunozo anapamy cimeticmea «Ciu-2» Ha 0CHOGI 0OUUCAEHHS RPOCTOPOBUX
chepudHuX 2apMOHIK MOOeNi MASHIMHO20 NOJA 3 SUKOPUCIIAHHAM KOMNEHCAyii OUNONbHUX, KEAOPYNOIbHUX MA OKMYRONLHUX
KOMNOHEeNm 8UXIOH020 MASHIMHO20 N0 0aMYUKA KIHEMUYHUX NApaMempié HelimpaibHo20 KOMNOHEHMA KOCMIYHOI niasmu 8 mouyi
pozmautyeantss 60pmogozo mactimomempy LEMI-016 wnsaxom ycmanosKu KOMIEHCYIo4ux OUnoi, Keaopynouie ma OKmynonie ma 3
VPAaxy8aHHAM He8U3HAUEHOCMI MaeHImHux xapakmepucmuxk. bion. 59, puc. 2.

Kniouosi cnosa: kocMiyHMii anapaT, MarHiTHa 4MCTOTa, MPOCTOPOBI cpepuuHi rapMOHIKH MArHITHOIO MOJisl, TPOTHO3yBAHHS,
KepPyBaHHs, BUMipIOBAHHS, HEBU3HAYEHICTh.

Introduction. To model the satellites magnetic field
the multi-dipole model is currently the most widely used
[1 — 14]. On the basis of such a model, the magnetic moment
satellite calculated and the magnetic field satellite calculated
with sufficient accuracy for practice at a distance greater than
three satellites dimensions. Such a model is quite adequate
for satellites in which the onboard magnetometer is mounted
on a sufficiently long rod. In particular, the length of the rod
of the onboard magnetometer of the Danish «Oersted»
satellite is 8 m [15]. On «MicroSAT» spacecraft with the
«lonoSAT-Micro» instrumentation on-board magnetometer
and three wave probes are fixed on the rods lengths are 2 m
[16]. However, spacecraft designers are constantly striving to
reduce the length of this rod. In particular, on the «Sich-2»
family, «CubeSAT» spacecraft onboard magnetometer
located inside the spacecraft [17, 18].

Figure 1 shows the location of the sensor of the
kinetic parameters of the neutral component of the space
plasma (KPNCSP) of the «Potential» scientific equipment
complex and onboard magnetometer LEMI-016 on the
«Sich-2» spacecraft [18].

In particular, on the «Sich-2» spacecraft family
onboard magnetometer LEMI-016 is located at a distance of
0.35 m from the sensor KPNCSP [18]. The principle of
operation of this sensor is based on the use of the force effect
of a magnetic field on an electrically neutral component of
space plasma. In this case, permanent magnets are used to
create an internal magnetic field in the sensor.

Therefore, the standard of the European Space
Agency ECSS-E-20A limits the value of the magnetic
field spacecraft units at a distance of 0.1 m from their
surface [19]. Therefore, to model the magnetic field of
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such satellites, it is necessary to use a multipole model
based on spatial harmonics [20 — 26].

sensor
KPNCSP

magnetometer
LEMI-016

Fig. 1. Location of the sensor of the KPNCSP and onboard
magnetometer LEMI-016 on the «Sich-2» spacecraft

In addition, in the course of spacecraft assembly, to
compensate for the satellite units magnetic moments, such
a spatial arrangement of these units is often used so that
the total magnetic moment would be equal to zero. To
compensate for the spacecraft units magnetic moments, as
well as to compensate for the residual magnetic moments
of the entire spacecraft, compensating magnetic units are
used. As a result of such measures, it is possible to reduce
the magnitudes of the units magnetic moments and the
entire spacecraft to sufficiently small values. However, as
a result of these measures, quadrupole, octupole and
harmonics of a higher order appear, so that the level of the
magnetic field near the satellite surface determined
mainly by quadrupole, octupole, etc. harmonics.

In particular, in the practice of spacecraft designing
to compensate for the dipole magnetic moments of
electromagnetic relays, they are often installed in pairs
next to each other, so that such a design becomes a
quadrupole magnetic field source. To compensate for the
dipole magnetic moments of high-frequency gate switch,
they are often installed side by side in fours, six or even
eight elements. This design becomes a quadrupole,
octopole, and even higher order magnetic field source.

To reduce the magnetic moment of the sensor of the
neutral component of the plasma, which is part of the
scientific equipment of the «Sich-2» spacecraft, an
antisymmetric orientation of permanent magnets and a
ferromagnetic screen are used. In this case [18], the
magnetic moment of the sensor of the neutral component of
the plasma generates only 20 % of the induction at the
installation point of the onboard magnetometer LEMI-016,
and the remaining 80 % of the induction generates by the a
quadrupole and octupole — second and third spatial
harmonics of the magnetic field of the sensor of the neutral
component of the plasma.

Therefore, for an adequate description of the
magnetic field in the satellite near zone it is necessary to
use a multipole model, including a quadrupole, octopole,
and, possibly, a higher order model of the satellite’s
magnetic field. The European Space Agency ECSS-E-
HB-20-07A also recommends using spherical harmonics
as integral characteristics of the magnetic field to improve
the satellites magnetic cleanliness [19].

In addition, the characteristics of the magnetic
cleanliness of the spacecraft units change when their
operating modes change and during the flight. Therefore, the
European Space Agency recommends testing the units and
the entire spacecraft in various modes of operation [19].

The aim of the work is to develop a method for
prediction and control the microsatellite magnetic
cleanliness taking into account the uncertainties of the
magnetic characteristics of the microsatellite, based on
calculation the magnetic field spatial spherical harmonics
in the area of the onboard magnetometer installation and
using compensating multipole.

Model of spatial spherical harmonics
microsatellite magnetic field. When design a
mathematical model of the microsatellite magnetic field
the Gauss equation for the scalar magnetic potential of the
source in the surrounding space written in spherical
coordinates , ¢ and 4 in the following form [2]:

U=—- (—j -y (gn-cosmp+...
'y 4 o\ 0 ()
.t by -sin m)- P} (cos ),
where 7 is the radius of the sphere on which the potential

is determined; g, , &, — constant coefficients.

Then from (1) the components B,, B,, By of the
magnetic field in the spherical coordinate system r, ¢ and

6 associated with the geometric center of the
microsatellite calculated (2).
To ensure the microsatellite magnetic field

cleanliness the European Space Agency ECSS-E-HB-20-
07A recommends [19] used spatial harmonics up to
octupole harmonics as characteristics of the microsatellite
magnetic field cleanliness. In addition to the
microsatellite magnetic moment, which is characterized

by three components glo , gll , hll in (1), it is necessary to
determine five more coefficients g(z) , g%, gzz, hé, h22
for the quadruple component and seven coefficients gg ,

gé, g32, gg, h;, h32, hg octupole component of the
magnetic field spherical harmonics:
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Let us first consider the case when for all N units of
the microsatellite at the preliminary testing stage of

magnetic cleanliness, three quantities ggl, gi,l, h,ﬁl of
the dipole component, five quantities g,?z, g i,z, g%g,
hyllz, h,%z of the quadrupole component and seven

as 0 1 2 3 1 2 3
quantities g,3, £x3> &n3> &n3>» hn3’ hnS’ hn3 of the
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octupole component of spherical harmonics determined.
Let us set the spherical coordinates r,, ¢, and 6, the
location of all N units of the microsatellite in the spherical
coordinate system associated with the magnetic center of
the microsatellite.

Then the components By, By,, Biy of the magnetic field
generated by all NV units of the microsatellite at the point with
coordinates 7y, ¢, and 8, in the spherical coordinate system
associated with the geometric center of the microsatellite
calculated taking into account the expression for Legendre
polynomials up to the third term of series based on (2) [25].

rkn

Tkn

By, :4_
T =1 Tkn Tkn

Tkn

kn

Thn

Tkn

2 1 1 . 2 . 0o 3/2 2
gnl cos Oy, + [g,,l COS @y, + My Sin @y, ]Tsm O + 22 —;Bcos O, —1)+...

1 1. 9 . 2 2 .
+ [gnz COS @y, + hyo sin @y, ]Tcos 04, sin 0y, + [gn2 cos(qukn )+ hyy s1n(2¢)kn )}k .

2 . . 60 .

.*—5s1n Okn (15cos2 O — 3)+ [g% cos(qukn )+ h,%3 s1n(2¢kn )]—Scos . sin? O, +
3 3 . 60 . 3
+18n3 005(3(0101 )+ a3 Sln(3(/7kn ) 5 S Okn
Tien
1 1 1 3
[gnl sin @y, — hy cos (okn] sin Oy, + [gn2 sin @y, — hy cos goknjl cos Oy, +
7"
2 . 6 1. 1 1/2
+ [gnZ Sll’l(2¢)kn) h n2 COS(Zngn )] sin Hkn [gn3 S Ppyy — hn3 COS Py ]_5* .
rkn Tkn . )

n=1 ...*(15 cos? Ok — 3)+ [g,213 sin(2;0kn) h,% cos(2¢y, )] 39 cos Oy, sin 0y, +

. 45
+ [g% sm(3(pkn) h,% cos(3(p,m )] sin an
rkn

o 1 . 1 1. 1
&nl _351n ekn + [_ &nl €08 Ppy — hnl S1N @py, ]TCOS Gkn +
o 3 . 1 1 . 3
-+ 8p2 —7C08 O, Sin Oy + = €0 COS Py — Iy SIN Oy [ cos(260, )+ ...

6
[ gn2 COS(2¢kn )+ hn2 Sln(zwkn )]7 €S Oy sin Oy, +

Here the coordinates ry, and two angles ¢, and 6y,
of points of calculation of the magnetic field generated by
n microsatellite units in the spherical coordinate system
associated with the geometric center of that N
microsatellite units.

Transferred coordinates r;, ¢, and 6, of calculated
point of components By, By,, By of the magnetic field in
the spherical coordinate system associated with the
geometric center of the microsatellite from the spherical
coordinate system to the orthogonal system (6):
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Transferred coordinates r, and two angles ¢, and 6,
location of all N units of the microsatellite from the
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spherical coordinate system in the orthogonal system for
the orthogonal
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Zn="Mm COS(Hn )’ Xn =T COS((Dn )Sin(en )’ 7)
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Then the coordinates r,, @i, and 6;, of calculated
point of components By, By,, By of the magnetic field in
spherical coordinate system associated with the geometric
center n unit of the microsatellite calculate

Tin = \/((xk —xn)2 + (v —yn)2 +(zg —zn)z);
c08(Op, ) = (24 = 2,) /i ®)

te(Pin) = Vi = Yn)/ (g = Xp).

Microsatellite magnetic characteristics uncertain.
The microsatellite has completed units in its composition,
which must meet the magnetic cleanliness requirements.
The solar cell is potentially one of the main sources of the
microsatellite magnetic field currents. To reduce the
magnetic field of solar batteries, the so-called «backwiring»
technique of mounting their circuits with current is used, in
which the return wire from each module of the battery
elements is returned under the same module along its axis
line, which allows you to effectively reduce the magnetic
field of the solar battery in all modes of its work [1].

The characteristics of the magnetic field of the
microsatellite units do not remain constant and change
depending on the microsatellite operation mode and
operating time. In particular, the initial magnetic moment of
the 8S3P MPS battery «SICH-2-1»spacecraft with a change
in the charge current from minus 8 A to the discharge
current 8 A almost linearly changed from —0.17 A-m* to
0.17 A-m’. Besides, antennas and components use latch
springs, control valves and other moving parts magnetic
characteristics of which change under different operating
modes of the microsatellite.

All units with a magnetic drive (motors, linear
motion converters and all other mechanisms) require
independent development in terms of ensuring their
magnetic cleanliness. In conclusion, we note that all
spacecraft units undergo testing regarding the
characteristics of their magnetic cleanliness, which must
be within certain limits [19].

Let us introduce the vector G of uncertainties of the
parameters of microsatellite units magnetic cleanliness
[27 — 32]. It should be noted that the values of three

quantities ggl , g;ll, h,lll of the dipole component, five
quantities g,‘,)z, gllz, g,z,z, h,]lz, h,%z of the quadrupole
component and seven quantities g9,3, g,l,3, g,2,3, g,3,3,

hr1,3, h33, h,3,3 of the octupole component of spherical
harmonics for all N units of the microsatellite determined in
the course of testing the magnetic purity of all microsatellite
units depend on the operating modes of the microsatellite
and, therefore, are functions of the components of the vector
G of uncertainties of the parameters of the magnetic purity
of the microsatellite units.

Then for a given value of the vector G of
uncertainties of the parameters of the magnetic
cleanliness of microsatellite units, given coordinates r,, ¢,
and 6, of spatial arrangement of N microsatellite units

with given values of three quantities g,?l (é) , g,l,l(é) s

h:,l(é) of the dipole component, five quantities gSz (é) ,

22(G), g2(G), hH(G), h5(G) of the quadrupole
component and seven quantities g,%(é), g,113(é),

gn(G), gi3(G), hi3(G), ha(G), (G) of the
octupole component of spherical harmonics three
components ék,(G), Ek([,(G), Bkg(G) of the magnetic

field generated by all N units of the microsatellite at the
point with coordinates r;, ¢; and 6, calculated based on
(3) — (5). Since the results of measuring the magnetic field
depend on the operating modes of the spacecraft, the

components of the measurement vector E}kr (é) , §k¢(é) ,

Ekg(é) also are functions of the vector G .

Statement of the prediction problem. For design of
the spatial spherical harmonics magnetic field model the
methods for experimental determination of the coefficients
of spatial harmonics based on the signatures of the magnetic
characteristics of the tested objects during their movement or
rotation relative to the measuring windings have been
developed in the works [17 — 25]. With the help of such
measuring windings, it is also possible to selectively measure
spatial harmonics of various orders. However, this approach
involves the use of measuring windings of a rather complex
spatial shape, and the dimensions of such selective windings
must exceed the test object when it moves through these
measuring windings.

However, at present, the most common approach to
building a magnetic field model is the use of many point
sensors to measure the magnetic field induction generated
by the test object. This approach is most widely used in
the construction of a multi dipole model of the magnetic
field of the test object [3 — 14]. In the ship magnetism
laboratory (France), to determine the spherical harmonics
of the magnetic field, when modeling the ships
magnetization, a system of 39 stationary sensors is used,
relative to which the test object is moved [26].

Note that today systems with point measurement of
the magnetic field induction using many sensors and
precision systems for moving the object under test make it
possible to realize the highest accuracy in calculating the
parameters of the multipole model of the magnetic field
of the object under test.

Let us now consider the inverse problem of design the
spatial spherical harmonics magnetic field model (3) — (5)

based on the results of measurements Bk,(é), Ek([,(é),

Ekg (G) of the microsatellite magnetic field at the K point

with coordinates r;, ¢, and 6, by analogy with the design of
a multidipole model of the magnetic field [3 — 14].

Let us introduce the vector I7M (@) , components of

which are the measured values Ekr(é), l;’k(/,(é),

Bkg(é) of the magnetic field at the K measurement
points with the coordinates ry, ¢, and 6.

Let us introduce the vector X of the desired
parameters of the mathematical model of the spacecraft
magnetic field, the components of which are the desired
coordinates r,, ¢, and 0, of spatial arrangement of N
microsatellite units as well as the desired values of three

quantities ¢%(G), gL1(G), KL (G) of the dipole
component, five quantities g,?z(@), giz(é), g,%z(é),
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h}lz(é) , h,%z(é) of the quadrupole component and seven

quantities £,3(G). £,3(G). &3(G). €3(G)., Is(G).
h,33 G), h,% (G) of the octupole component of spherical

harmonics of the magnetic field generated by n units of the
microsatellite at the point with coordinates r;, ¢, and 6;.

Let us introduce the vector fC(f( ,G), components
of which are the calculated values ékr(é), Ekq,(é),

Bkg(é) of the magnetic field at the K measurement
points with the coordinates r;, ¢, and 6;.

For vector X of the desired parameters of the
mathematical model of the spacecraft magnetic field,
then, based on (3) — (8) the initial nonlinear equation

?C ()? ,é) for the spacecraft multipole magnetic dipole
model calculated

Yo(X,6)=F(X.,G), ©)
where the vector nonlinear function F ()? , é) obtained on
the basis of expression (3) — (8) with respect to the vector

X of unknown variables, whose components are desired
coordinates r,, ¢, and 6, of spatial arrangement of N
microsatellite units as well as the desired values of three

quantities g%(G), g4(G), h(G) of the dipole
component, five quantities g,%z(é), h},z(é), h,fz(é) of
the quadrupole component and seven quantities g23 (é) s

1 A~ 2 A~ 3 A 1 A~ 2 A 3 A
gn3(G)’ gn}(G)3 gn3(G)’ hnS(G)s hn3(G) > hn}(G) of
the octupole component of spherical harmonics of the
magnetic field generated by n units of the microsatellite at
the point with coordinates r;, ¢, and 6.

Naturally that the vector nonlinear function
F(X,G) also is a function of the vector G of
uncertainties of the parameters of microsatellite units
magnetic cleanliness.

Let us introduce the E()? ,@) vector of the
discrepancy between the vector )7M (G) of the measured

magnetic field and the vector fc()? ,é) of the predicted
by model (18) magnetic field
E(X,G) =Yy (G)=Yo(X,G) =Y}, (G)- F(X,G). (10)
We write the objective nonlinear function as the
weighted sum of squared residuals between the measured
and predicted by the model (23) values of the magnetic field
f(X,G)=(E(X,G) W E(X,G), (1)
where the weight matrix W takes into account different
«weights» of magnetic field measurement errors

depending on the distance to the minisatellite surface.
The nonlinear objective function (11) is obtained on

the basis of expression (9) with respect to the vector X
of unknown variables, whose components are the values
coordinates r,, ¢, and 6, of spatial arrangement of N
microsatellite units as well as the desired values of three

quantities ggl(é), g,lﬂ(é), h,lﬂ(é) of the dipole
component, five quantities ggz(é), g,lﬂ(é), gﬁz(@),

h,l,z(@) , h,%z(é) of the quadrupole component and seven

quantities g23(G), gh3(G), g5(G), gi3(G), hs(G),
h,% (é) , h23(é) of the octupole component of spherical

harmonics of the magnetic field generated by n units of
the microsatellite at the point with coordinates r, ¢, and

0, and the vector G of uncertainties of the parameters of
the magnetic cleanliness of microsatellite units.

This approach is standard when designing robust
mathematical model of the spacecraft magnetic field,
when the coordinates of the spatial arrangement and the
magnitudes of the magnetic moments of the dipoles are
found from the conditions for minimizing the vector of
the discrepancy between the vector of the measured
magnetic field and the vector of the predicted by model
magnetic field, but for the «worst» the vector of
uncertainty parameters of the spacecraft magnetic
moments are found from the conditions for maximizing
the same vector of the discrepancy between the vector of
the measured magnetic field and the vector of the
predicted by model magnetic field.

As a rule, when optimizing the nonlinear objective
function (11), it is necessary to take into account
restrictions on the values of coordinates 7,, ¢, and 6, of
spatial arrangement of N microsatellite units C as well as

the desired values of three quantities ggl(é), g,lﬂ(é),
h,lﬂ((q}) of the dipole component, five quantities ggz(é),
22(G). gm(G). Mp(G), h(G) of the quadrupole
component and seven quantities g,%(é), g,113(é),

gn(G). €3G, 3(G), h(G), Iip(G) of the
octupole component of spherical harmonics of the
magnetic field generated by 7 units of the microsatellite at
the point with coordinates 7y, ¢, and ;. These restrictions
usually written as vector inequalities [31 — 36].
G(X,G) < Gpax - (12)
Statement of the control problem. Consider the
statement of the problem of controlling by microsatellite
magnetic cleanliness based on spherical harmonics
magnetic field model (3) — (5) based on the results of
measurements. To ensure microsatellite magnetic
cleanliness, it is necessary to install in the microsatellite
space not only compensating dipoles, but also
compensating quadrupole and compensating octupole to
compensate for the quadrupole and octupole components
of the initial magnetic field of the microsatellite. Usually,
the microsatellite magnetic cleanliness requirements are
presented in the form of restrictions on the total magnetic
moment of the microsatellite and the magnetic field
magnitude at the onboard magnetometer installation point
[2, 10]. To compensate the initial microsatellite magnetic
field at the onboard magnetometer installation point we
introduce C magnetic units with unknown values of three

quantities g&, gICI, hICl of the compensating dipole

component, five quantities ggz, glcz, g%z, héz, hgz
of the compensating quadrupole component and seven

quantities g¢3, g¢3, 823, 803 hes» héy, hes of the
compensating octupole component of spherical harmonics
of the magnetic field generated by C magnetic units with
located at C points Pc with unknown coordinates 7., ¢,
and 6, at the onboard magnetometer installation point.
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Let us introduce the vector X of the desired
parameters for solving the problem of compensating the
microsatellite initial magnetic field, whose components
are the oblique values of the unknown values of three

quantities ggl , g]Cl , hla of the compensating dipole

component, five quantities ggz , glcz , géz s hlcz of the
compensating quadrupole component and seven quantities

g3, 8C3» 83> Q&3 hey, hes, hes of the
compensating octupole component of spherical harmonics
of the magnetic field generated by C magnetic units with
located at C points Pc with unknown coordinates 7., ¢,
and 6, at the onboard magnetometer installation point.

Then, for a given value of the vector X of the
desired parameters of the compensating dipoles, based on

(14), the vector BC()? ) of the compensating magnetic

field generated by all compensating dipoles at the
installation point of the onboard magnetometer generated
by all compensating dipoles can be calculated [21 — 23].

Then we calculated the vector E’R()? ,é) of

resulting magnetic field generated at the installation point
of the onboard magnetometer by the all microsatellite
units and all compensating elements

Br(X,G)=B(G) +Bc(X). (13)
Then we also calculated the vector M R()—( , G) of
resulting magnetic moment
Mg(X,G)=M(G)+Mc(X) (14)
of all microsatellite units and all compensating elements.
Then the problem of calculated unknown values of

three quantities ggl , gICI, hICl of the dipole component,
five quantities g?;z, glcz, g%z, h(l;z of the anti-
quadrupole component and seven quantities gg3 , g1C3,

g3, g3, hi3, hds, his of the anti-octupole
component of spherical harmonics of the magnetic field
generated by C magnetic units with located at C points P¢
with unknown coordinates at the onboard magnetometer
installation point of the compensating anti-quadrupole and
anti-octupole can be reduced to solving the problem of
minimax optimization of resulting magnetic field (13) at
the onboard magnetometer installation point and resulting
magnetic moment (14) of all microsatellite units and all
compensating elements.

This approach is standard when designing of robust
control by microsatellite magnetic cleanliness, when the
coordinates of the spatial arrangement and the magnitudes of
the compensating dipole, quadrupole and octupole are found
from the conditions for minimizing modulus of spacecraft
resulting magnetic field (13) at the magnetometer installation
point and resulting magnetic moment (14) of all
microsatellite units and all compensating elements for the
«worst» values of the vector of uncertainty parameters of the
microsatellite magnetic characteristics.

Naturally, that in this case it is necessary to take into
account the restriction on the coordinates 7., ¢. and 6, of
the spatial arrangement and quantities on anti-dipole, anti-
quadrupole and on anti-octupole components in the form
of inequalities (12).

In conclusion, we note that the measurement of the
components of the magnetic field of the units and the

entire microsatellite assembly is usually performed in the
orthogonal coordinate system. To calculate the magnetic
field components B,, B,, By in spherical coordinates R, ¢
and 0 according to the measured values of the magnetic
field components By, By, B; in an orthogonal coordinate
system X, Y, Z we obtain the following expression

B, =B, sin(ﬁ)cos(¢)+...

..t B, sin(H)sin(q))+ B, cos(@);

By =B, COS(Q)COS(¢)+...

...+ B, cos(0)sin(¢p) - B, sin(6);

B,=-By sin((p)+ B, cos(gp).
To calculate the magnetic field components By, By,

Bz in a orthogonal coordinate system X, Y, Z according to
the values of the magnetic field components B,, B,, By in
spherical coordinates R, ¢ and 6 we obtain the following
expression

(15)

B, =B, sin 6 cos ¢y + By cos G cos ¢y —...
-..— B, sin gp;

(16)

B, =B, sin 0 sin ¢ + By cos b sin ¢ + ...
...+ B, cos gp;

B, =B, cos 6y — By sin 6.

In conclusion, we note that since the strength of the
magnetic field and its induction are determined from (1)
by the known formulas

H=-gradU, B=yy-H, 17
then the magnetic field components R, ¢ and 6 in
spherical coordinates R, ¢ and 6, as well as the magnetic
field components By, By, Bz in a orthogonal coordinate
system X, Y, Z can be calculated based on the numerical
differentiation of the original expression (1) for a scalar
magnetic potential.

The scalar magnetic potential in the form of
expression (1) is a function U(R, 6, ¢) of three variables —
spherical coordinates R, ¢ and 6. Therefore, the
calculation of derivatives in numerical form with respect
to these variables is connected with the calculation of
derivatives directly from expression (1), for example, for
the magnetic field components B,, in the form

o(U(R,0,9) U(R+6R,0,0)-U(R-6R,0,9p) (18)
oR 26R '
To calculate the magnetic field components By, By,
Bz in an orthogonal coordinate system X, Y, Z first, based
on the transformation of spherical coordinates R, ¢ and 6
into orthogonal coordinate system X, Y, Z on the basis of
expression (8), we represent the expression for the scalar
magnetic potential (1) as a function U(X, Y, Z) of three
independent variables X, Y, Z, which are the orthogonal
coordinate system. Then the calculation of magnetic field
components By, By, Bz in an orthogonal coordinate system
X, Y, Z in numerical derivatives calculation form with
respect to these variables with is connected with the
calculation of derivatives directly by expression (1) by
analogy (18), for example, for magnetic field components
By, in the form
oU(x,r,Z)) U(X+6X,0,0)-U(X -6X,0,0)

= . 19
oX 20X (19)

Note that when calculating the magnetic field
components using expressions (3) — (5), it is required to
perform 3 calculations, and when calculating the same
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magnetic field components using expressions (18), (19), it is
necessary to perform a calculation at 12 points, however, this
uses the same expression (1) for the scalar magnetic potential.

Algorithm for solving the minimax optimization
problem. To solve the problems of robust prediction and
control by microsatellite magnetic cleanliness, it is necessary
to solve minimax optimization problems (11), (13) and (14)
with constraints (12). Consider algorithms for solving these
problems. Algorithms for solving global minimax
optimization problems are not trivial [37 — 42]. It is
especially difficult to solve such problems, due to the need to
search for a global optimum; complex landscape of the
search surface, associated, among other things, with the
presence of ravines; multidimensionality, multiextremality,
multicriteria of problems with restrictions; lack of analytical
expressions for objective functions, and, consequently, their
algorithmic  representation and high computational
complexity, which involves the use of cumbersome
numerical methods and is often a difficult independent task;
non-differentiability and non-linearity; the presence of
discrete and continuous variables in the goal function.

When using deterministic local search methods, a
multi-start strategy is often used, which does not
guarantee that the global optimum will eventually be
found. Stochastic search methods are more promising for
these purposes, since they explore the entire search space
much more efficiently with subsequent localization in
areas of local optima of the greatest interest [43 — 46].

Metaheuristic algorithms include ant colony and bee
colony optimization algorithms, bacterial algorithms, particle
swarm optimizations, evolutionary computations including
genetic algorithms, simulated annealing method, and many
others. Swarm optimization algorithms, as a kind of
stochastic search method, due to their bionic features, are
well suited for solving such problems [47 — 52].

The Particle Swarm Optimization (PSO) algorithm is
a bionic multiagent global optimization method that models
the social behavior of interacting agents [53 — 57]. The idea
of the PSO method corresponds to the simulation of the
movement of living beings in a flock of birds or a school of
fish. Behavioral metaheuristic optimization methods are
based on the bionic idea of collective adaptation, collective
intelligence, i.e. the mechanism of dissemination of
information in the «flock», «swarm», «school», which is
due to the superiority of group intelligence over the mental
abilities of one individual The social sharing of information
provides evolutionary benefits to all members of the
population, and the dominance of collective intelligence is
the basis for the development of PSO algorithms.

In terms of the theory of artificial intelligence, each
element of the system is called an agent. In the process of
finding the optimum in such methods, not one agent is
involved, but their whole system, called a population. This
means that the solution to the problem is sought using a
multi-agent system consisting of several intelligent agents
with simple rules of interaction and autonomous behavior.

The characteristic properties of objects are:
communicativeness, i.e. the ability to communicate with
other agents, the ability to cooperate; adaptability, i.e.
adaptability to environmental conditions and the ability to
learn; decentralization, simplicity of individual behavior.

These properties of agents allow the phenomenon of
self-organization to manifest itself in the system when
performing the task of finding an extremum. In bionic
methods of metaheuristic optimization, the goal function

is more often called the fitness function, which is its
synonym, but at the same time reflects the specifics of the
approach used to solve the problem. Metaheuristic
behavioral algorithms use a population of agents to find
solutions close to optimal, checking the suitability of the
current solution using a fitness function.

Agents, as a result of competition and cooperation with
each other, look for a potential solution in the search space,
using the value of the fitness function to improve the solution.
Such methods operate on a set of potential solutions rather
than a single possible solution. Each solution is incrementally
improved and evaluated, with a single potential solution
affecting how other solutions are improved.

Consider the PSO algorithm. In this method a swarm
of particles is a set of decision points moving in space in
search of a global optimum. During their movement, the
particles try to improve the solution they found earlier and
exchange information with their neighbors. At the initial
stage of the PSO algorithm, a random initialization of a
swarm of particles is performed. When performing
optimization, 10-30 particles are usually sufficient. The
swarm makes it possible to find the global optimum even
when the number of particles in it is less than the
dimension of the search space.

In the standard PSO algorithm for optimizing a
swarm of particles, the speed of a swarm j particle i
changes according to linear laws, in which the motion of a
swarm of particles is described by the following
expressions [57, 58]

vij(t+1)= q -rlj(t)...
S

...x[y,]-(t)—xij(f)

+y 1 (t)... (20)
...X[yj-(t)—xy(t)];z
xy (1) = () + vy (£ +1), 21

where position x;(f) and speed v;(¥) of the swarm j particle
i; positive constants ¢; and ¢, determine the weights of the
cognitive and social components of the particle’s velocity;
random numbers 7(¢) and 7,(f) from the range [0; 1]
determine the stochastic component of the particle

velocity component. Here y;(¢) and yj are the best local-

Ibest and global-gbest positions of this particle,
respectively, only one particle i and all particles i of this
swarm j find.

The wvalue of the cognitive coefficient ¢
characterizes the degree of individual behavior of the
particle and its desire to return to the best solution found
by it earlier, while the value of the social coefficient ¢,
specifies the degree of collective behavior and the desire
to move towards the best solution of its neighbors.

The inertial coefficient w; determines the influence
of the particle’s previous velocity on its new value. The
use of the inertia coefficient makes it possible to improve
the quality of the optimization process.

If, during the optimization process, the particle goes
beyond the search space specified by constraints (12), then
the corresponding components of its velocity are set to
zero, and the particle itself returns to the nearest boundary.

The algorithm for searching for a global solution to
an optimization problem can be represented as an iterative
process that generates a sequence of points in accordance
with a prescribed set of rules, including the termination
criterion. The search for a global solution to the
optimization problem occurs by enumeration of local
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solutions. In the general case, it is impossible to guarantee
the exact solution of the global optimization problem for
multiextremely function in a finite number of steps.

To prove that the found solution is the global optimum,
it is necessary to perform a complete enumeration of all
possible values of the parameter vector. In most cases, this is
not possible, therefore, in global optimization, it is usually
not about finding the optimal one, but about finding
something close to it, ie. suboptimal solution. The
preference of stochastic methods of global optimization over
deterministic ones is caused by their universality, which is
explained by the estimation of the values of the goal function
at random points of the admissible set, followed by analysis
of the results at trial points of the search space.

To increase the speed of finding a global solution,
special nonlinear algorithms for stochastic multi-agent
optimization have recently become widespread [58].

The PSO method, as well as its various modifications,
which have shown high efficiency in single-criteria
optimization, can also be used to solve optimization
problems in a multi-criteria formulation. In this case, the
optimization problem is formulated and solved as a vector
optimization problem. When solving a vector optimization
problem (13), (14), it is necessary to take into account the
priority of criteria, normalize them, choose a trade-off
scheme, and determine the set of Pareto optimal solutions.
To solve multicriteria optimization problems, the vector
criterion scalarization method can be used by aggregating
particular criteria, and an acceptable solution can be searched
from the set of Pareto-optimal solutions by introducing
additional information about the priority of particular criteria.

One of the simplest ways to solve an optimization
problem in a multicriteria setting is the method of scalar
convolution of a vector optimality criterion. This
approach to solving a multicriteria optimization problem
allows us to reduce it to solving a single-criteria problem
by aggregating particular criteria. For these purposes, in
practice, linear (additive) convolution is most often used:

J
X" =argmin Y o[ f3(¥)],
X =l
where o; are weight coefficients that characterize the
importance of particular criteria f; and determine the
preference for individual criteria by the decision maker.
To solve the problem of multicriteria optimization,
the simplest nonlinear trade-off scheme is also often used,
in which the original multicriteria problem is reduced to a
single criterion

J
X' = argminZai -y, ()?)]_1,

X i
where y; are normalized local criteria f;, the value of which is
in the range [0; 1]. Naturally, such a formalization of the
solution of the multiobjective optimization problem by
reducing it to a single-objective problem allows one to
reasonably choose one single point from the area of
compromises — the Pareto area. However, this «single» point
can be further tested in order to further improve the trade-off

scheme from the point of view of the decision maker.

An alternative  approach to  multiobjective
optimization is to search for the Pareto set, which includes
all solutions that are not dominated by other solutions. To
find non-dominated solutions, it is convenient to use
specially calculated ranks. However, this raises the

(22)

(23)

problem of comparing several solutions that have the
same rank values. To adapt the PSO method in relation to
the problem of finding Pareto-optimal solutions on the set
of possible values of a vector criterion, it is most simple
to use binary preference relations that determine the
Pareto dominance of individual solutions.

In conclusion, we note that when designing a
multidipole model in the form of N dipoles, it is necessary
to calculate 3N spherical coordinates 7, ¢, and 6, of the
location of dipoles in microsatellite space and 3N values

g,?l(@), g,lﬂ(é), h,l,l(é) of the components of the

magnetic moments of the N dipoles. As a result, it is
necessary to calculate 6N unknown coordinates

When designing a multipole model in the form of N
multipoles with dipole, quadrupole and octupole
components, it is necessary, in addition to solving the
problem of designing a multidipole model, to calculate

another 5N values ggz (é), gl,z(é), g,%2 (é), h,112 (G) s

h,%z(@) of the components of the quadrupole

components, and also calculate 7N values g23 G),

13(G). €13(6) . g (G, I3 (G), Iiy(G), Iyy(G) of
the components of the orthorupole components. As a
result when designing a multipole model 18N unknown
variables need calculated compared to 6N unknown
variables in the design of the multi-dipole model.

Simulation results. Let us consider the use of the
developed method for prediction and control by spacecraft
magnetic cleanliness based on spatial harmonic analysis at
the point of installation of the LEMI-016 magnetometer
generated by the sensor of the KPNCSP, which is part of the
«Potential» scientific equipment of the «Sich-2» spacecraft
family to ensure the spacecraft magnetic cleanliness.

The layout of the onboard magnetometer LEMI-016
and the sensor for the KPNCSP on the «Sich-2»
spacecraft family [18] shown in Fig. 2.
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Fig. 2. The layout of the onboard magnetometer LEMI-016 and
the sensor for the KPNCSP on the «Sich-2» spacecraft

To compensate the magnetic moment of the sensor,
its permanent magnets are oriented antisymmetrically to

30

Electrical Engineering & Electromechanics, 2024, no. 1



each other and a ferromagnetic screen is used. As a result,
the magnetic moment of the sensor was reduced to the
following values [18] of magnetic moment components in
orthogonal coordinate system:

M, =0.087 A-m’*; M, =—0.084 A-m*; M, = 0.042 A-m”.

When using only the dipole model, the magnetic
field components in a orthogonal coordinate system
created by the residual magnetic moment of the sensor in
the zone of the onboard magnetometer, calculated by
formula (2), have the values:

By=-203 nT; By=196 nT; B;=196 nT.

The paper [18] presents the values of harmonics
calculated on the basis of the experimentally measured
signatures of the magnetic flux of the sensor at the at the
magnetic measuring stand of the Anatolii Pidhornyi
Institute of Mechanical Engineering Problems of the
National Academy of Sciences of Ukraine [59] when it
moves through the measuring circuit

gl =4.1107, gl=-84107 h=-421072

g=1411107, gd=2510"*

In this case, the value of the magnetic field
component B; in a orthogonal coordinate system along the
axis Z at the installation point of the onboard
magnetometer, taking into account only the first harmonic
B; =237 nT, taking into account only the second harmonic
Bz = 352 nT, and taking into account only the third
harmonic B; = 247 nT. The magnitude of the resulting
magnetic field when three spatial harmonics are taken into
account B, = 836 nT [18]. The relative contribution of the
dipole harmonic (field of the magnetic moment) to the
magnetic induction created by the sensor in the area of the
onboard magnetometer is only about 20 %. The
contribution of quadrupole and octupole spherical
harmonics to the magnetic induction of disturbance to the
on-board magnetometer is about 80 % [18].

Let us consider the solution of the problem of
compensation of spatial harmonics of the initial magnetic
field. As a result of solving the optimization problem, the
values of the harmonics of the compensating quadrupole
are calculated

g) =0.0249959, g} =0.981453, g3 =0.271729,

h) =0.62818, h3 =0.620474.

The values of the harmonics of the compensating
octupole are calculated

g9 =0.00160516, gi =0.0282545, g7 =0.651052,
g3 =-0.704719, hi =0.0031692,

h =0.175824, h3 =—1.11672.

And also the spherical coordinates of the spatial
arrangement of the compensating quadrupole and
octupole are calculated

r=0.0768617; ¢, = 0.163995; 6, =3.90015.

In this case, the following values of magnetic
induction were obtained in the probe of the location of the
onboard magnetometer. Initial magnetic field

By =-202,86 nT; By=195,935 nT; B,=243,115 nT.

Compensating magnetic field
Byx=202.913 nT; By =-195.669 nT; Bx,=-243.13 nT.

The resulting magnetic field
Bry=0.0527476 nT; Bry=0.26579 nT; Brz;=-0.0153575 nT.

Thus, due to the installation of compensating
quadropoles and octupoles, it was possible to reduce the

level of magnetic field induction at the point of
installation of the «Sich-2» spacecraft family onboard
magnetometer by a factor of more than two orders.

In conclusion, we note that the implementation of
compensating quadrupoles and octupoles can be
performed both with the help of permanent magnets and
with the help of electromagnets [21, 24]. Naturally, the
technical implementation of compensating elements with
the help of permanent magnets is simpler, however, when
implementing compensating elements with the help of
electromagnets, an additional possibility appears to
increase the magnetic purity of the microsatellite when it
operates in various operating modes by controlling the
parameters of the compensating elements in real time.

Conclusions.

1. The method for prediction and control the
microsatellite magnetic cleanliness taking into account the
uncertainties of the magnetic characteristics of the
microsatellite, based on calculation the magnetic field
spatial spherical harmonics in the area of the onboard
magnetometer installation and using compensating
multipole has been developed.

2. The spatial spherical harmonics of the microsatellite
magnetic field is calculated based on the solution of the
nonlinear minimax optimization problem. The nonlinear
objective function of this nonlinear minimax optimization
problem is calculated as a weighted sum of squared residuals
between the measured and predicted magnetic field levels at
the measurement points. The values of the spatial spherical
harmonics of compensating dipole, quadrupole and octupole,
as well as the coordinates of their spatial placement inside
the microsatellite to compensate the dipole, quadrupole, and
octupole components of the initial magnetic field of the
microsatellite, are also calculated as a solution to the
nonlinear minimax optimization problem. Solutions to both
nonlinear minimax optimization problems are computed
based on particle swarm nonlinear optimization algorithms.

3. The developed method was used to improve the
magnetic cleanliness of the «Sich-2» microsatellite. Based on
calculation of spatial spherical harmonics of the magnetic
field generated by the kinetic parameters sensor of the
neutral component of the space plasma at the installation
point of the onboard magnetometer LEMI-016 of the «Sich-
2» microsatellite family, the spatial harmonics of the
compensating dipole, quadrupole and octupole, as well as the
coordinates of the spatial location of these compensating
elements in the space of a microsatellite are calculated to
compensate for quadrupole and octupole harmonics of the
initial magnetic field. The use of compensating quadrupole
and octupole made it possible to reduce the level of magnetic
field induction of the microsatellite at the point of installation
of the magnetometer by more than two orders of magnitude,
which will increase its controllability in orbit.
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A generalized physical principle of development of plasma channel of a high-voltage pulse
spark discharge in a dielectric

Goal. Development of the generalized physical principle of development of plasma channel of a high-voltage electrical pulse spark
discharge in the homogeneous dielectric of the different aggregate state. Methodology. Basis of physical optics, theoretical electrical
engineering, electrophysics bases of technique of high-voltage and large pulse currents, bases of high-voltage pulse technique and
measuring technique. Results. Development of physical principle of development of plasma channel of an electric pulse spark
discharge is executed in a homogeneous gas dielectric on the applied example of the use in calculations and experiments of the
double-electrode discharge system (DEDS) with a long air interval, testing action of standard interconnect aperiodic pulse of high-
voltage of temporal shape of T,/T;~200 us/1990 us of positive polarity. The generalized formula is got for the calculation of total
length of l. of the real way of development of an pulse spark discharge in an air dielectric, which allowed to formulate the offered
physical principle in the following kind: «The plasma channel of an pulse spark discharge in a gas dielectric spreads from one of its
points to other after a way length of 1., providing the least falling on it of electric voltage of U.». It is shown that this principle in the
first approaching can be applied and to the homogeneous liquid and hard dielectrics. Comparison of the developed physical
principle of distribution of plasma channel of an electrical spark discharge is executed in a dielectrical environment with
fundamental Fermat physical principle (a law) for distribution of light in an optically transparent environment, which specifies on
mathematical likeness and closeness on destiny of these physical principles. Calculation estimations of falling of electric voltage of
U, on total length of 1. of the real zigzag way of development in the air dielectric of DEDS a «edge-planey with the least length of its
discharge interval of l,;,=1,5 m is presented, that a value U, does not exceed 9 % from the experimental level of aggressive voltage
of U,~611,6 kV in this DEDS for the aperiodic pulse of voltage of T,/T=200 us/1990 us. It is set that the estimated time of t;
advancement of leader channel of electric pulse discharge in air DEDS (Iin,=1,5 m) on its real way total length of 1.~1,53 m makes
t~15,3 us, and experimental duration of cut of Ty of the indicated aperiodic impulse of voltage utilized in experiments,
characterizing time of short circuit by the plasma channel of discharge of air interval in DEDS, appears equal T;~t~17 us.
Originality. The generalized physical principle of development of plasma channel of a high-voltage electrical pulse spark discharge
is first developed in the homogeneous dielectric of the different aggregate state. Practical value. Application in electrical
engineering practice and high-voltage pulse technique of the offered principle of distribution in the dielectrics of plasma channel of
an pulse spark discharge will allow to develop both new and to perfect the existent methods of computer design of electro-discharge
processes in the gas, liquid and hard insulation of different high-voltage electrical power engineering and electrophysics devices,
directed on the increase of reliability of their operation. References 25, figures 5.

Key words: plasma channel, spark discharge, dielectric environment, physical principle of development of plasma channel,
calculation, experiment.

Haoani pesynemamu po3poOKu y3a2anbHeHO20 @I3uuHO20 NPUHYUNY DO3GUNMIKY 6 2OMO2EHHOMY OIeNeKMPUYHOMY cepedosuuyi
NAA3MO8020 KAHALY BUCOKOBONIBIHO20 eIeKMPUUHO20 IMAYIbCHO20 ICKp0602o po3pady. Ilokazano, wjo Kanan O0aHO20 6udy
ENEKMPUUHO20 PO3PAOY 6 2A3060MY OIeNEKMPUKY POZNOECIOONCYEMBC NO 3U23A20N00IOHOMY WISAXY 3A8006x4CKU 1., axull 3abe3neuye
Hativenwe nadinus Ha Hoomy enekmpuunoi nanpyeu U, [na oOrpyHmyeawHs npuiiHAMux nOYAMKOSUX @I3UUHUX NONOMHCEHb i
sepughixayii ompumManux po3paxyHkoeux eneKmpo@izutuHux OaHux npeocmasneni pe3yabmamy 6UCOKOSOTbMHUX CUTLHOCHPYMOBUX
eKxcnepumenmie no eneKmpuyHoMy npoboio 0062020 NOGIMPAHO20 NPOMINCKY 8 080eNeKMPOOHIll pO3PAOHIU cucmemi «gicmps-
naowuHay (lnin=1,5 M) i3 3acmocy8aHHaAM CMAHOAPMHO20 KOMYMAYIUHO20 ANepioOUyHO20 IMNYIbCY BUCOKOI HANPYeU 4acoeol
dopmu T, /T200 mxc/1990 mxc nosumusnoi noaapuocmi. Buxonamo nopienauns pospodieHoeo @isuunozo NPUHYUny
PO3NOBCIOONCEHHS. NAA3MOB020 KAHANY BUCOKOBOTILNHO20 €NeKMPUUHO20 [MAYIbCHO20 ICKPOB8O20 pO3PA0Y 6 OieleKmpUiHOMY
cepedosuwyi 3 QynoamenmanvHum @izuunum npunyunom (3axonom) Depma 015 po3noCIOONCEHHs CEIMAA 8 ONMUUHO NPOZOPOMY
cepeoosuwyi, saKe 6KA3YE HA CXOXHCICMb 34 POPMOI0 MAMEMAMUUHO20 3aNUCY | OIUZLKICMb 30 3MICMOBHUM NPUSHAYEHHAM OAHUX
¢izuunux npunyunis. bidi. 25, puc. 5.

Kniouosi cnosa: ni1a3moBuii kaHaJ1, icKpoBHii po3psij, JieJeKTPUYHe cepeoBUIIe, Gi3SHUHUI IPUHIUN PO3BUTKY NJIa3MOBOI0
KaHaJy, PpO3paxyHOK, eKCIIepUMEHT.

State-of-the-art and relevance of the problem.
Electric pulse spark discharge in vacuum, gas, liquid and
solid dielectric media, which is carried out with the help
of high-voltage low- and high-current electrical
equipment, has found quite wide practical application for
both scientific and technological purposes [1-5]. Let us
point out that this type of high-voltage electric discharge
belongs to one of the known and well-studied classical
types of self-discharge in a dielectric today in
electrophysics [6-8]. Electric discharge technologies
based on the transformation of electrical energy stored,
as a rule, in powerful high-voltage capacitor batteries into
the energy of phase transitions, chemical reactions,
explosion of solid substances, shock waves, into
mechanical work, heat and other types of energy

[3, 9-11], have one fundamental difference from other
technologies: they are capable of providing a large energy
density in the pulse mode of its action to the substance
under investigation or the processed product (object). At
the same time, the time of this action can vary in a wide
range: from hundreds of milliseconds to units of
nanoseconds. Taking into account the prospects of
electrical discharge technologies based on pulse spark
discharge, in recent decades the following important
scientific results were obtained by domestic and foreign
electrical engineering scientists and electrophysicists in
this area of high-voltage pulsed technology (HPT)
[1, 3-12]: data on the dependence of the electrical strength
of many dielectrics from the length of the interelectrode
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gaps, the geometry of the electrodes used in these gaps of
different metals and conductive compositions, the
amplitude-time parameters (ATPs) of the electric voltage
(current) acting on the dielectric, and the electrophysical
parameters of the surrounding dielectric insulating
medium; volt-second characteristics of electrical
breakdown of many types of dielectrics; found
distributions of the strength of high pulse electric field in

linear and heterogeneous dielectrics placed in
interelectrode spaces with electrodes of different
configurations; determined main types of electric

discharge structures and the parameters of discharge
plasma channels in the main types of dielectrics at
different ATPs of voltage (current); obtained the first
adequate calculation data for computer modeling of
complex electrophysical processes of the development of
the plasma channel of an electrical pulse spark discharge
in some types of dielectrics.

Despite the above-mentioned scientific results, in the
field of modern HPT, in the study of pulse spark
discharge in dielectrics, those related to the development
of mechanisms and the description of analytical models of
the development of the plasma channel of this discharge
in them remain poorly studied issues. The presence of
similar mechanisms and analytical models will contribute
to the further improvement of computer modeling
methods of the development of the plasma channel of
electric spark discharge in dielectrics of various natures
[13-18], which have important applied value in the field
of high-voltage electrical engineering, industrial electric
power engineering, HPT, high-current electronics, nuclear
engineering and protection of aircraft and ground
infrastructure objects from the impact of atmospheric
electricity (lightning).

The goal of the article is to obtain a generalized
physical principle of the development of a plasma channel
of a high-voltage pulse spark discharge in a homogeneous
dielectric of a different aggregate state.

1. Problem definition. For the certainty of solving
this applied electrophysical problem, consider a high-
voltage double-electrode discharge system (DEDS),
which contains a potential electrode in the form of a metal
rod 1 of finite geometric dimensions pointed at the edge
and a grounded electrode in the form of a metal plane 2 of
unlimited geometric dimensions (Fig. 1). Let the electric
potentials of these electrodes 1 and 2 be equal to ¢; and
¢,=0, respectively, and between them in the interelectrode
air gap of minimum length /,;,, equal to the length of the
straight line drawn from the tip of the potential electrode
1 along the normal to the flat surface of the grounded
electrode 2, a homogeneous gas is placed by the following
atmospheric conditions [19]: gas pressure
P~(1.013£0.003)-10° Pa; absolute gas temperature
T, =(293.15+5) K; relative humidity of gas (45%15) %.
Let us assume that the electrical strength of the
interelectrode air gap in the DEDS in relation to the
average level of its breakdown voltage of high pulse
electric field for the electric voltage pulse applied to the
DEDS is equal to E, Here, the potential ¢, acquires a
value equal to @y,

1
A
dl,

B

Fig. 1. Schematic representation of the aerial DEDS,
on the example of which the process of the development of a
plasma channel of a high-voltage electric pulse spark discharge

in a gas dielectric is considered (1, 2 — respectively, the metal

rod with potential ¢, and the metal plane with potential ¢,;
A, B — the starting and ending points of the path of the spatial

development of the pulse plasma channel spark discharge

in a gas dielectric)

We will limit ourselves to the consideration of the
applied case, when the ATPs of high electrical pulse
voltage Ujy(#)=(p1—¢>) in the interelectrode air gap of the
DEDS changes in time ¢ according to the law of the
standard switching aperiodic voltage pulse of the time
shape T,/T, ~(250£50) us/(2500+£750) ps of positive
polarity with appropriate tolerances on its parameters
[20, 21]. 1t is this type of high pulse voltage that is most
often used in industrial electric power and HPT when
determining the electrical strength of the internal and
external insulation of various high-voltage -electrical
equipment and powerful high-voltage electrophysical test
equipment. Taking into account the leading stage of the
development of the plasma channel of an electric
discharge in a gas dielectric, when the discharge channel
can branch out and have a zigzag character [8], we will
limit ourselves to considering the processes at the stage of
the formation of a conductive pulse spark channel in an
air DEDS after passing through the leader channel of the
return wave of the pulse current, which causes its bright
glow [5]. Based on the analysis of calculated and
experimental data relating to the flow of the main
electrophysical processes in the studied discharge air gap
of the DEDS (see Fig. 1), it is necessary to develop the
physical principle of the development of the plasma
channel of a high-voltage pulse spark discharge in the gas
dielectric adopted for the study and further generalize it to
homogeneous dielectrics of a different aggregate state, the
physical properties of which change in space continuously
without jumps.

2. Basic physical conditions and calculation
relationships. Taking into account the electromagnetic
nature of light and the plasma channel of a brightly
glowing high-voltage electrical pulse spark discharge in
the studied gas dielectric [8, 19], for a better
understanding of the complex electrophysical processes in
the air DEDS under consideration, let us first dwell on the
well-known Fermat physical principle from the field of
geometric optics, which for the optical length L, of a real
light beam in an optically transparent medium is written
in the following classical analytical form [22]:
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B
Ly = [ nyds. (1)
A
where n, is the dimensionless index of refraction of the
light beam, which is minimal for a real beam in an
optically transparent medium; ds is the length of the
elementary section of the propagation of a light beam in
an optically transparent medium from the starting point 4
to the ending point B of the real path of propagation of
light in it.

In the case when the index of refraction n, of the
medium spatially changes continuously in it, then
according to (1) the optical length L, of the path traveled
in it by a real light ray from point 4 to point B will be less
than the optical length of any other path or the length of
any other geometric curve connecting these extreme
points of the light ray propagation path. Therefore, the
time #, of passing through this or that medium with the
index of refraction ny of the light beam of this path with
the optical length L, will be the smallest. At the same
time, it should be noted that the indicated time #, of the
beam passage will have the following calculated
analytical form: fy=Ly/c, where ¢ =~ 3-10° m/s is the speed
of light propagation in a vacuum [19]. Note that according
to Maxwell law, there is a valid formula for the value of
the index of refraction n, of the medium [22]:

ny =~érky 5 (2)

where ¢,, u, are, respectively, the relative dielectric and
magnetic permeability of the medium in which the light
beam propagates.

Formula (2) clearly indicates the electromagnetic
nature of light. It follows from (2) for an air medium
(e=1; u,=1) that the physical parameter 7, in this case is
numerically close to n¢=1 [19].

In this regard, Fermat physical principle, which is a
general law of geometric optics, according to (1) and the
accepted principle in the field of modern optics, is
formulated as follows [22]: «Light propagates from one
point of the medium to another along a path for which the
least amount of time is spent». From Fermat principle the
physical statement follows that light in an optically
transparent medium propagates in a straight line [22].
Taking into account the above-mentioned electromagnetic
nature of light and the plasma channel of the electric
discharge, it is quite reasonable to accept the physical
provision that the development of the plasma leader
channel of the electric discharge and then the plasma
spark channel of this pulse discharge in the air discharge
gap (np=1) of the investigated DEDS on its short
elementary sections of length d/.,<</.;, occurs along
rectilinear directions of one or another spatial orientation.
Moreover, given rectilinear directions on elementary
sections of length d/,, both at the stage of development of
the plasma leader channel of the discharge in air, and at
the stage of development of its spark channel in it, will
satisfy the condition of the maximum value of the specific
electrical conductivity 7., of the conductive path in the
gas dielectric at the specified elementary sections of
length d/., of the plasma leader (spark) discharge channel.

We believe that this conductive path is initiated by
its main part (the head of the discharge leader) growing in

space, which glows brightly and moves quickly in this
dielectric (at the average velocity v, of the forward front
of the discharge leader in the air v;~10° m/s [8]) from the
potential to the grounded electrodes of the DEDS. Spatial
distributions in the discharge interval of the investigated
DEDS of values of y,, on the elementary sections with the
length d/., of the germinating leading channel of the pulse
discharge are, as a rule, probabilistic in nature. These
spatial probability distributions of y., values in one or
another dielectric are determined both by the technology
of their manufacture (this applies more to solid and liquid
insulation), and by the physical state and composition of
the gas dielectric, as well as the properties of the gas or
liquid insulating medium surrounding the solid dielectric
[1, 5]. Therefore, in the case of an electrical breakdown
of the air discharge gap in the investigated DEDS with a
conducting plasma channel of a pulse discharge with a

m B
total length ledlcn =jdlcn the indicated rectilinear
n=1 A
elementary sections of the length d/, of the plasma leader
channel of a pulse electrical discharge, which quickly
grows in the air, will form a broken zigzag curve of the
real path (/.>[,;,) of the studied pulse spark discharge in
the DEDS between the starting point 4 and the ending
point B of the development of the plasma channel of this
type of electric discharge (see Fig. 1).

Based on Ohm law in the differential form [22],
for a rectilinear elementary section with a length d/, (see
Fig. 1) of a conducting plasma channel of a high-voltage
electric pulse spark discharge in the studied air DEDS,
which corresponds to the specific electrical conductivity
v, of the gas dielectric, the following relation can be
written:

Loy = VenGen AUy 3)
where J., is the density of the discharge current in the
channel of the high-voltage air electric spark discharge in
its elementary section of the length d/.,; dU, is the
electric voltage drop in the elementary section with the
length d/., of the plasma channel of the high-voltage pulse
spark discharge in the air DEDS.

Then, from (3), for the total length /. of the plasma
channel of the high-voltage electrical pulse spark
discharge in the studied air DEDS, in general form, we
obtain:

B B
lo = jdlcn :J‘}/cngc_nldUcn . 4)

A A
In the case of a continuous change in the plasma
channel of an air pulse spark discharge, the value of the
specific electrical conductivity y., of its rectilinear
elementary sections with length d/., and the invariance of
the density J.,~0. of the discharge current along the
plasma spark channel, expression (4) has the following

form:

B
le :5glj7cndUcn : (%)

A
The maximum values of the specific electrical
conductivity y,., of the low-temperature plasma, both from
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the beginning of the leader channel and further of the
spark channel of the air discharge in the DEDS on its
rectilinear elementary sections with length of d/.,, will
correspond to their minimum electrical resistances. In this
regard, the plasma leader (spark) channel of the pulse
discharge in the air DEDS will spatially germinate
(develop) to the place where it and the dielectric, which is
under the action of the external high electric field of the
discharge leader, will ensure the minimum value of the

B
electric voltage drop U= IdU en - As an approximation of
4
the fulfillment of the equality y.~y., which satisfies the
largest current value of y., on the path of propagation in
the gas of the leader (spark) channel of the discharge,
formula (5) for the real path of development of a high-
voltage electrical pulse spark discharge in an air dielectric
takes the form:

B
2 (6)
A

B
In the well-known formula (1), the integral Inods

A
determines the minimum value of the optical length L, of
a real light beam in an optically transparent medium. In
the obtained formula (6), the minimum value of the

B

integral IdU en= 10y, which corresponds to the
4

maximum value of y., determines the minimum value of

B
the total length /.= jdlcn of the real plasma channel of the

A

spark discharge in its specific conditions of spatial
development in the gas dielectric. Therefore, when
considering an electric discharge in a gas, we can say that
for the electrophysical process of the development of a
high-voltage electric pulse spark discharge in a gas
dielectric, the physical laws of minimizing its main
characteristics are also fulfilled, which lead to the
minimization of energy consumption to support the flow
of such a process in it.

We see that the proposed formula (6) for the
development of a plasma channel of a high-voltage
electric pulse spark discharge in a gas dielectric is close to
the classical formula (1) for the propagation of light in an
optically transparent medium in terms of its mathematical
form and purpose. From the comparison of the obtained
formula (6) for the total length /. of the real path of the
development of the plasma channel of a high-voltage
electrical pulse spark discharge in the air DEDS during an
electrical breakdown of its gap and formula (1), which
corresponds to the Fermat physical principle, which
determines the minimum optical length L, during the
propagation of a real light beam in an optically
transparent medium, it can be concluded that the total
length /. of a real plasma channel of a high-voltage
electrical pulse spark discharge in an air dielectric
between the points of its beginning 4 and ending B
corresponds to the minimum drop of electric voltage

B
onit U= IdUcn .
4

Taking into account the above, the proposed
physical principle of the development of the plasma
channel of a high-voltage electric pulse spark discharge in
relation to the studied air DEDS can be formulated as
follows: «The plasma channel of a pulse spark discharge
in a gas dielectric spreads from one point to another
along the path of length ., which provides the smallest
drop in it of electric voltage Ux». For the calculated
quantitative assessment, taking into account the proposed

B
formula (6), the drop in electric voltage Uc:.[dU

A4
the total length /. of the real path of development in the
homogeneous gas dielectric of the studied DEDS of a
plasma channel of a high-voltage pulse spark discharge,
we use the following approximate relationship from the
field of HPT [5]:

cn on

le = (g —¢2)/ Ey . ™

When ¢,=0, from (6) and (7), for the drop in electric

voltage U, over the total length /. of the real path of

development in the gas dielectric of the plasma channel of

a high-voltage electrical pulse spark discharge, in the
accepted approximation, we obtain the expression:

B
Ue ~ [dUe, = 8014 7Eq) - (8)
A

By substituting into formula (8) calculated and
experimental numerical data for a high-current plasma
channel of a pulse spark discharge in atmospheric air
(0258107 A/m? y~1625 (Qm)'; ¢~611.6 kV;
E~400 kV/m), obtained by the author in the electric
circuit of a powerful high-voltage test -electrical
equipment [23-25] containing the investigated DEDS
(Imin =1.5 m), we find that the desired value of the electric
voltage drop U, on the total length /.>],;, of the real path
of development in the accepted air environment of the
plasma channel of the high-voltage pulse spark discharge
is numerically approximately U~54.6 kV. As we can see,

B
U= J dU,, <<(@i4 — ¢2). The calculated numerical value

A
of the electric voltage drop U,~54.6 kV obtained from (8)
on the high-current plasma channel of an air pulse spark
discharge does not exceed 9 % of the level of the
breakdown electric voltage Ujy/(f)=p,/~611.6 kV (¢,=0)
in this DEDS. This calculated value of U,~54.6 kV
correlates well with the experimental result for
U~ Rolnin=53.6 kV given by the author in [24]
regarding a high-voltage, high-current pulse spark
discharge in a tip-plane DEDS with a long air gap
(Imin= 1.5 m; the amplitude of the pulse discharge current
1,,~213.9 kA, which corresponds to the time #,~38 ps,
during the electrical breakdown of the air gap in this
DEDS; the running active resistance R.~0.167 Q/m of
the plasma channel of the air spark discharge in the
DEDS). The reliability of these experimental results is
indicated by the author’s calculated estimates of some
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parameters for this applied electrophysical case (for
example, the maximum radius 7,/~34.27 mm of the
plasma channel of the spark discharge in atmospheric air;
the amplitude of the current density d,, in the discharge
channel 5,,,L.ZI,,,L,/(7rr,,,C2)ZS.79~107 A/m?*; the value of the
specific electrical conductivity y. of its low-temperature
plasma  y~(zr, Re) '=1624 (Qm)"') of electric
discharge processes in the studied high-current plasma
channel of pulse spark discharge in air DEDS using the
Brahinsky formula for the radius r,. of the plasma
channel [6, §].

The results of mathematical modeling of electric
discharge processes in homogeneous liquid and solid
dielectrics using the investigated DEDS and the existing
mechanisms of their electrical breakdown [5, 7] will
fundamentally not differ in anything (except for the
numerical values of the parameters /., y., 0., @14 Eq
and U,) from those given above calculation results for the
development of a plasma channel of a pulse spark
discharge in a homogeneous air dielectric DEDS (see
Fig. 1). Therefore, in the first approximation, the
calculated relation (6) and the physical principle of the
development of the plasma channel of a high-voltage
electrical pulse spark discharge in a gas, based on it,
proposed by the author, can be applied also for
homogeneous liquid and solid dielectrics.

3. Results of an experimental study of the
development of a plasma channel of a pulse spark
discharge in an air DEDS. In order to verify some
obtained approximate calculation results for electric
discharge processes in air DEDS, appropriate experiments
were performed using powerful high-voltage high-current
test equipment of the Research and Design Institute
«Molniya» of NTU «KhPI» [25]. Figure 2 shows the
general view of the studied tip-plane DEDS with a
discharge air gap of length /,;;,=1.5 m.

e - T e
i R ’}‘

Fig. 2. The general view of the tip-plane air DEDS with a
discharge gap of length /,;,=1.5 m (the tip on a vertically placed
steel electrode-rod with a diameter of 30 mm has a radius of
rounding of its edge ~1 mm; the horizontal plane of the

electrode is 5 m x 5 m made of thin galvanized steel sheets)

Figure 3 shows an experimental oscillogram of a
complete standard switching aperiodic high-voltage pulse
of the time shape T,/T,~200 us/1990 ps of positive
polarity, which acts in the discharge circuit of the high-
voltage, high-current test electrical equipment based on
the GIN-4 generator [25] on the investigated tip-plane
DEDS without electrical breakdown of its air gap of
length /.,;;=2 m, and Figure 4 shows an oscillogram of a
truncated similar high-voltage voltage pulse with an
electrical breakdown of the air discharge gap in the tip-
plane DEDS of length /,;,=1,5 m.
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Fig. 3. Oscillogram of a complete standard switching
aperiodic voltage pulse of the time shape
T,/T~200 us/1990 ps of positive polarity without electrical
breakdown of the air gap of length /,,;;,=2 m in the tip-plane
DEDS (U,=¢1,~12.5 V x 53650~670.6 kV — amplitude of the
voltage pulse; 7,200 ps — time of rise of the pulse to the
voltage amplitude U,,; 71990 ps — voltage pulse duration at
the level of 0.5 U,,; vertical scale — 107.3 kV/div;
horizontal scale — 250 ps/div)
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Fig. 4. Oscillogram of a truncated standard switching aperiodic
voltage pulse of the time shape 7,,/7,~200 pus/1990 ps of
positive polarity during electrical breakdown of an air gap of
length /,;,=1.5 m in a tip-plane DEDS
(Una~01~11.4 V x 53650=611.6 kV — voltage pulse cut-off
level; 7. =95 ps — voltage pulse cut-off time;

T,~17 pus — duration of the cut-off of the voltage pulse,
which corresponds to the time #, of the propagation of the
conductive channel of the leader of the electric pulse discharge
in the air gap of the DEDS of length /. between its potential and
grounded metal electrodes; vertical scale — 107.3 kV/div;
horizontal scale — 50 ps/div)
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Let us point out that when measuring the ATPs
shown in Fig. 3, 4 of high-voltage test switching aperiodic
voltage pulses, which are intended for the experimental
study of the development of the plasma channel of the
electric pulse spark discharge in the air tip-plane DEDS
(see Fig. 2), an ohmic voltage divider of the OPN-2.5 type
was used (for a maximum voltage of up to 2.5 MV with a
division factor of K;~53650 [25]) and a Tektronix TDS
1012 digital oscilloscope.

Figure 5 shows the general view of a high-current
plasma channel of a high-voltage electric pulse spark
discharge, which glows brightly in the atmospheric air, in
the investigated tip-plane DEDS with the length of the air
discharge gap /,;;=1.5 m, obtained in the summer of 2023
during the experimental determination of electrical
strength of air insulation more than 1 m long with the use
of ultra-high-voltage equipment of the experimental range
of the Research and Design Institute «Molniya» of NTU
«KhPI» [25].

Fig. 5. General view of a high-current plasma channel of a high-
voltage electric pulse spark discharge in a tip-plane DEDS with
atmospheric air during electrical breakdown of its air gap of
length 1 /,,;;=1.5 m by a standard switching aperiodic voltage
pulse of the time shape 7,,/T,;~200 ps/1990 us of positive
polarity (U, /~¢1,~611.6 kV; T,~95 us — voltage pulse cut-off
time; 7,~17 us — duration of voltage pulse cut-off, which
characterizes the time of rapid shortening by the conductive
plasma leader channel of a pulsed discharge of a long air gap in
the DEDS)

From the experimental data (Fig. 5), we can see that
in the used tip-plane DEDS (/,;;=1.5 m; ¢,=0) a real high-
current plasma channel of a high-voltage pulse spark
discharge in air under normal atmospheric conditions [19]
is characterized by a zigzag geometric shape (/>/yn)-
This is indicated also by the calculated numerical
estimates according to (6) taking into account (8) at
01/~611.6 kV and E~400 kV/m of the total length /. of
the spark discharge channel in the studied air DEDS
(loin=1.5 m): [=p/E~1.53 m. This unequivocally
indicates that during the electrical breakdown of the gas
(air) dielectric, the main part of the plasma leader channel

of the pulse discharge, which glows brightly, spatially
grows into those areas of the specified dielectric located
between the potential 1 and grounded 2 electrodes (Fig. 1)
of the investigated DEDS, which have the highest specific
electrical conductivity y., and, accordingly, the lowest
electrical resistance in the specific conditions of such an
electrical breakdown of this insulation. In this regard, this
experimental result from the field of HPT indicates the
reliability of the basic physical provision associated with
the orientation of the main part of the leader channel of
the discharge during its germination, adopted by the
author in the development of the proposed physical
principle of the development of the high-voltage plasma
channel of a pulse spark discharge in the studied gas
dielectric to those sections of it that are characterized by
the highest specific electrical conductivity y,, at the given
moment of time.

And if this is so, then the physical principle of the
development of a plasma channel of a pulse spark
discharge in it, formulated in this work in relation to a gas
dielectric, which indicates the spread in this type of
dielectric first of the leader and then of the spark channels
of the discharge along the path with the smallest drop in
the electric voltage U,, is also confirmed the results of
these high-voltage, high-current experiments performed
with the author’s participation. In addition, the
experimental data obtained according to Fig. 4 at
U, (014-92)=611.6 kV testify to the fact that when using
in the investigated air tip-plane DEDS (/;;,=1,5 m; ¢,=0)
of a standard switching aperiodic pulse of high voltage of
the time shape 7,,/T, =200 ps/1990 ps of positive polarity,
the average breakdown voltage of the high electric field
Emp4/l. for atmospheric air in this DEDS at
Uni~91/~611.6 kV and [~1.53 m is numerically
approximately £,/~400 kV/m with a tolerance of +3 %,
which is mainly determined by the minimum
measurement error of the test high pulse voltage from
powerful ultra-high-voltage electrical equipment using an
ohmic voltage divider of the OPN-2.5 type (K,/~53650
[25]) and the applied digital Tektronix TDS 1012
oscilloscope.

Experimental data according to Fig. 4 also indicate
that the plasma leader channel of the electric discharge in
the studied air DEDS (/,;;=1.5 m) has a total path length
of 1.,>1>1.53 m, where /., is the maximum length of the
actual path of the gas discharge in the DEDS, from the
potential electrode to the grounded electrode of this
DEDS passes through the air during the time #;, which is
numerically equal to about 7,~7,~17 ps. It is during the
time 7y~17 ps that the conductive plasma leader channel
of the pulse discharge shortens the air gap in the
investigated DEDS (/,;,=1.5 m) and equalizes the electric
potentials (p;=p,=0) on its metal electrodes (see Fig. 4).
According to the developed physical principle of the
development of the plasma channel of an electric pulse
spark discharge in a gas dielectric at the average speed v;
of the advance in the air of the leading edge of the leader
in the channel of this electric discharge, quantitatively
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equal to v;~10° m/s [8], the calculated numerical value for
the specified time ¢, relative to of atmospheric air in this
DEDS is found at /,~1.53 m equal to #,~/./v;=15.3 ps. As
we can see, the calculated numerical value obtained for
the time parameter ¢,~15.3 ps differs from its
corresponding experimental value #,~T,;~17 ps according
to the oscillogram in Fig. 4 for a truncated standard
switching aperiodic high-voltage pulse of the time shape
T,/T, = 200 ps/1990 ps of positive polarity during
electrical breakdown of the air gap of length /. in the tip-
plane DEDS ([, =1.5 m) within 11 %. Note that at
T,~17 ps, the maximum length /., of the real path of the
plasma channel of the gas discharge in the studied DERS
will be approximately equal to /.,,~v;T;~1.7 m. The
calculated numerical value of /,=1.53 m obtained above
differs from this experimental value of /., by more than
11 %. These computational and experimental data also
indicate the reliability of the basic initial physical
assumptions adopted in the work and the calculated
results obtained on their basis, which relate to the physics
of the development of electric discharge processes in a
homogeneous gas dielectric of the investigated DEDS and
the quantitative selection according to formulas (6), (7) of
the total the length /. of the real path of the development
of the plasma channel of the high-voltage electric pulse
spark discharge in the atmospheric air of this DEDS.

It is important to note that the minimum value of the
voltage drop U, along the length /. of the real path of
development in the air of the plasma channel of the pulse
spark discharge will be conditioned by (6) and the
minimum value of /.. At a constant average speed v, of
propagation in the atmospheric air of the leading front of
the leader in the plasma channel of the gas discharge
(v,=10° m/s [8]), the minimization of the length /. will
also lead to the minimization of the time ¢; of the
advancement of both the plasma leader and the spark
channel of the pulse discharge in the investigated air
DEDS (/yin=1.5 m).

Conclusions.

1. A generalized physical principle of the
development of a plasma channel of a high-voltage
electrical pulse spark discharge in a homogeneous
dielectric of a different aggregate state, mathematically

B
written for the total length /.= Idlm of the real path of the

4
development of this type of electric discharge along
rectilinear elementary sections of the plasma channel with
a length of d/., of different spatial orientation in the gas
dielectric of the accepted double-electrode discharge
system (DEDS) with the smallest length /., of its
discharge gap is proposed. This principle (physical law)
indicates that in DEDS the plasma channel of a high-
voltage electric pulse spark discharge in gas, liquid and
solid dielectrics spreads from its starting point 4 on the
potential electrode of DERS to the ending point B on the
grounded electrode of DEDS along a path that provides

B
the smallest drop of electric voltage on it Uc=decn,
A
where dU,, is the drop of electric voltage on the
rectilinear elemental section of the plasma discharge
channel of length d/,<</ ;.

2. It is shown that the proposed physical principle of
the development of the plasma channel of an electric
pulse spark discharge in the studied gas dielectric of the
DEDS is by mathematical form and purpose close to the
Fermat fundamental physical principle, which is a general
law of geometric optics and which determines the

B
minimum optical length Lozjnods when propagating a
4
real light beam in an optically transparent medium with
the index of refraction of light n, between the starting
point 4 and the ending point B of its propagation in this
medium, where ds is the length of the elementary section
of the propagation of the light beam in an optically
transparent medium.

3. By calculation, it was established that the drop in
electric voltage U, on the total length /. of the real zigzag
path of development in the air dielectric of the
investigated tip-plane DEDS (/,;,=1.5 m) of the plasma
channel of the high-voltage electric pulse spark discharge
for a standard switching aperiodic pulse of high voltage of
time shape T7,/T,/~~200 ps/1990 us of positive polarity
satisfies the inequality of the form U.<<(¢;;—¢,) and
at p1g ~611.6 kV (p, =0) it numerically amounts to
U~54.6 kV, which does not exceed 9 % of the
experimental level of breakdown electric voltage
Und®=(@1a—92)~611.6 kV in this DEDS with
atmospheric air. Here, the indicated calculated level of
electric voltage drop U.~54.6 kV on this plasma channel
of the spark discharge practically corresponds to the
previously obtained experimental numerical level of
electric voltage drop U~53.6 kV on it in a similar air
DEDS.

4. High-voltage, high-current experiments carried
out on the powerful electrophysical equipment of the
Research and Design Institute «Molniya» of NTU «KhPI»
for the tip-plane aerial DEDS under investigation
(Imin=1.5 m; ¢,=0), which tests the effect of a standard
switching aperiodic high-voltage pulse of the time shape
T,/T/~200 ps/1990 ps of positive polarity, confirm the
validity of the basic physical conditions underlying the
developed generalized principle of the development of a
plasma channel of a pulse spark discharge in a dielectric
(on the example of atmospheric air in the DEDS), and
some calculated results obtained for it (in particular, for
the numerical values of the electric voltage drop U, on the
total length /. of the real path of development in the
atmospheric air of the plasma channel of the pulse
spark discharge and the average breakdown voltage E, for
the atmospheric air of the high electric field
E ~¢,4/1~400 kV/m under the conditions of action on the
air DEDS of the specified a microsecond voltage pulse, as
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well as for quantitative data of the total length /. of the
real path of the development of the plasma discharge
channel /~1.53 m, which confirm the fulfillment of the
inequality of the form [.>/,, which determines the
zigzag shape of the development in atmospheric air of
both the plasma leader discharge channel and further a
similar shape of development of a high-voltage electric
pulse spark discharge channel in this dielectric).

5. Tt is shown that the calculated time 7, of the
advancement of the plasma leader channel of an electric
pulse spark discharge in the investigated air DEDS
(Imin=1.5 m) along its real path in atmospheric air with a
total length of [~1.53 m at the average speed of
propagation in this air of the front of the leader in the
discharge plasma channel v;~10°> m/s is numerically about
t~l/vi=15.3 ps. This calculated result for the time ¢,
differs by no more than 11 % from the experimental
duration of the cut-off T,~t,~17 ps, which characterizes
the time of shortening by the electrically conductive
plasma leader channel of the discharge of the air gap
of length /. in the DEDS, for a standard switching
aperiodic pulse of high voltage of the time shape
T,/T~200 us/1990 ps of positive polarity (¢p;,~611.6 kV)
in the investigated DEDS with the minimum length of its
discharge air gap equal to /,,;,=1.5 m.
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Computer simulation of operation plant effective modes for water disinfection by electrical
discharges in gas bubbles

Purpose. Determination by means of computer simulation of the most efficient modes of operation of the installation for water
disinfection using discharges in gas bubbles, in which (modes) the amplitude of voltage pulses at the processing unit and on the layer
of treated water is not less than the voltage amplitude immediately after the switching discharger. Methodology. To achieve this
goal, we used computer simulation using Micro-Cap 10. We used two different electrical circuits that simulate the operation of the
experimental setup in two different modes: in a mode with a restoring electrical strength of the discharge gap in the gas bubble
between two adjacent voltage pulses on the discharge node and in the mode without restoring this dielectric strength. In computer
simulation, we varied the following factors: the maximum simulation step, inductances, capacitances, active resistances, wave
resistance of a long line, and the delay time for the operation of a spark gap simulating a discharge gap in a gas bubble. Results.
Computer modeling has shown that in order to increase the voltage amplitude at the treatment unit and on the layer of treated water,
it is necessary to reduce the load capacitance — the capacitance of the water layer in the treatment unit to 10 pF or less, to increase
the active resistance of the water layer to 500 £2 or more. An important factor for increasing the voltage and electric field strength in
the discharge unit and, consequently, for increasing the efficiency of treated water disinfection is the discharge delay time in gas
bubbles. The most rational delay time for the operation of the arrester, which is the gap in the gas bubble inside the water, under the
conditions considered by us is 4-5 ns. It is with this delay time that the amplitude of voltage pulses at the node of disinfecting water
treatment and on the layer of treated water is maximum, all other things being equal. Furthermore, with such a delay time this
amplitude of voltage pulses significantly exceeds the voltage amplitude directly after the main high-voltage discharger, switching
energy from the high-voltage capacitive storage to the processing unit through a long line filled with water. Oviginality. Using
computer simulation, we have shown the possibility of increasing the voltage at the discharge unit of the experimental setup by 35 %
without increasing the voltage of the power source. This provides a higher efficiency of microbiological disinfection of water by
nanosecond discharges in gas bubbles and lower specific energy consumption. Practical value. The obtained results of computer
simulation confirm the prospect of industrial application of installations using nanosecond discharges for disinfection and
purification of wastewater, swimming pools and post-treatment of tap water. References 15, figures 10.

Key words: high-voltage water disinfection unit, discharge unit, sharpening spark gap, discharge in gas bubbles in water,
discharge delay time, long electric line.

Mema. Busnauenns 3a 00NOMO02010 KOMN IOMEPHO20 MOOENIO6AHHA HAUOIbUL eheKMUSHUX DedCUMie pobomu yCmaHosKu O
3HE3aPAadNCEHHA 800U 34 OONOMO20I0 PO3PAOIE Y 2A308UX OVILKAX, NPU AKUX (DPeXrcumax) amniimyoa iMnyavcie manpyeu Ha 6y3ii
00poOKU ma Ha wapi 600U, Wo 00POOIACMbCA, He MeHule AMNIIMYOu Hanpyau 6e3nocepeoHbo Nicia KOMYMYIU020 pO3PAOHUKA.
Memoouxka. /[na 0ocacHeHHA NOCMABNIEeHOT Memu MU 8UKOPUCTOBY AU KOMN TOmepHe Mooeneants 3a oonomozoio Micro-Cap 10.
Mu euxopucmosyeanu 06i pisui enekmpuyHi cxemu, wWo MOOen0Ioms pobomy eKcnepumMenmanibHoi YCMaHo8KU 6 080X DI3HUX
DEACUMAX:  PEAHCUMI 3 eNeKMPUYHOIO MIYHICIIO, W0 GIOHOBTIOEMbCS, PO3PAOHO20 NPOMIICKY 8 2A30811l OYIbYl MIdHC 080MA CYCIOHIMU
iMRyIbCaMU Hanpyeu Ha po3psAOHOMY 8y3ni ma y peodicumi 6e3 8ionoenenns yici enexmpuunoi miynocmi. IIpu xomn romepnomy
MOOeN0B8AKHI 8apIIosanucs maxi Gakxmopu: MAaKCUMAIbHULL KPOK NPU MOOETOSAHHI, THOYKMUBHOCMI, EMHOCMI, AKMUGHI ONOPU,
XUNbOBUIL ONIP 006201 NIHIL, YAC 3aMPUMKU CHPAYbOBYEAHHS PO3PAOHUKA, WO MOOENIOE PO3PIOHUL NPOMINCOK Y 2A3080M) MIXYPL.
Pesynvmamu. Komn’iomephe Mo0eniogans nokasano, wo 0nia 30iibuwenHs amMniimyou Hanpyau na 8y3ii o6pobku i Ha wapi 6oou,
wWo 006pobAAEMbCA, CNIO 3MEHWYBAMU HABAHMANCYBANLHY EMHICIb — EMHICMb wiapy 600u y 6y3ni o6pobku oo 10 n® i menuwe,
30invuwyeamu akmuenui onip wapy 6oou 0o 500 Om i Ginvuie. Basxcaueum YuHHUKOM 30iNbUEHHA HANPY2U | HANPYHCEHOCMI
e1eKmMpUIHO20 NOJA 8 PO3PAOHOMY Y31 i, omoice, 30iNbluenHs egheKmusHocmi 3ne3apaicents obpodI0eanoi 600U € Hac 3ampumKy
po3pady 8 2azosux Oynvoawikax. Hanbinew payionansHuil yac 3ampumKy CHpaybOo8y8aHHs PO3PAOHUKA, AKUM € 3A30p Y 2a308ill
Oynvyi 6cepeduni 600U, y po3AHYMuUX ymosax cmanosums 4-5 nc. Came npu makomy 4aci 3ampumku amMniimyod iMnyiscie Hanpyau
Ha Y37 3HE3apadNCYy8aNbHOI 00POOKU 600U [ HA wapi 06poONIEAHOI 600U € MAKCUMANLHOK 34 THWUX DIGHUX YMOG [ ICHOMHO
nepesuwye amniimyoy Hanpyeu 6e3n0cepeonbo RNicis OCHOBHO20 6UCOKOBONLIMHO20 DO3PAOHUKA, WO KOMYMYE eHepeilo 3
BUCOKOBOTILIMHO20 EMHICHO20 HAZPOMAONCYsaya y 8y3on 0opobxu. Haykoea nosusna. 3a 00nomo20i0 KoM 10MepHO20 MOOENI08AHHS
NOKA3aHA MOJICIUBICTNG NIOGUWEHH HANpY2U HA PO3PAOHOMY 6Y37li eKcnepumeHmanvhoi ycmanogku na 35 % 0Oe3 30invuuens
Hanpyeu 0dcepena JHCUBIeHHsA, wo 3abesneuye Oinbul epexmusHe MIKpoOionociuHe 3HE3APAMdCeHHs 600U 3d OONOMOZ0I0
HAHOCEKYHOHUX pO3ps0ie y 2a3zo6ux Oyavbawkax 3a manux numomux eumpam enepeii. IIpakmuuna 3uauywjicms. Ompumani
pe3yibmamu  KOMI 10OMepHo20  MOOeN08aHHA  NiOMEepodlCyIomy NepcneKmugy NpoMUCIO8020 3ACOCY8AHHA  YCHAHOBOK 3
BUKOPUCAHHAM HAHOCEKYHOHUX PO3PAOI6 OISl 3HE3APANCEHHS. MA OUUWEHHs] CMIYHUX 800, OACEIHI8 Ma 000YUUeHHS. 00ONPOGIOHOT
600u. bibn. 15, puc. 10.

Knrouogi cnosa: BHCOKOBOJIbTHA YCTAHOBKA /IJIsI 3He3apakKeHHS BOAH, PO3PSI/THUIN BY30J1, PO3PSIAHHUK, [0 3aT0CTPIOE, PO3PSI Y
ra3opux 0y/ab0anikax y BOAi, 4ac 3ani3HeHHs pOo3psy, 10Bra eJeKTPHYHA JiHif.

Introduction. In recent years, various scientists
have carried out intensive researches of the characteristics

Authors of [6] have shown microbubbles are very
fine bubbles that shrink and collapse underwater within

and considered prospects for the technological use of
nanosecond discharges in gas bubbles inside liquids in
various high-voltage installations [1-3]. These studies use
both experimental methods and computer simulations.
The latter is widely used in various fields of electrical
engineering [4, 5].

several minutes, leading to the generation of free
radicals.

The characteristics of a multiple argon bubble jet in
which a streamer is generated by a dc pulsed discharge
have been experimentally clarified through discharge
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visualization in a bubble and decolorization of a
methylene blue solution [7].

In [8] authors have investigated experimentally a
water treatment, which introduces a vaporized solution
into a coaxial dielectric barrier discharge tube using Ar.

Authors of [9] provided a concise review of the
state-of-art for research on plasma-bubble interactions and
a perspective for future research.

The objective of the thesis [10] was to utilize plasma
discharges to treat a large volume of produced water for
recycling it for subsequent fracking. To recycle produced
water, both bacterial inactivation and water softening are
required, which are the two main objectives of the present
study of plasma water treatment.

Authors of [11] achieved the next results. The
discharge propagates into the bubble from the tip of the
wire in the glass tube. Then, the discharge propagates along
the bubble surface. The propagation velocity is almost
independent of water conductivity and is (2.7-3.6)-10° m/s.
The average maximum length of the discharge propagation
decreases from approximately 8.9 to 54 mm with
increasing water conductivity from 7 to 1000 puS/cm. Indigo
carmine, a commonly used organic dye, was used as the
chemical probe of the active species produced by the
discharge inside the bubble. The amounts of indigo carmine
decomposition with 120 min of treatment is 0.24-0.26 pmol
and independent of water conductivity. Meanwhile, the
energy efficiency for the indigo carmine decomposition in
water decreases from 18 to 7.3 umol/Wh with increasing
water conductivity from 7 to 1000 pS/cm. The amount of
hydrogen peroxide production by the treatment increases
from 2.0 to 3.1 umol with increasing the conductivity.

In article [12] authors start by describing our
experimental methodology addressing bubble geometry
and timing methods. For the first time, we present an
original method of bubble positioning with control of
statistical information of the bubble shape, size, and
position between the electrodes. A unique timing scheme is
introduced that allows the application of the voltage pulses
when a bubble is in the desired position between the
electrodes. Finally, the experimental results and discussion
section present our evidence for the discharge initiation for
two electrode configurations by order of timescale.

In our work [13], we have shown that when using
nanosecond discharge pulses in gas bubbles, one should
take into account the presence of long lines during the
transmission of generated voltage pulses from sharpening
spark gaps to units of water disinfection treatment. At the
same time, we indicated that for all considered processing
modes, the voltage amplitude at the processing nodes (at
the output of a long line) is less than after the sharpening
spark gap at the input of a long line. The question arises:
are there modes in which the voltage amplitude at the
nodes (node) of processing (load) is greater than at the
input to long lines?

L2

It is very important to answer the question of the
possibility of obtaining the amplitudes of nanosecond
voltage pulses directly on the load greater than the
amplitudes of voltage pulses obtained because of switching
the sharpening spark gap immediately after it. The load is a
serial connection of a gas bubble with a discharge inside it
and a layer of water. The magnitude of the voltage
amplitude of these pulses determines the efficiency of the
production of active particles and radiation in the node (or
nodes) of water treatment and, consequently, the efficiency
of disinfecting water treatment. Experimentally, using
direct measurements of voltage pulses at the processing
unit is extremely difficult. Therefore, we use the computer
simulation method for this.

In this work, we consider the following two modes
of operation of the installation. The first mode is one in
which the electric strength of the gas in the bubble is
restored after each discharge. The second regime is one in
which the electric strength of the gas in the bubble is not
restored after each discharge, i.e. the plasma channel(s)
burns (burn) continuously. Let us also consider the effect
on the voltage amplitude at the processing node of the
discharge delay time in the gas bubble of the node, as well
as the effect of the inductance, capacitance and active
resistance of the processing node on the amplitude of this
voltage, all other things being equal.

An increase in the amplitude of nanosecond voltage
pulses at the processing unit (a series connection of a gas
bubble with a discharge and a water layer) at a given
voltage amplitude at the input of a long line filled with
water and located in front of the discharge unit is an
important task. Such an increase in amplitude makes it
possible to increase the production of active particles in
the processing unit and the intensity of broadband
radiation from plasma channels.

The purpose of the work is to determine, using
computer simulation, the most efficient modes of
operation of the installation for water disinfection using
discharges in gas bubbles, in which (modes) the
amplitude of voltage pulses at the processing unit and on
the layer of treated water is not less than the voltage
amplitude immediately after the switching spark gap.

Electrical circuits for computer simulation and
the influence of the maximum step size in computer
simulation. A diagram with a discharge gap in a gas
bubble that restores its electrical strength after each
discharge is shown in Fig. 1.

Figure 2 shows a diagram with a discharge gap in a
gas bubble in which, once ignited, the discharge does not
go out (with a discharge gap that does not restore its
electrical strength after each discharge).

Figure 3 demonstrates a schematic drawing of three
discharge units of the experimental setup is presented, in each
of which an electric discharge occurs in gas bubbles [14].
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Fig. 1. Scheme with a discharge gap in a gas bubble, restoring its dielectric strength after each discharge
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Fig. 2. Scheme with a discharge gap in a gas bubble that does not restore its dielectric strength after each discharge
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Fig. 3. A block diagram of the plant, which illustrates disinfecting method of treatment water with gas bubbles

Figure 4 shows a photograph of a tubular system
with these three electric discharge nodes [14].

Fig. 4. A photograph of a tubular system with these three
electric discharge nodes

The plant [14] consists of a low-impedance
generator 1 of high voltage pulses, compressor 2, pump 3,
pipeline 4 with a diameter of D = 40 mm with running
water, made of insulating material. The experimental
plant includes also three branch pipes 5 with a diameter of

Dy, = 40 mm, through which insulation hollow cases 6
without a bottom are inserted and fixed there. Cases 6 are
made combined with high-voltage conductors — pointed
electrodes 7 in isolation and with tubular gas pipelines 8.
The plant contains also a grounded electrode 9 in each of
the three discharge units. This electrode is made in the
form of a metal cylindrical ring with a hole in its side
surface for the location of the case 6 in the pipeline 4.
Each discharge unit consists of an electrode 7 in solid
insulation, the tip of which is not insulated, a case 6 with
a characteristic internal linear size S = 2,8 cm, a gas-pipe
8, an electrode 9 and a water layer inside the pipe 4 under
and around the branch pipe 5. The branch pipes 5 may
have caps (Fig. 3 not shows caps) with the possibility of
gas outlet after discharges in gas bubbles. Wherein, the
outflow of water through the caps on the branch pipes 5 is
impossible. A pump 3 pumps water into a pipe 4 from a
water source 10. The distance between adjacent branch
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pipes is d=~300 mm. The flow rate of water and gas from
the compressor is adjustable. The composition of the gas
may be different. The flow of water can be carried out by
gravity from a source of water 10.

Let us consider the influence on the results of computer
simulation of the maximum step size in computer simulation,
the delay time of operation of the terminal sharpening spark
gap SW2, which is the gap in the gas bubble between the tip
of the high-voltage electrode and the interface between the
gas bubble and water. Besides let us consider the influence
the capacitance C4 of the water layer and the operating
modes of the spark gap SW2: with restoration of its
electrical strength between two adjacent discharges and
without such restoration of electrical strength.

We used two different steps for the simulation of the
transient process: 0.2 ns and 0.01 ns.

Figure 5 shows the results when using the maximum

step of 0.01 ns in a computer simulation. Figure 5
5.00} y 5
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illustrates the results of simulation of voltage pulses V(4),
V(7), V(13) as functions of time ¢ according to the circuit
in Fig. 1. This is under the following conditions: the
moment T of the operation of the spark gap SW2 after the
start of the transient process in the circuit 7 = 76 ns (the
delay time of the operation of the spark gap SW2 after the
arrival of the voltage wave front at the end of the long line
TD is 4 ns). The long line TD is filled with water.
Wherein, the final active resistance R3 of the discharge
channels in gas bubble R3 = 35Q), capacitance C4 of the
water layer C4 = 3.3 pF, active resistance R2 of the water
layer R2 = 1000 €, inductance L8 of the discharge
channels in the gas bubble L8 = 10 nH.

These are the parameters for the variant with
one processing node. Voltages V(4), V(7), V(13) —
voltages respectively between points 4, 7, 13 and the
grounded point.

258.00n 344 00n 30000

t10 - -~ - .cir

121 61n

Fig. 5. Dependence of pulse voltages V(4), V(7), V(13) on time with a maximum simulation step of 0.01 ns: a — pulses in general ;6 — initial
sections of these pulses (I'= 76 ns, R3 =35 Q, C4 = 3.3 pF, Z0 = 150 Q — wave resistance, L8 = 10 nH, R2 = 1000 €, £, = 0.01 ns)

Under the conditions considered in this work, the main
transient process occurs in the experimental setup in the first
approximately 120 ns. Therefore, voltage pulses as a whole,
with their characteristic duration up to 200-300 ns, are
shown only in Fig. 5. It follows from simulation that the
steepest parts of the model waveforms are better
reproduced when using a finer maximum step of 0.01 ns.
Therefore, we carried out further simulations in Micro-Cap
10 using a maximum step of 0.01 ns.

Influence of the discharge delay time in a gas
bubble on the transient process in the discharge unit.
We took into account that, at nanosecond fronts and pulse
durations, the electrical strength of the discharge gaps
increases significantly. Fig. 6 illustrates this circumstance.

Computer simulation makes it possible to check
which voltage pulses are formed on the discharge node in
the case when the electrical strength of the discharge gap
has time to recover between two adjacent discharges, and
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Fig. 6. [15, p. 22]. Dependence of E/p on pr, for various gases:
1-3 — freon of various grades; 4 — SF¢; 5 — O,; 6 —air; 7 — Ny;
8—Ar; 9—Ne

also in the case when the electrical strength does not have
time to recover, and the plasma channel (channels) burns
(burn) continuously.
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The discharge node is both a node for disinfecting
treatment and water purification, on the one hand, and a
source of all factors for such treatment, on the other hand.

Figure 7 (the delay time of the discharge in the gas
bubble is not taken into account) and Figure 5 (the delay
time of the discharge in the gas bubble is 4 ns) present the
results of computer simulation of the influence of the
delay time of the discharge in the gas bubble. We keep in
mind the influence of the delay time of such discharge on

circun

20m

.00} S TR,

—13.40

the amplitude of the voltage pulses at the discharge node
(according to the scheme in Fig. 1).

Computer simulation in Micro-Cap 10 shows that
there is the most rational time delay of the discharge in
the gas bubble with respect to the moment. At this
moment, the front of the falling voltage pulse arrives at
the discharge unit with a gas bubble at the output of a
long transmission line with water. This most rational time

is approximately 4-5 ns.

t, ns

=
A ) ()

Fig. 7. Dependence of pulsed voltages V(4), V(7), V(13) on time without taking into account the delay time of the discharge
in the gas bubble: initial sections of these pulses (7 = 72 ns, other values — as for Fig. 5)
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Let us estimate the capacitance C of the treated water
layer as the capacitance of the flat capacitor with the
effective square S of capacitor plates that is equal S = 10"* m*
and the thickness d of water layer d = 102 m:

C=¢e)S/d=81-8.85:10"%10%/107 = 6.9-10 * F.

In [4], we did not take into account the delay time of
the discharge in the discharge node of the disinfection
treatment, i.e. it was assumed that the discharge in the gas
bubble begins at the instant of arrival of the voltage pulse
at the discharge unit after a long line (with an electrical
length of 2 ns). The discharge delay time is the sum of the
statistical delay time during which an effective electron
appears in the discharge gap (effective electrons appear)
and the discharge formation time.

Let us estimate the discharge formation time using
the formula [15, p. 21]

7, = [1/(av)]In[i,d/(eNpv.)],

where 7, is the discharge formation time; a is the impact
ionization coefficient, which determines the number of
electrons created by the primary electron when passing a
distance of 1 cm in an electric field; v. is the drift velocity
of the electron avalanche; i, is the critical value of the
current in the discharge circuit, which is reached by the
current in the discharge circuit at the end of the discharge
formation time; d is the length of the discharge gap; e is
the electron charge; N, is the initial number of electrons
(initiating electrons) that initiate the development of
electron avalanches.

According to [15, p. 10] for air, the relation a/p =
= A(E/p-B)* is valid, where 4 = 1.17-10* cm-mmHg/V?,
B = 322 V/(ecmmmHg). So a = A(E/p-B)’p. In the
nanosecond range of characteristic pulse durations, one can
take £ = 100 kV/cm = 10° V/cm. Then, at p = 760 mmHg

a=A(E/p-B)’p =1.17-10*(10°/760-32.2)*-760 ~ 878 1/cm.

In addition, according to [15, p. 20-21] it is possible
to accept v = 107 cm/s, and at i,,, which is much smaller
than the current in the discharge circuit, the value
[id/(eNgv.)]~10%. From here we get In[i,d/(eNyv.)] =
~1n10° = 18.42:

7, = [1/(av.)]In[i.,d/(eNov.)] = [1/(878:10")]-18.42 = 2:10 s.

Thus, the estimated calculated value of the discharge
formation time was 7, = 2:10" s, i.e. 2 ns. The statistical

TIEo7n

delay time when voltage pulses with a steep edge (with a
rise rate of >10'* V/s) are applied to the discharge gap
does not exceed the value of the formation time.

To increase the voltage amplitude at the processing
node and on the water layer in this node, it is necessary to
reduce the load capacitance (capacity of the water layer in
the processing node) to 10 pF or less, increase the active
resistance of the water layer to 500 Q2 or more.

It is important to estimate the ratio of the voltage
across the entire discharge node (the voltage across the
discharge channels in the gas bubble plus the voltage across
the water layer) and the voltage directly across the water
layer. The gap in the gas bubble between the tip of the high-
voltage electrode and the interface with the water layer is
the terminal sharpening gas discharger in the discharge
channel(s) of which broadband radiation is formed and
active micro-particles are formed that disinfect water.

Computer simulation showed that for the one shown
in Fig. 1 of the circuit, close to the most rational delay
time 7 for the operation of the spark gap SW2 relative to
the moment of arrival of the front of the incident voltage
wave along the long line is equal 7'~ 4 ns. In this close to
optimal mode, the spark gap SW3 operates 70 ns after the
start of the transient process in the circuit in Fig. 1, and
the arrester SW2 fires 76 ns after the start of this transient
process. Taking into account the fact that between these
arresters there is a long line T1 with an electrical length of
2 ns, from the moment 72 ns of the arrival of the front of
the incident wave traveling along the long line TI,
another 4 ns passes to the arrester SW2 until the moment
of 76 ns of its operation. These four ns is the delay time
operation of the spark gap SW2, close to most rational.
With a smaller and longer delay time for the operation of
the spark gap SW2, the voltage amplitude V(7) at the
processing unit and at the water layer V(4) in the
treatment unit decreases with a practically unchanged
voltage amplitude V(13) immediately after the spark gap
SW3. In a mode close to optimal (see Fig. 4), the voltage
amplitude V(7) at the processing node exceeds the voltage
amplitude V(13) by 1.35 times, and the source voltage
V(1) is more than 2.7 times. At the same time, the voltage
amplitude V(7) on the entire processing unit slightly
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exceeds the voltage amplitude V(4) on the water layer.
This excess is the smaller, the lower the final resistance
R3 of the plasma channels (because of discharges) in the
gas bubble. Figure 5 illustrates the voltage versus time
dependences at three different points in the circuit (see
Fig. 1) for the case when we are considering one multi-
gap spark gap SW3, one long line T1, and one water
treatment unit. This unit comprises one discharge gap
SW2, and is electrically connected in series with it a layer
of water having a capacitance C4 = 3.3 pF and an active
resistance R2 = 1000 Q.

Voltage versus time for the case when three
identical multi-gap spark gaps connected in parallel are
used. Figure 8 illustrates the voltage versus time
dependences at the same three points [V(4), V(7), V(13)] of
the circuit (see Fig. 1), for which some results have already
been discussed above, for the case when three identical
multi-gap arresters connected in parallel in the experimental
setup. In the diagram (Fig. 1), these arresters are represented
as one resulting spark gap SW3, three identical long lines
with an electrical length of 2 ns, connected in parallel, and
are represented by the resulting long line T1 with a threefold
reduced wave resistance Z0 = 50 Q. In this case, three
water treatment units are also used, each consisting of one
discharge gap and a layer of water electrically connected
to it in series. These three identical processing nodes

143,

0.00

=400

V(13)

-B.00

T
u(13) (V)

O0n
w7) (W)
Fig. 8. Dependences of voltages V(4), V(7), V(13) on time according to the diagram in Fig. 1 for the case with three processing units.
In this case three identical multi-gap spark gaps (their common designation SW3) connected in parallel are used:
initial sections these pulses (7= 76 ns, R3 =12 Q, C4 = 10 pF, Z0 = 50 Q — wave resistance, L8 = 3.3 nH, R2 =333 Q, £, = 0.01 ns)

() (v)

The mode without taking into account the
restoration of the electrical strength of the discharge
gap in the gas bubble in comparison with the mode in
which the electrical strength of the gap is restored.
Figure 9 shows the results of computer simulation for the
operating mode of the experimental setup, when the
plasma channels after discharges do not disappear until
the next high-voltage pulse arrives, that is, the electric
strength of the gas gap in the gas bubble does not have
time to recover between two voltage pulses adjacent in
time. This mode corresponds to the operation of an
experimental setup with one processing unit, in which the
plasma channels in the gas bubble burn continuously, and

during modeling are combined into one node with the
resulting discharge gap SW2 and the resulting water layer
electrically connected to it in series, having a capacitance
C4 = 10 pF and active resistance R2 = 333 Q. At the same
time, some other elements of the circuit have values that
differ from those shown in Fig. 1, namely, C8 = C9 =3 pF,
L6 =L7=0.33 nH, L8§ =3.3 nH, R3 =12 Q. L8 and R3
are, respectively, the inductance and the calculated final
active resistance of the resulting discharge gap SW2.

Both Fig. 5 and Fig. 8 show that the front of the
pulses at points 4 and 7 is associated with the processes of
reflection from the discharge gap SW2 at the end of the
long line T1 and the path of voltage waves along the long
line T1. The time interval between adjacent voltage surges
caused by the reflection of voltage waves from the
discharge gap SW2 is 4 ns, i.e. is equal to the double time
of the wave travel along the line T1. On the oscillograms in
Fig. 5, the voltage front for pulses V(4) and V(7) is much
steeper than in Fig. 8, and is approximately 4 ns. In both of
these figures, the voltage amplitude at the discharge nodes
as a whole V(7) and at the water layer V(4) is greater than
the voltage amplitude immediately after the multi-gap
spark gap SW3. This was achieved by reducing the
calculated capacitance of the water layer C4 to a value of
10 pF or less and choosing a delay time of 4 ns (close to
optimal) for the operation of the spark gap SW2.

cirgutIv - - er

V(4

MU

t, ns
147 64n

one sharpening multi-gap spark gap SW3, the electrical
circuit of which is shown in Fig. 2. In this figure, the
spark gap SW2 is absent, since the plasma channels
(plasma channel) are well conducting, do not play the role
of a switch, the impedance of which varies from a value
much greater than the impedance of the discharge circuit
to a value much less than the impedance of the discharge
circuit. On Fig. 2 point number 7 in Fig. 1 has the number
12. As an estimate, we took both for the mode with the
restoration of the electric strength of the discharge gap in
the gas bubble, and for the mode without restoring its
electric strength, when using one processing unit. The
final (after the end of the transient) active resistance of the
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plasma channels (plasma channel) R3 = 35 Q, inductance
L8 =10 nH (see Fig. 2) in both these modes.

Comparison of the results of simulation of the regime
taking into account the restoration of the electrical strength
of the discharge gap in the gas bubble after each discharge
(the main mode) and the regime without taking into
account the restoration of the electrical strength of this
discharge gap (without the arrester SW2) shows the
following. The presence of the spark gap SW2, considering
the delay time of its operation, which is close to most
rational, takes place in the main mode. The amplitude of
voltage pulses, when taking into account the restoration of
electric strength, is greater by about 20 % (see Fig. 5 and
Fig. 9). The conditions for the reflection of a voltage wave,
taking into account the delay time of operation SW2 and
the restoration of the electric strength of the discharge gap
in the gas bubble, are closer to the conditions reflections
from the end of a long line (in our case, the T1 line) that is
open at the end. In addition, in the regime without taking
into account the restoration of the electrical strength of the
discharge gap in the gas bubble after each discharge, the

curves of the voltage pulses V(4), V(12), V(13) are very
similar to each other with a somewhat lower amplitude of
the voltage V(4) on the layer water. A feature of the regime
without taking into account the restoration of the electrical
strength of the discharge gap in the gas bubble is that the
plasma channels in the gas bubble burn continuously,
providing broadband continuous radiation, including
ultraviolet and even shorter wavelength. In this case,
energy is supplied to the discharge unit by nanosecond
pulses with a certain repetition rate. The energy supply to
the discharge unit by nanosecond pulses is provided by a
high-voltage capacitive storage with a capacity of C5 = 150
pF and a multi-gap spark gap SW3, the dielectric strength
of which is restored much faster than that of SW2. The
maximum repetition rate of pulses to the processing unit is
determined by the minimum possible recovery time for the
electrical strength of the spark gap SW3. If the pulse
repetition rate exceeds the maximum, the electrical strength
of the spark gap SW3 will not be restored, and the real
experimental setup will go into emergency short circuit
mode, which is unacceptable.

210 circuit 1 2cir
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Fig. 9. Dependences of voltages V(4), V(12), V(13) on time in the mode without taking into account the restoration of the electrical
strength of the discharge gap in the gas bubble (according to the scheme in Fig. 2). This is the case with one processing unit:
the initial sections of these pulses (the arrester SW2 is replaced by a segment of the conductor, so the parameter 7 is absent.

The remaining values correspond to the values in Fig. 4)

Influence of the capacitance value of the water
layer on the voltage amplitude at the processing unit.
Figure 7 and Fig. 10 show that with an increase in the
capacitance of the C4 water layer from C4 = 3.3 pF (Fig. 7)
to C4 = 50 pF (Fig. 10) the voltage amplitude at the
processing unit V(7) and at the water layer V(4) becomes
significantly less than the voltage amplitude V(13) after the
spark gap SW3. In this case, the voltage amplitude V(13)

064
000F

N\~

practically does not change. Our calculations show the next
thing. When we are using an experimental setup, in order
for the amplitude of the voltage pulses at the processing
unit and on the water layer to be no less than the amplitude
of the voltage pulses directly after the spark gap SW3, the
capacitance of the water layer C4 should not exceed 20 pF.
Figure 1 demonstrates the electrical circuit of this setup for
computer simulation in Micro-Cap 10.
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Fig. 10. Dependences of voltages V(4), V(7), V(13) on time according to the scheme in Fig. 1. This is the case with one processing unit and
increased capacity C4 of the water layer C4 = 50 pF: initial segments of these pulses (7= 72 ns , C4 = 50 pF, other values as in Fig. 5.)
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To illustrate the effect of the capacitance C4 of the
water layer on the voltage amplitude at the processing
unit, the results of simulation were taken without taking
into account the delay time of the discharge in the spark
gap SW2, since it is this simulation option that was
considered in our work [13]. When taking into account
the delay time of the discharge in the spark gap SW2
(delay in the operation of the spark gap SW2), an increase
in the capacitance C4 of the water layer also leads to a
decrease in the voltage amplitude at the processing unit,
although the effect of this increase is reduced.

Conclusions. To increase the voltage amplitude at the
processing node and on the water layer in this node, it is
necessary to reduce the load capacitance (capacity of the
water layer in the processing node) to 10 pF or less,
increase the active resistance of the water layer to 500 Q or
more. The maximum step in computer simulation of the
process of discharging a generator of high-voltage
nanosecond pulses to an RLC load with a discharge gap
should not exceed 0.01 ns. The most rational delay time for
the operation of the discharger, which is the gap in the gas
bubble inside the water, under the conditions considered by
us is 4-5 ns. It is at this delay time that the amplitude of
voltage pulses at the node of disinfecting water treatment
and at the layer of treated water is maximum, other things
being equal. This amplitude of voltage pulses exceeds by
about 1.35 times the voltage amplitude immediately after
the main high-voltage discharger, which commutates
energy from the high-voltage capacitive storage to the
processing node through long line filled with water.
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Modeling and analysis of electro-thermal processes in installations for induction heat
treatment of aluminum cores of power cables

Introduction. The development of the electric power industry is directly related to the improvement of cable lines. Cable lines meet
modern requirements for reliability, they are increasingly used. Problem. Currently, power cables with an aluminum multi-conductor
core, which requires heat treatment - an annealing process at the stage of the technological manufacturing process, are widespread.
This process makes it possible to desirably reduce the electrical resistance of the wire and increase its flexibility. For effective use of
induction heating during annealing of an aluminum core, it is necessary to determine the optimal frequency of the power source of the
inductor. Considering the long length of the inductor and the large number of its turns, the numerical calculation of the electromagnetic
field, which is necessary for calculating the equivalent electrical parameters of the turns of the inductor and its efficiency, requires
significant computer resources. The goal is to develop a computer model for calculating electro-thermal processes in an induction plant
for heating (up to the annealing temperature) an aluminum core of a power cable moving in the magnetic field of a long multi-turn
inductor, as well as obtaining frequency dependences of the equivalent R, L parameters of such an inductor and determining the optimal
the value of the frequency of the power source, which corresponds to the maximum value of the electrical efficiency of the inductor.
Methodology. The mathematical model was developed to analyze the coupled electromagnetic and thermal processes occurring in a
core moving in a time-harmonic magnetic field of an inductor at a constant speed. The differential equations for the electromagnetic and
temperature fields, taking into account the boundary conditions, represent a coupled electro-thermal problem that was solved
numerically by the finite element method using the Comsol sofiware package. For a detailed analysis of the electromagnetic processes in
the inductor, an additional problem was considered at the level of the elementary cell, which includes one turn of the inductor and a
fragment of the core located near this turn. Results. According to the results of the calculation of the electromagnetic field in the area of
the elementary cell, the equivalent electrical parameters of one turn of the inductor and the entire multi-turn inductor were calculated
depending on the frequency of the electric current. The frequency dependences of the electrical efficiency of the inductor were
calculated. Originality. Taking into account the design features of the inductor (its long length and large number of turns), the
method of multiscale modeling was used. Electro-thermal processes in the core were studied at the macro level, and the distribution
of the electromagnetic field and electric current density in the cross-section of the massive copper turn of the inductor was calculated
at the micro level — at the level of an elementary cell containing only one turn of the inductor. The frequency dependences of the
equivalent R, L parameters of the inductor, taking into account the skin effect, the proximity effect, and the geometric effect, were
obtained, and the quantitative influence of the electric current frequency on these effects was studied. Practical value. The dependence
of the electrical efficiency of the inductor on the frequency of the power source was obtained and it was shown that for effective heating
of an aluminum core with a diameter of 28 mm, the optimal value of the frequency is in the range of 1-2 kHz, and at the same time the
electrical efficiency reaches values of 1;,; = 0.3—0.33, respectively. References 31, figures 10, table 1.

Key words: electromagnetic processes, induction heat treatment, aluminum conductive core, power cables, multiscale
modeling, current frequency, inductor efficiency.

YV pobomi Ooocniodceno enexmpomaznimmui ma mennosi npoyecu 8 YCmamo8Kax IHOYKYIIHO20 HASPIBAHHS ANIOMIHIEBOT JHCUTU CUTOBUX
Kabenie ma ymoeu peanizayii mexwonoeit it eionamosanns. Ilpu mamemamuuHomMy MOOenO8AHHI 6KA3AHUX NPOYECI8 YPAXO8AHO MAKI
KOHCIPYKMUBHI 0COONUBOCE THOYKMOPA, SIK 1020 3HAYHA O08MICUHA | GIONOBIOHO GeNUKA KIIbKICMb 1020 GUMKIE, WO GUKIUKALO
HeoOXIOHICIb BUKOPUCIAMU MEMOO MYIbIMUMACUMAOH020 MoOenio8ants. 1Ipu ybomy Ha MAKPOPIGHI pO3paxosyeanucy eleKmpomeniosi
npoyecu 8 JHCUli, Wo pyxanace y MAaeHiMHOMY NOi IHOYKMOPA, a HA MIKpOPieHi (MoOmo Ha pieHi eneMeHmapHoi KOMIPKUY, Wo MA€ auuie
00uH BUMOK HOYKMOPA) BU3HAYABCS PO3NOOIN eNeKMPOMAZHIMHO20 NONSL MA 2YCIMUHU eleKMPUYHO20 CIPYMY 8 nepepizi MacusHo20
MIOHO20 8UMKA THOYKMOPA 3 YPAXy8aHHAM ocobaugocmell 1io2o KoHcmpykyii. Ha 0box pienax y pobomi 6UKOpUcmos8y8ascs yucenbHull
MemooO CKiHYeHHUX enemenmis, peanizosanuti 8 naxkemi npoepam Comsol. 3a pesynemamamu po3apaxyHKy eieKmpoMacHimHo2o nos Ha
DI6HI eneMeHmapHoi KOMIPKY, OMPUMAHO 4acmomui 3anedqcHocmi exgisanenmuux R, L napamempie indykmopa i3 ypaxyeaHHam CKiH-
eexmy, egpexmy Onuzbkocmi ma ceomempuuno2o egexmy. HocaiodiceHo KilbKiCHUL 6NnAU8 4acmomu eneKmpuyHo2o Cmpymy Ha yi
echexkmu ma ompumano 3anedxcricmo enexmpuunozo KKJJ inoykmopa 6i0 uacmomu Odcepena enexmpoocusienns. Ilokasano, wo ons
ehexmu6Ho20 HASPIBAHHS AIOMIHIEGOT Hcunu Oiamempom 28 MM ONMUMAIbHE 3HAYEHHS, YaCmOomu 3Haxooumscs 6 dianazouni 1-2 kl'y, 6
sxomy enexmpuunuti KK/ mooice docsicamu snavens 1, = 0,3—0,33. bion. 31, puc. 10, Ta6mn. 1.

Kniouosi cnosa: esekTpoMarHiTHi npouecu, iHaykuiiiHa TepmMoo0podka, anoMiHi€eBa CTPyMONPOBiAHA KUJIa, CUJIOBI Kalei,
MYJbTHMACIITA0HE MOJeTI0BaHHS, yacToTa cTpymy, KK/l innykropa.

Introduction. For a long time, innovative research
and development in the domestic electric power industry
was aimed at the development of decentralized local
Microgrid electrical systems [1-4], which use dynamic
regulation of the power balance of distributed sources of
electricity in conditions of non-stationary consumption by
industrial and residential complexes and objects without
taking into account electrophysical features of structural
elements of cable and conductor products of overhead [5]
and cable power transmission lines (PTLs) [6-8].

In the 21st century, the industrialized countries of
the world began to use self-supporting insulated wires

(SIWs) with a reinforced current-conducting core made of
electrotechnical alloys of the «TA» brand (hard
aluminum) and nanomodified («cross-linked»)
polyethylene (LPE) insulation in overhead power lines. In
Ukraine, YUZHCABLE WORKS, PJSC, Kharkiv,
Ukraine was the first to master the industrial production
of SIWs [5]. Their implementation in single-phase and
three-phase PTLs with voltage of up to 1 kV made it
possible to twist phase and neutral wires into one bundle,
which reduced the running inductance and voltage drop
several times. The land acquisition area for the
construction of PTLs has significantly decreased, and
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their repair and maintenance has been simplified. In such
PTLs, short circuits do not occur during bad weather and
other external influences, which increased the safety and
reliability of power supply systems of responsible energy
consumers [5]. A significant reduction in the inductance
of overhead PTLs with SIWs even led to the appearance
of studies on the feasibility of using capacitive reactive
power compensators in them [9].

YUZHCABLE WORKS, PJSC also mastered the
serial production of innovative domestic power cables
with three-layer LPE insulation and mainly aluminum
core, which ensured the intensive development of the
construction and use of underground cable PTLs in
Ukraine with voltage of up to 330 kV and power of
hundreds to thousands MV A, which are more reliable and
protected from any external influences [7] than overhead
PTLs even with SIWs [5]. Moreover, in the production of
current-conducting cores of cables, alloys of the «TA»
brand are also mostly used.

However, the problem of speeding up work on
restoration of power supply of critical infrastructure
objects using undamaged cable channels and trays is
currently intensifying in Ukraine, for the solution of
which it is desirable to use cables with a core of increased
plasticity and current conductivity.

Modern power cables with LPE insulation and
multi-wire copper core have the highest plasticity and
specific electrical conductivity [10—12]. Such cables are
used in power systems of many countries of the world.
But the lack of own copper deposits in Ukraine and the
high price of its import limit the possibility of its wide use
in the domestic electric power industry.

In our country, power cables with a copper current-
conducting core are mainly used in pulse electrical
engineering, in particular in the discharge circuits of
linear [13] and nonlinear [14] capacitive electricity
storage devices of electric discharge units for the
implementation of pulse spark plasma processes of
obtaining micro- and nanopowders with unique properties
[15, 16]. To reduce the inductance of such circuits and
obtain high dynamic parameters in them, the reverse pulse
current can flow through the copper screen of the cables,
that is, ordinary power cables can be used as coaxial.

In the electric power industry of Ukraine, modern power
cables with LPE insulation and twisted and compacted
aluminum multi-wire core are mostly used [7, 17]. To
improve the plasticity and specific conductivity of such a
wire, it must be «annealed», that is, subjected to a special
heat treatment at temperature of about 420 °C for certain
time, and then slowly cooled to bring the structure of
aluminum products closer to an equilibrium state [18].

The practical and economic efficiency of using the
«annealing» technology to improve the operational
characteristics of aluminum conductive cores has already
been confirmed by the authors of the article earlier when
implementing the technology of passive heating of an
aluminum core wound on a metal drum. Its passive
heating was carried out from electric heaters located
together with the core in a common thermal chamber.
Currently, this technology of «annealing» of the
aluminum core is used at YUZHCABLE WORKS, PJSC
in the technological lines of serial production of modern

low-voltage cables with aluminum core of increased
plasticity and electrical conductivity.

However, in the technological lines of industrial
production of modern domestic power cables for medium
and high voltages, induction heating to 60-95 °C of the
surface of the moving aluminum core of the cables with
high-frequency current is already used to improve the
quality of applying three-layer LPE insulation to it [7].
Therefore, it was important to evaluate the effectiveness
of using induction units in such lines not only for
relatively low-temperature heat treatment of the surface of
aluminum cores, but also for increasing their plasticity
and specific current conductivity.

In this work, a multi-turn inductor of small diameter
(comparable to the diameter of the cable core) and
relatively long (= 2 m) was investigated, in the harmonic
magnetic field of which the cable core was moving. The
electrical parameters of the inductor and the high-
frequency power source were chosen in such a way that
the core temperature at the output reached 420 °C.

Various modes of induction heat treatment of
conductive materials and products were studied in
numerous scientific publications [19-27]. In particular, in
the publication of scientists of the world manufacturer of
modern cable and wire heating systems Inductotherm
Group Company [22], innovative inductor systems for
simultaneous effective heating of single-conductor and
multi-conductor cores of cables with justification for
choosing the optimal frequency were investigated. The
possibility of induction heating of conductors with
diameter of 1.27 to 15.75 mm at power source frequency
of 10 to 800 kHz is considered.

The article [23] shows ways to optimize induction
heating using two types of inductors — flat and solenoid
based on litz conductors. The optimal frequency for
obtaining the maximum electrical efficiency was
determined. It is shown that with fixed geometry and
other system parameters, the efficiency of induction
heating depends on the volume of copper in the windings.
Experimental verification of the obtained results was
carried out.

In [24], a transient electromagnetic-thermal model of
induction heating of ferromagnetic materials was solved,
taking into account their nonlinear dependencies (in
particular, B(H, 7)) and using the Finite Element Method.
The multiphysics modeling strategy consisted in the fact
that the electromagnetic problem was solved for fixed
isothermal temperature fields, and the thermal problem was
solved for the fixed heat of the heating source. The results
of computer modeling of a ferromagnetic sample in
a cylindrical inductor (with internal diameter of 50 mm and
5 turns) were confirmed by experimental studies of
induction heating of material samples at three heating rates.

In the publication [25], the authors, using the Finite
Element Method, conducted multiphysics modeling and
experimental verification of the temperature distribution
depending on the current frequency of the induction
heater. A feature of the work is the manufacture of an
inductor from a wire of the Litzendrat type and the use of
relatively high frequencies from 15 to 25 kHz.

In [26], a study was conducted on the influence of
the power of the induction heater, the feed rate, and the
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diameter of the AISI 4140 steel sample on the
temperature distribution in the samples depending on the
diameter (7 mm, 14 mm, 21 mm, and 28 mm). An
inductor in the form of a spiral coil with internal diameter
of 5.8 cm was used, which heats the test sample in the
temperature range from 492 °C to 746 °C. Two stages of
heating are implemented — the first stage with
ferromagnetic properties of the sample, and the second
stage, when due to exceeding the Curie temperature, the
sample becomes paramagnetic.

In the publication [27], the authors experimentally
investigated the temperature distribution, heating rate,
overheating, and temperature fluctuations of a
commercial rod made of aluminum alloy 6061 with
diameter of 10 mm and length of 1.5 m, with an analysis
of the influence of heat treatment modes on the
mechanical properties of the alloy. It is shown that the
sample after induction heating to temperature of 560 °C
has better mechanical properties compared to the sample
heated in a conventional electric furnace.

One of the most important parameters of the
efficiency of induction heating is the frequency of the
power supply current of the inductor, at which its electrical
efficiency reaches its maximum value. This frequency
depends on many factors — the cross-sectional dimensions
of the inductor turns, its overall dimensions and the air gap
between the inductor and the core, as well as the material of
the current-conducting core of the cables, its dimensions
and other characteristic parameters. Considering the long
length of such an inductor and, accordingly, the large
number of turns (~ 100), the numerical calculation of the
electromagnetic field and efficiency based on it, taking into
account the geometric dimensions of the massive turns of
the inductor in such a structure and the inhomogeneity of
the electric current distribution in their volume, requires
significant computer resources.

Features of simplifying computer calculations of the
electromagnetic field and determining the efficiency in
such systems were not considered in the above

Power source

Boundary of the calculation area

publications. In this article, to simplify calculations, the
method of multiscale modeling [28-30] is used, which is
based on the concept of an elementary cell containing
only one inductor turn and a small core fragment located
near this turn. At the same time, the action of the end
effects in the inductor was not taken into account, because
with its long length, they have a weak effect on the
integral electromagnetic characteristics and the final value
of the core temperature at the output of the inductor.

Thus, according to the multiscale modeling
approach, the field problem was considered in the area of
an elementary cell containing only one massive inductor
turn and a core fragment. The equivalent R, L parameters
of this cell were calculated as a function of the frequency
of the power source, and then these results, by
periodically repeating this cell, were transferred to the
entire design of the inductor of the electro-induction
heating installation.

The goal of the article is to develop, based on the
method of multiscale modeling, a computer model for the
analysis of electro-thermal processes in an induction plant
for heating a moving aluminum core of a power cable to
quantitatively assess the effectiveness of using such plants
in existing industrial technological lines for the
production of modern cables to increase the plasticity and
specific conductivity of their aluminum cores.

One of the most important tasks was to obtain the
frequency dependencies of the equivalent R, L parameters
of such an inductor, taking into account the irregular
distribution of electric current across its cross-section, and
using them to determine the optimal frequency of the
power source, which corresponds to the maximum value
of the electrical efficiency of the inductor.

Research is aimed at assessing the possibility of
achieving the goal in the industrial technological line of
continuous application of modern three-layer cross-linked
polyethylene insulation on the moving aluminum core of
cables with voltage of up to 110 kV, which is serially
manufactured by YUZHCABLE WORKS, PJSC.

Mathematical model
of analysis of coupled
electromagnetic and
thermal processes.
Figure 1 schematically
shows the physical model
of  the investigated
installation, which
includes a relatively long

water-cooled  multi-turn

Fig. 1. Scheme of the physical model of the investigated installation for induction heating
of the aluminum core of a power cable moving at constant speed v

inductor and an aluminum
core of a power cable
moving at constant speed v
in the harmonic magnetic
field of the inductor. When
the inductor is connected
to a power or high-
frequency power source,
induced electric currents
arise in the core, and as a
result of Joule heat release,
it is heated.
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A mathematical model for the analysis of coupled
electromagnetic and thermal processes was constructed in
the following approximation:

1. The consideration of the electromagnetic process
was carried out in a steady state in the frequency domain,
when all field characteristics are complex quantities. The
thermal process was considered in the stationary mode.

2. In practice, the inductor is made of a copper tube
and has a complex structure, which is conventionally
shown in Fig. 1. However, at the first stage, when the
main attention is paid to the thermal process in the core,
the inductor can be considered as a multi-turn coil with

given average electric current density J; =1I;N;/S; ,

where [;N; is the MMF of the inductor, and S; is its cross-

sectional area. In this expression and below, complex
quantities are indicated by a dot above.

3. The heated core is made of aluminum, is multi-wire
and sealed. Its appearance and cross-section are shown in
Fig. 1. The compaction coefficient reaches 0.96 and, as a
result, it was considered solid in the calculations. Here,
nonlinear dependencies of electrical conductivity, thermal
conductivity, and specific heat capacity of its material on
temperature were taken into account.

4. Taking into account the approximately cylindrical
shape of the inductor and the core located symmetrically
relative to the inductor, the problem was considered as
axisymmetric, in a 2D formulation in the cylindrical
coordinate system r0z relative to the complex variable —

the magnetic vector potential A (r, z), as well as the
temperature 7(7, z) in the calculation area shown in Fig. 1.

This area contains three subareas — the inductor, the
aluminum core, and the air surrounding these elements.
The mathematical model that described the coupled
electromagnetic and thermal processes included the
formulation of electromagnetic and thermal problems,
which are presented below.

The electromagnetic process was described by a
system of differential equations for the complex value of

the magnetic vector potential A:
Jjoo(T) Ap+ yo‘lv x(Vx Ap) =0, in the area of the core, (1)
I;N; /S;,in thearea of theinductor,

0, in air,

uo_lVX(VxArpF{ @
where o(7) is the electrical conductivity of the core,
which depends on the temperature, « is the angular
frequency of the current in the inductor, uo is the
magnetic constant.

As boundary conditions for the electromagnetic
problem, the condition of symmetry with respect to the
axis 7 = 0 and the condition of magnetic insulation on the
outer boundary were set:

Aglc =0. 3)

The coupling between the electromagnetic problem
and the thermal problem was carried out with the help of
two quantities — he Joule heat release in the core ¢ and the
nonlinear dependence of the electrical conductivity of the
core o(T).

The thermal problem for the unknown temperature
distribution 7 included the following differential equation

of heat transfer due to the mechanisms of heat conduction
and convection:

g,1n the area

C (Tyu-VT-v-((r)wT)=°f hecore,
ua _— . =
PEp 0,in other elements

of the area,

where p, C,, A are the temperature-dependent density,

specific heat capacity, and thermal conductivity of the

material of the corresponding environment; # = (0, v) is

the speed of movement of the core; ¢ is the specific power

of the heat source due to the induction heating of the core
by the induced currents. It was defined as
O

g4=—-=@ o(dp-4, ), (5)

where J =— jwaf% is the effective value of the induced

current density; A; is the complex-conjugate magnitude

of the magnetic vector potential.

The following were taken as boundary conditions for
the thermal problem:

e on the axis of symmetry » = 0 — symmetry condition;

¢ on the outer boundary of the calculation area, as well
as on the inlet (in the direction of movement) boundary of
the core, the temperature is equal to the ambient
temperature 7 = T;

e only convective heat transfer was set at the outlet
boundary of the core;

e at the boundaries of the inductor, the temperature
was assumed to be constant and equal to 70 °C, which is
due to the presence of water cooling of the inductor turns.

The differential equations for the electromagnetic
field (1), (2) and the temperature field (4) taking into
account the specified boundary conditions represented a
coupled electro-thermal problem that was solved
numerically by the Finite Element Method using the
Comsol software package [31]. The temperature
dependencies of the values p(7), C,(T), A(T) for the
aluminum core was set according to the data of the
material library of this code.

Analysis of the results of the calculation of the
electro-thermal problem. The following parameter
values were used in the calculations. The dimensions of
the calculation area are 4.5 x 0.2 m. The length of the
inductor is 2 m, the inner diameter is 40 mm, the number
of turns N; = 50. The current in the inductor was chosen
on the condition that the core temperature at the exit from
the inductor is approximately equal to the annealing
temperature for aluminum 7,, = 400-430 °C, the current
frequency in the inductor varied from 50 to 5000 Hz. The
diameter of the core is 28 mm, the speed of its movement
is v= 0.5 m/min. Ambient air temperature 7, = 20 °C.

Isolines of the magnetic vector potential A (r, z) and
in the

calculation area at current frequency of 50 Hz are shown in
Fig. 2,a. The magnetic field is concentrated in the skin layer,

the distribution of magnetic flux density ‘B‘
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which at frequency of 50 Hz is J = \/1/(#fugo) = 15 mm.

Hence, Joule losses were allocated almost throughout the
entire volume of the core, which led to its uniform heating
throughout the thickness.

The temperature distribution in the calculation area
is shown in Fig. 2,b, and in Fig. 2,c — temperature
distribution along the z axis on the axis of symmetry
(lower curve) and on the surface of the core (upper curve)
at current frequency of 50 Hz.

m 0 1 5

0 1 = 5 4 0.1 §350
——, 0 300
| H 250
\ e -0.2 200
150
100
50
b
7.C
400
350
300
250
200 |
150 |
100
50 |
0 ] 2 3 4 [, m

c
Fig. 2. Isolines of magnetic vector potential and distribution of
magnetic flux density in the calculation area at current
frequency of 50 Hz (a); temperature distribution in the
calculation area (b); temperature distribution along the z axis on
the axis of symmetry (lower curve) and on the surface of the
core (upper curve) at current frequency of 50 Hz (c)

As can be seen from the results of the calculation,
the temperature is regularly distributed along the depth of
the core due to the small diameter of the core. Also, the
temperature increases in the section «input — output from
the inductor» according to a linear law, reaching the
required annealing temperature 420 °C at the output.

The spatial distribution of the temperature at the
output of the inductor is shown on a larger scale in Fig. 3.
It should be noted that after leaving the inductor zone, the
temperature distribution along the depth of the core does
not become more uniform due to the cooling of the
surface areas of the core.

400
350
300
250
200
150
100

50

Inductor

0 004 008 0.1 m
Fig. 3. Temperature distribution at the output from the inductor

To quantify the degree of irregular heating of the
core along its depth, we can use the coefficient of
temperature irregularity:

_ (Tmax_Tmin) 100, (6)
OsS(Tmax + Tmin)

where Tax, Tmin are, respectively, the maximum and

minimum temperature in the radial section of the core at

the exit from the inductor. For the studied case according

to Fig. 2,c, the value of k7= 1.6 %.

Electromagnetic problem at the level of an
elementary cell — at the micro level. The electro-thermal
problem discussed above does not allow for a detailed
analysis of electromagnetic processes in the inductor due
to its relatively large length — the length/diameter ratio
is 50. For such an analysis, an additional problem at the
level of the elementary cell was further considered.

Figure 4 shows the structure of the inductor, which
consists of massive copper coils made of a copper tube,
which are cooled by a liquid pumped in this tube. Due to
the long length of the inductor and the presence of a
significant number of turns in its structure, an
elementary cell was isolated, which included one turn of
the inductor and a fragment of a core located near this
turn (it is shown in Fig. 4 by a dotted line).

kr

Elementary cell

14 mm
.l_,_ :

Fig. 4. Structure of a multi-turn inductor with a selected elementary cell

At the same time, it was assumed that the entire
structure of the problem can be obtained by periodically
repeating this cell along the z axis, and the total number of

such cells is equal to the number of turns of the inductor
N,. Here, the action of the end effects in the inductor was
not taken into account, however, with its long length,
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these effects have a weak influence on the integral
characteristics, and accordingly on the final value of the
core temperature at the output of the inductor.

The dimensions of the inductor turns adopted in the
calculations are shown in Fig. 4. It was assumed that all
turns of the inductor are connected in series, and also that
the core temperature in the cell region was equal to the
average core temperature along its length of 220 °C.

Mathematical model of the electromagnetic problem
in the area of the elementary cell in the approximation
that the wire is stationary (the approximation of a small
value of the magnetic Reynolds number) and assuming
the validity of the axisymmetrical formulation has the
following form:

e in the are of the core —

Jjoo (T) Ap+ pty 'V x(Vx 4p) =0 (7)
e in the area of the inductor turn —

turn

. _ . U
Jjoo Ap+ 1y WV x(Vx Ap)=0—"7;
2mr

o U : ®)
[JdS = iym, J = (1~ jod);
s 2mr

turn

e in air —
Ho VX (VxAp)=0, ©)

where Uy, is the unknown voltage in the cross-section
of the coil, which is calculated together with the magnetic
vector potential A at given value of the electric current in

the coil 1;,, . Since all turns of the inductor are

connected in series, this current is equal to the current of
the inductor /; , which is considered set.

The following boundary conditions were set for the
electromagnetic problem (7)—(9): the symmetry condition
with respect to the axis » = 0 at the boundary G; (see
Fig. 4), the condition of even symmetry at the lateral
boundaries G,, G;, and the condition of magnetic
insulation at the outer boundary G, — A}/,\G4 =0.

Figure 5 shows the distribution of the magnetic field
|B|, T (left) and the electric current density |J |, A/m’

(right) calculated in the Comsol code, in the cross-section
of the elementary cell at different electric current
frequency f. The current in the inductor coil was assumed
tobe 1 A.

The following effects can be seen from the presented
figures:

e skin effect, when the magnetic field and electric
current are displaced onto the surface of the conductor;

e proximity effect, when the presence of neighboring
turns reduces the current on the side faces of the turn
belonging to the cell;

e geometric effect, when due to the cylindrical
structure of the coil, the electric current increases on its
inner surface and decreases on its outer surface. Figure 5
shows how the manifestation of these effects increases
with increasing frequency.

f=50 Hz
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Fig. 5. Distributions of magnetic field (left) and density
of electric current (right) in a cross-section of an elementary
cells at the frequency of electric current:

50 Hz (a); 1000 Hz (b); 5000 Hz (c)

The distribution of the magnetic field in the inductor
of a long length, which is studied in this problem, can be
obtained by periodically repeating the pattern of the
magnetic field for the cell — such patterns are shown in
Fig. 6 for three values of the frequency of the power
source. Note that this distribution will be valid for the
internal areas of the inductor and will differ from the
distribution in its end zones. But the use of such an
approach, based on the calculation of the elementary cell
field, allows to significantly simplify the problem of
calculating the electromagnetic processes of long
inductors, which is used in the task of induction heating
of a power cable core.
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Fig. 6. Magnetic field distributions in inductor of large
length at the frequency of electric current:
50 Hz (a); 1000 Hz (b); 5000 Hz (c)

Calculation of equivalent electrical parameters of
one turn and multi-turn inductor as a whole. According
to the results of the calculation of the electromagnetic field
in the area of the elementary cell, the equivalent electrical
parameters of one turn of the inductor as an element of this
cell should be calculated depending on the frequency of the
electric current. Here, the work uses a sequential replacing
circuit of the turn (Fig. 7,a4) and the multi-turn inductor as a
whole (Fig. 7,b).

R!;rd ((‘0) L' ((’0)

eq

: R, ()

core

a

Ry @N L. (@)N

# R, (N

core

b
Fig. 7. Serial replacement circuits of: one turn (a);
multi-turn inductor as a whole ()

The replacing circuit of the multi-turn inductor with
the number of turns N; has the same structure as the circuit

for the cell in Fig. 7,4, only the values of all parameters are
multiplied by this number of turns N; (Fig. 7,b).

These circuits contain the active resistance of the
coil Rj,;(®), the active resistance of the core fragment

Riore(w) and the equivalent inductance L, (@), where

o = 27f is the angular frequency of the electric current.
Marking these elements with a dash means that they
belong to one turn of the inductor.

The following expressions were used to calculate the
frequency dependencies of these parameters:

, 1 ¢ JJ
Ripg (@) =— j . 2mds, (10)
[i Sturn e
, 1 ¢ JJ
Rigre@)=— [ ==2mds, (11)
Il SCOV@ O-
1 ..
Léq(a)):l—z jBH*zmdS, (12)

! Scell
where Su, Seores Sce are, respectively, the surface of the
turn, core and elementary cell.
Figure 8 shows the calculated frequency
dependencies of these elementary cell parameters. The
following can be concluded from them.

r '
Rmd ’ R

core

x10°, Ohm

i f, Hz

0 1)<1IJ3 2)!:103 :’,xll:l3 4><1E|3 .’)XIDJ 6)(103 7)(103 8):1039:(103 l)(ll]4

a

' 8
L, x10%H

f,Hz
0 1x10 *2x10*3x10 T ax10 sx10 7 6x10% 7x10 ¥ 8x 10910 % 1x 10
b
Fig. 8. Frequency dependencies of the parameters of the
elementary cell: the active resistance of the turn R}, ;(w)

and the core fragment R/, (@) (a); the equivalent inductance
L, (@) ()

The equivalent resistance of the core at low
frequency (< 50 Hz) approaches a small (zero) value,

!

while the resistance of the winding R}, ,;(w) approaches
the resistance at direct current.
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Both resistances increase with increasing frequency
and allow to calculate the electrical efficiency of the
inductor as the ratio of losses in the core to the total losses
—in the core and in the inductor.

The equivalent inductance of the cell decreases with the
greatest speed in the frequency range of 50 Hz — 1000 Hz,
when the magnetic field is intensively displaced into the
air gap.

At higher frequencies, the inductance is caused
mainly by the magnetic field in this gap and its decrease
is significantly slowed down.

The use of the multi-turn inductor replacement
circuit (Fig. 7,b) allows, using the electrical circuit for the
high-frequency power source, to calculate the electrical
processes in the installation for induction heating of the
core at different power source frequencies.

Knowing the dependence of the equivalent active
resistances of the turn and core on the frequency, it is
possible to calculate the electrical efficiency of the
inductor using the expression

- Ré‘ore(a),) . (13)
Rcore(a)) +Ripg (@)

The results of calculating the efficiency of the

inductor as a function of the frequency of the power

source obtained using the calculated active resistances
shown in Fig. 8 are presented in Fig. 9 with a solid curve.

ni(w) =

Nind

0.1

1, Hz
0 1x10° 2x10° 3x107 4x10” 5x10°7 6x107 7x107 8x107 9x10% 110 *
Fig. 9. Frequency dependence of the inductor efficiency as a
result of the calculation for the elementary cell (solid curve) and
for the inductor as a whole (marks m)

1]

It can be seen from this figure that the efficiency of
heating the core at the power frequency is quite low, the
electrical efficiency is equal to #;,;, = 0.028. The optimal
value of the frequency is 1-2 kHz and at the same time
the electrical efficiency is #;,s = 0.3-0.33, respectively.

Although the electrical efficiency increases slightly
with further frequency increase, losses in the
semiconductor elements of the power source also
increase, and therefore recommendations for increasing
the frequency /> 2000 Hz require additional research.

The results of the calculation of the temperature
field in the core at the optimal frequency of 1000 Hz
show a uniform temperature distribution along the depth
of the core at the exit from the inductor — the coefficient
of temperature irregularity k7 = 2 %.

To verify the proposed computer model, built on the
basis of the multi-scale modeling method, a 2D
calculation of the electromagnetic problem was carried
out for the entire calculation area, which includes a multi-
turn inductor with massive turns, an aluminum core and

an air region in a generally accepted way. The resulting
distribution of the lines of force of the magnetic field in
the calculation area for current frequency of 1000 Hz is
shown in Fig. 10.

Fig. 10. Distribution of lines of force of the magnetic field in the
cross-section of a multi-turn inductor at frequency of 1000 Hz

According to the results of the calculation, the total
losses in the inductor and in the core were determined,
and on their basis the electrical efficiency of the inductor
niw) was calculated. The results of these calculations are
shown in Fig. 9 with marks m. A comparison of the results
of calculations obtained using the elementary cell (solid
curve) and when considering the inductor as a whole
(shown by the mark m) demonstrates the consistency of
these results. At the same time, in order for calculation
using the generally accepted method of the problem, the
results of which are presented in Fig. 10, much more
computer resources are required, and this is a feature of
the calculation of relatively long inductors used in the
technological processes of manufacturing current-
conducting cores of power cables.

Table 1 shows the results of an experimental study
of the characteristics of aluminum wire used at
YUZHCABLE WORKS, PJSC in the manufacture of a
conductive core, before and after the annealing process,
realized by heating with electrodes in a special chamber
with further exposure in a thermostat.

Table 1
Results of an experimental study of the characteristics of
aluminum wire

Material — an Tear Relative Spec1ﬁc electnial
aluminum core remstar;ce, clongation, % resistance at 20 °C,
N/m ? Qm
Before 177,9 2,0 2,80-10°
annealing
After annealing 87,6 38 2,77-10°*

Increasing the plasticity of the aluminum core of
power cables makes it possible to significantly speed up
work on the restoration of PTLs of Ukraine in the war and
post-war periods with the use of undamaged cable channels
and trays and to increase the reliability of power supply
systems of domestic critical infrastructure facilities.

Increasing the specific electrical conductivity of the
aluminum core of cables additionally allows either to reduce
its cross-section, and accordingly the volume of all active
materials in the construction of power cables, or to
additionally increase the reliability of power supply systems.

The results obtained in the article substantiate the
expediency of creating an experimental model of the
installation of high-frequency (1-2 kHz) induction heat
treatment of the aluminum core of power cables at voltages
up to 110 kV in order to clarify the technological and
economic indicators of such heat treatment, in particular,
when it is used in industrial lines of continuous application
of modern three-layer cross-linked polyethylene insulation
on the movable aluminum core of cables, which is serially
manufactured by YUZHCABLE WORKS, PJSC, Kharkiv,
Ukraine.
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Conclusions.

Mathematical and computer models were developed
for the analysis of electro-thermal processes in the
installation of induction heating of the aluminum core of
the power cable to implement the technological process of
annealing this core. Taking into account the design
features of the inductor for the implementation of such a
process (in particular, the long length of the inductor and
a significant number of its massive turns), the method of
multi-scale modeling was used in the work.

Here, electro-thermal processes in the core were
studied at the macro level, and at the micro level (that is,
at the level of an elementary cell containing only one
inductor turn and a core fragment) the distribution of the
electromagnetic field and electric current density in the
cross-section of the massive copper turn of the inductor
was calculated, taking into account the features of its
design. At both levels, the numerical Finite Element
Method, implemented in the Comsol computer code, was
used in the work.

According to the results of the calculation of the
electromagnetic field at the level of the elementary cell,
the frequency dependencies of the equivalent R, L
parameters of the inductor were obtained, taking into
account the skin effect, the proximity effect, and the
geometric effect, and the quantitative influence of the
electric current frequency on these effects was
investigated.

The dependence of the electrical efficiency of the
inductor on the frequency of the power source was
obtained.

The analysis of the obtained numerical results
showed that during the induction heat treatment of a
movable aluminum core with diameter of 28 mm and the
flow of currents in the inductor with frequency of up to
2 kHz, the efficiency of the heat treatment processes can
exceed 30 % and temperature modes sufficient for
annealing such a core without the use of a thermal
insulation chamber can be realized.

To verify the proposed computer model, built on the
basis of the multi-scale modeling method, a 2D
calculation of the electromagnetic problem was carried
out for the entire calculation area, which includes a multi-
turn inductor with massive turns, an aluminum core and
the surrounding air region in a generally accepted way.
Comparison of the results of the calculations shows the
consistency of the obtained results. At the same time,
much more computer resources are needed to calculate
the problem in a generally accepted way.

The obtained results substantiate the expediency of
creating an experimental model of the installation of high-
frequency (1-2 kHz) induction thermal annealing of the
aluminum core of power cables to clarify the
technological and economic indicators of its use in
industrial lines of continuous application of modern three-
layer cross-linked polyethylene insulation on the moving
aluminum core of cables at voltage of up to 110 kV,
which are mass-produced by YUZHCABLE WORKS,
PJSC, Kharkiv, Ukraine.
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Requirements for cables as categories of construction products and thermal resistance of
power cables

Introduction. One of the main driving factors of the demand for cable and conductor products is the modern trend of urbanization,
which leads to an increase in cities with significantly increased requirements for electrical networks of transportation and
distribution of electrical energy. This requires the development of appropriate infrastructure with significant demand for electricity
in the commercial, industrial and residential sectors. The construction industry uses a wide range of cables with an appropriate set
of electrical and mechanical properties, resistance to the influence of external climatic factors, and, first of all, must meet fire safety
requirements. Increasing construction activity is stimulating the market for fire-resistant cables in the construction industry.
According to the Construction Products Regulation, power, telecommunication cables, data cables, control and management, fiber
optic refer to construction products in the EU member states. These cables are intended for the supply of electrical energy and
communication, which are permanently installed in buildings and other engineering structures. Power, telecommunications, data
and control cables are considered construction products, and are the only electrical products classified as construction. Over the
next 15 years, Eastern Europe is expected to see increased growth in the construction industry, as the end of the war in Ukraine
requires nearly 81 trillion in reconstruction. A strategic task in the reconstruction of the country is the use of cable and conductor
products with increased operational properties, including in the construction industry. Significant efforts and investments in
innovation and certification of cable and conductor products require manufacturers to create construction products of the «Power,
control and communication cablesy category with a high level of fire safety in accordance with the Euroclassification of cables in
terms of reaction to fire depending on the level of safety. Purpose. Analysis of fire safety requirements for cables as a category of
construction products and determination of thermal resistance of power cables based on experimental thermal studies of modern
electrical insulating compositions. Methodology. The thermal stability of power cables with a voltage of 0,66/1 kV was determined,
depending on the design, based on the conducted experimental studies of the thermal stability of electrical insulation materials,
between the core filling and the polymer sheath, removed from the cable samples. On the basis of the conducted correlation analysis
between thermal resistance and fire load, which are important parameters for confirming the quality and safety of the entire cable, it
has been proven that the efficiency of halogen-free compositions to meet fire safety requirements increases with the increase in the
cross-section and number of cores in the cable. Practical value. Determining the heat load and fire resistance of cables of various
designs and areas of application based on the obtained experimental data on the heat of combustion of polymer cable materials is
necessary and justified at the stage of mastering and determining the prospects for the production of cables with modern halogen-
free electrical insulation compositions in accordance with fire safety requirements. References 40, figures 6.

Key words: urbanization, construction industry, cable infrastructure, fire safety, cable classification criteria, halogen-free
compositions, power cables, thermal resistance, fire load, certified test base.

Ilpoananizoeano ceimogi mendenyii ypoanizayii ma ix eénaué Ha po3eumox Kabenvroi indycmpii. [Ipedcmasneno ocHogHi mpeHou
PO36UMKY 0y0i6enbHOI 2any3i AK PYWIIHOT CUNU CeeMenmy 802HeCMILIKUX Ma NOHCeHcobe3neuHux Kkabenie 01 3abe3neuents cyuachoi
cunogoi ma ingopmayiiinoi ingppacmpykmypu. AKyenmosano Ha memnax 3aCHOCYBAHHSA NOACEHCOOe3NeUHUX Kabenié 3 HU3LKUM
eMicmom oumy ma beszanoceHHuMu Komnosuyiamu y €sponi. 3aznaueno, wjo 0ns 3a6e3ne4ents HCOPCMKUX BUMO2 U000 NONCEHCHOT
besnexu kabenvbnoi ingpacmpykmypu y 6yodiseivHomy cekmopi ésedeno yzazanvheny kamezopiio « Cunosi, Konmponvhi kabeni ma
xabeni 38 ’a3xky». [Ipeocmasneno knacughikayiio kabenie 3a NONHCENHCHOK 03HAKOIO BION0GIOHO 00 Pecnamenmy 6ydisenvHoi npodykyii
Esponeiicvrozco Cow3zy. Hasedeno kpumepii knacugixkayii ma memoou sunpobysanv 0Jis 6UHAUEHHS 60SHECTIUIKUX XAPAKMEPUCTIUK
Kabenie iON0GIOHO 00 KINTbKOCMI BUNPOMIHIO8AHO20 Menad. BusnaueHo mennogy cmiliKicmb ma NONCENHCHE HABAHMANCEHHS 6
3ANENHCHOCMI 810 3ACMOCOBAHUX KOMNOZUMHUX NOTIMEPHUX 2ATI02EHOSMICIMKIX MA 0e32aN102eHHUX KOMRO3UYIU | KOHCIPYKIMUBHO20
BUKOHAHHA CUNOBUX Kabenié Hu3bkoi nanpyau. Iliomeeposceno edexmusnicmo 6e32an02eHHUX KOMRO3UYIL 015 3aDe3NeUeH s BUMO2
wooo nodcedxcobesneku 0 Kabenie 3 Oitbuum Oiamempom CmMpyMONPOGIOHOT dcunu ma Kinbkicmio owcun. Hazonoweno Ha
HeoOXIOHOCMI CMBOPeHHsl 8I0N0BIOHOI CyuacHoi cepmuixosanoi eunpodysanvhoi 6azu 0N GUSHAUEHHSI NONCENHCHOI CMIUKOCMI
6ydisenvroi npodykyii kamezopii « Cunosi, konmpoaiwi kabeni ma kabeni 36 s3ky». bion. 40, puc. 6.

Kniouoei cnosa: ypOanizaunisi, OyaiBeJlbHAa NPOMHCIOBICTB, KafeJbHa iHQpacTpPyKTypa, MO:KexKHa Oe3neka, KpuTepil
kiaacudikanii kabeniB, Oe3rajoreHHi KoMmo3uumii, cujaoBi Kkalei, Temn0oBa CTiKicCTh, MOXKeKHEe HABAHTAKEHHS,
ceprudikoBaHa BUNPoOyBaibHA 0a3a.

Introduction. Three main sectors are crucial for the
development of the cable industry: electric power,
transport and construction. Investments in these sectors

energy. This requires the development of appropriate
infrastructure with significant demand for electricity in
the commercial, industrial and residential sectors.

have a direct impact on the demand for cables and wires.
The size of the global wire and cable market in 2022 was
estimated at USD 202.05 billion. It is predicted that from
2023 to 2030 it will grow by an average of 4.2 % [1-3].
One of the main driving factors in this case is the modern
trend of urbanization, which leads to the increase of cities
with significantly increased requirements for electrical
networks of transportation and distribution of electrical

Increased investments in the intelligent modernization of
power transmission and distribution systems and the
development of smart networks will contribute to the
growth of the cable and conductor products market. So, in
particular, the introduction of intelligent network
technology satisfies the growing need for system-forming
network connections, which leads to an increase in
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investments in highly efficient power underground and
underwater cables of high and ultra-high voltage,
including direct current [1].

According to the UN, about 60 % of the world’s
population will live in cities by 2030, and 68 % by 2050,
which will lead not only to new network needs, but also
to the renewal of aging infrastructure. Trends towards
greener solutions in the transmission of electrical
energy, such as e-mobility (digital), also create
additional opportunities for the cable industry. In
particular, renewable energy is a sector in which the
demand for cable products is growing significantly.
Investments in renewable energy sources contribute to
growth in the segment of demand for medium voltage
power cables [1, 2]. Innovations can significantly
change distribution networks: cable technologies offer
real solutions that turn the distribution infrastructure into
an active player, for example by using the data
transmission potential of power cables with integrated
optical fibers. The solutions, among other things, will
allow monitoring and evaluation of the network, the
activity of the Internet of Things [4, 5], as well as
providing detailed information about the operation of the
network.

According to the mentioned trend of urbanization,
the construction segment is expected to grow at the
highest rate: 4.8 % in the forecast period. Thanks to the
reconstruction of old commercial, residential, industrial
buildings and new construction, the market for cable and
conductor products is predicted to grow worldwide. This
growth is split fairly evenly between civil construction, as
well as the non-residential (commercial) and residential
construction segments, with the latter expected to have
the highest level of investment. Rapid economic
development and urbanization, especially in Southeast
Asia, is contributing to significant growth in construction
investment. In more mature markets, such as in Europe
and North America, the dynamics of growth is slower:
currently the level of urbanization in Asia is 50 %, in
North America is 82 %, in Africa is 43 %. For example,
according to Global Construction Perspectives and
Oxford Economics (British economists) [6], by 2030 it is
expected that the world construction production will
increase by 85 % and reach USD 15.5 trillion: China, the
US and India is the top three will contribute 57 % of
growth. It is expected that the US construction market
will grow faster than the Chinese one in the next 15 years
[7]. Thus, the growing construction sector will contribute
to the global growth of the wire and cable market.

In Europe, it is predicted that the best investment
forecasts are related to civil engineering projects (roads,
railways, airports and seaports). These are favorable
structural trends to increase the growth rate of demand for
signal interlock cables and control cables. Thus,
construction products of the EU are estimated at
approximately EUR 500 billion. In addition, construction
is one of the main European industrial sectors: it accounts
for 10 % of European GDP. This domain provides
20 million jobs for more than 3 million enterprises [8].
Such a huge business needs to be kept open by the
internal market of construction products in accordance
with national regulations. The construction industry uses a

wide range of cables with an appropriate set of electrical
and mechanical properties, resistance to the influence of
external climatic factors, and, first of all, must meet fire
safety requirements. According to forecasts, the
construction segment is projected to be the largest
segment in the fire resistant cable market. Increasing
construction activity stimulates the market of fire-resistant
cables in the construction industry [7]. In any case, the
construction sector is a factor that stimulates the growth
of the wire and cable market. Trade in construction
products within the EU or the European Economic Area is
regulated by European rules and regulations [9-11]. The
construction industry covers all design and construction
activities, regardless of whether it concerns the population
and private buildings, transport infrastructure, utility
networks, etc. According to the Construction Products
Regulation (CPR), power, telecommunication cables, data
cables, control and control cables, and fiber optic cables
are considered construction products in EU member
states. These cables are intended for the supply of
electrical energy and communication, which are
permanently installed in buildings and other engineering
structures [12]. Power, telecommunications, data and
control cables are considered construction products, and
are the only electrical products classified as construction.
Cables designed for connecting appliances or for internal
wiring of equipment or electrical appliances, as well as all
those cables not used as cables for construction, are not
included in the category of construction products. The
Construction Products Regulation in the EU is mandatory
for cables since July 1, 2017 [12, 13].

Eastern Europe is expected [6] to see increased
growth in the construction industry over the next 15 years,
as the end of the war in Ukraine requires nearly
USD 1 trillion in reconstruction. A strategic task in the
reconstruction of the country is the use of cable and
conductor products with increased operational properties,
including in the construction industry.

The goal of this work is to analyze the fire safety
requirements for cables as a category of construction
products and to determine the thermal resistance of power
cables based on experimental thermal studies of modern
electrical insulating compositions.

Problem definition and analysis of literary
sources. The Construction Products Regulation
establishes the agreed rules for the marketing of
construction products in the EU [12]. One of the rules is
that manufacturers must provide information about the
safety of their products: fire safety; security for users;
noise protection. All cables that fall under the category of
construction products, regardless of type, are affected
only by safety characteristics in case of fire (resistance
and reaction to fire) and hazardous substances (emissions
and content). Other technical characteristics, including
electrical and mechanical, are defined in the relevant
standards on the cable [14, 15]. Given that cables provide
the fundamental infrastructure of today’s construction
sector, the strict application of state-of-the-art fire safety
requirements for such infrastructure is of paramount
importance for safety and reliability. The fire response of
construction products in the category «Power, control and
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communication cables» is one of the most pressing
problems in the cable industry at the moment.

Kilometers of cables laid inside the building must
ensure its safety, especially during fires and emergency
situations. High requirements for fire safety relate to
resistance to the spread of burning when the cable is
placed singly and when laid in a bundle (Fig. 1); low
smoke and gas emission; low corrosive activity of gases
released during cable combustion; fire resistance
(preserving the performance of the cable under conditions
of exposure to flame).

The fulfillment of fire safety requirements became
possible thanks to a new class of materials — halogen-free
compositions, which are flame-resistant polymer
materials with low smoke and gas emissions that do not
contain halogens [16-19]. The global market for cable
polymer composites is expected to be valued at
USD 13.9 billion in 2023, driven by the growing demand
in the automotive, telecommunication, and construction
industries [7, 10]. For the production of cables Europe
accounted for 16.3 % of the global production of polymer
materials in 2019 [8]. By the end of 2023, the use of fire
safety cables with low smoke content and halogen-free
compositions is expected to be more than 20 %.
At the same time, the share of compounds based on
polyvinyl chloride plasticate will decrease from 50 % to
35 % [8, 10].

Fig. 1. Fragments of the arrangement of cables in bundles
inside (@) and on the roof of the building (b, cultural and
entertainment center, private house, etc.)

In September 2020, the German international group
HEXPOL Technologies launched a comprehensive
portfolio of compounds for wires and cables based on
high-performance  materials, additives, advanced
production technologies of organosilicon rubber and
thermoplastic elastomers that meet the international cable
standards IEC 60811 [20] and EN 50363 [21]. The unique
fire safety characteristics of halogen-free compositions

include low smoke emission, low toxicity and fire
resistance and meet the requirements of RoHS
(Restriction of Hazardous Substances — Directive
2002/95/EC, which limits the content of harmful
substances, in particular, lead, mercury, cadmium,

The authors of [23] proved the expediency of using
fire-resistant compositions for the manufacture of cable
products, in which the maximum continuous temperature
of the current-conducting core does not exceed 90 °C, and
the maximum temperature under short-circuit conditions
is 170 °C, and investigated the influence of alloying
additives on the electrophysical properties of fire-resistant
polymer compositions, which do not contain halogens.

The work [19] presents the composition of a
halogen-free composition based on polyethylene with the
introduction of flame retardants and other additives into
the polymer matrix, which increase the resistance of the
material to flame propagation, as well as better dispersion
of fillers in the polymer. At the same time, it is
emphasized that with an increase in the degree of filling
of the polymer with flame retardants, its breaking
strength, relative elongation, specific volumetric electrical
resistance, and frost resistance decrease.

Cables are complex objects, as they consist of
insulation and sheaths of polymeric materials of different
chemical composition, thickness, and additives [17, 24].

Thus, on the basis of experimental studies, it was
established that the characteristics of the used cable
insulation material based on polyvinyl chloride plasticate
(PVC) had a significant impact on the toxicity of exhaust
gases. The most toxic gases are released during
smoldering combustion of a cable with a plasticized PVC
sheath [25].

The semi-real scale tests presented in [26] showed
that the cable with polyvinyl chloride plasticate
demonstrated high fire resistance properties related to
heat release, smoke generation and flame propagation.

The complex fire-resistant properties of electric
wires and cables are widely studied both theoretically and
experimentally [17, 23, 25-27], regarding compliance
with the criteria of the European classification of cables
for fire safety [11], which indicates the importance of the
problem.

Classification of cables by fire rating. The EU
has created a single and uniform classification criterion
throughout Europe to determine the fire-resistant
characteristics of cables. The fire resistance classes of
the cables were determined based on the classification
criteria according to the amount of radiated heat in the
presence of fire.

According to the effectiveness of fire propagation
and heat release, 7 classes of cables are defined [28]: Aca,
Blca, B2ca, Cca, Dca, Eca, Fca (Fig. 2,a).

Class Aca — cables do not contribute to fire. Classes
Blca — B2ca — minimal contribution to fire. Classes Cca —
Dca — Eca — combustible, contribute to fire (the
contribution to the fire of cables of class E is higher than
that of D). Class Fca — an undefined property contribution
[29]. The classification stipulates that the manufacturer
does not have requirements related to reaction to fire (the
parameter «Indeterminate performance» (Euroclass) is
indicated.
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An additional classification concerns the release of
smoke, burning drops and acidity indicators.

Smoke emission properties: sl, sla, slb, s2, s3
(Fig. 2,b). This classification provides information about
the opacity of emitted smoke (s — smoke) [29]: s1 — small
smoke formation and slow smoke spread; sla —
transmission coefficient of more than 80 %; slb —
transmission coefficient in the range from 80 % to 60 %;
s2 — average formation and distribution of smoke;
s3 — none of the above.

Burning drops/particles: d0, d1, d2 (Fig. 2,c). This
classification provides information about the dripping of
burning material during a fire (d — droplets) [29]:
d0 — absence of combustible droplets or particles; d1 —
absence of combustible drops or particles lasting more
than 10 s; d2 — none of the above.

Acidity indicators: al, a2, a3 (Fig. 2,d), for which
the test described in the UNE-EN 50267-2-3 standard is
additionally applied. This classification provides
information on the release of acid gases under fire time
(a — acidity): al — conductivity < 2.5 uS/mm and
hydrogen pH > 4.3; a2 — conductivity < 10 pS/mm and
pH > 4.3; a3 - none of the above.

ACIDITY

DROPLETS

Fig. 2. Euroclassification of cables according to the category of
construction products [12]

Class Aca cables are special cables with inorganic
insulation tested according to [30] and must have a higher
calorific potential (PCS — gross calorific potential) of less
than 2 MJ/kg.

Class Blca cables are tested according to [29] with a
30 kW flame source according to the classification
criteria: flame spread FS < 1.75 m, total heat release
THR 00 < 10 MJ, peak heat release rate HRR < 20 kW,
higher calorific value FIGRA < 120 W/s with additional
classification for smoke emission, burning drops and
acidity and [31] with flame spread H <425 mm.

Class B2ca cables are tested according to [29] with
a 20.5 kW flame source according to classification
criteria: flame spread FS < 1.5 m and total heat release
THR 500 < 15 MJ, peak heat release rate HRR < 30 kW
and higher calorific value FIGRA < 150 W/s
with additional classification for smoke emission, burning
drops and acidity and [31] with flame spread
H <425 mm.

Class Cca cables are tested according to [29] with
a 20.5 kW flame source according to the classification

criteria: flame spread FS < 2 m and total heat release
THR200. < 30 MJ, peak heat release rate HRR < 60 kW
and higher calorific value FIGRA < 300 W/s with
additional classification by smoke emission, burning
drops and acidity and [31] with flame spread
H <425 mm.

Class Dca cables are tested according to [29] with
a 20.5 kW flame source according to the classification
criteria: total heat release THR . < 70 MJ, peak heat
release rate HRR < 60 kW and higher heating capacity
FIGRA <300 W/s.

Class Eca cables are tested according to [31] with
flame spread H <425 mm.

Class Fca cables are tested according to [31] with
flame spread H > 425 mm.

The duration of the tests is 1-8 min with burner
power of 1 kW with air convection [29], 20 min with
burner power of 30 kW with a non-flammable shield [29]
and 20 kW without a fire shield [29] with an air supply of
8000 1/min (Fig. 3).

Fig. 3. Test chamber with burner and ladder with cable samples
(a), test complex (b) (length 8.60 m, width 2.50 m, minimum
height 4.10 m) and gas analyzer with software (c) [29]

Accordingly, [29] is central to cable classification
tests as it combines heat release measurements (classes
Blca, B2ca, Cca, Dca), smoke penetration measurements
(s1, s2, s3) and burning droplet evaluation (d0, d1, d2).

Each country has its own technical requirements and
standards [32] for assessing and reducing the risk of fire
consequences. High-quality cable infrastructure is a
critical component of the construction industry and must
meet fire safety requirements to ensure continuity of
power and communication to all critical devices in the
event of a fire. The performance of the cables itself during
a fire is of crucial importance. The release of cables in the
category of construction products requires an
understanding by all involved parties of the importance of
providing the construction industry of Ukraine with cable
and conductor products by domestic manufacturers.

In accordance with the current building regulations
of public buildings, it is necessary to take into account the
established limit values for the accumulation of
combustible materials located directly in public buildings,
including cables and wires. There is a need to determine

64

Electrical Engineering & Electromechanics, 2024, no. 1



the thermal resistance of cables and the amount of heat
released during their burning, i.e. fire load.

Determination of thermal resistance and fire load
of power cables with modern electrical insulating
compositions. The cable business is largely focused on
the use of modern polymer compositions with the
appropriate set of physico-chemical, electrical and
thermal properties with cable manufacturing technology
adapted to their rheological indicators as a whole. The
implementation of fire safety requirements is related to
reaching a certain compromise between the level of
requirements for fire safety indicators and the main
electrical and physical-mechanical characteristics of
cables [33-35]. Significant efforts and investments in
innovation and certification of cable and conductor
products require manufacturers to create construction
products of the «Power, control and communication
cables» category with a high level of fire safety in
accordance with the euroclassification of cables in terms
of reaction to fire depending on the level of safety. Fire
safety features in cable designs can be implemented
individually or in combination.

The degree of realization of fire safety requirements
of cables is determined by the scope of their application.

Scientifically based decisions on the fire resistance
of cables to confirm the appropriate classification [12, 29]
are made on the basis of tests of cable samples in
specialized certification centers (laboratories). Such tests
are expensive. So, for example, 12 cable samples [33] are
needed to confirm the reaction to fire class B2ca, which
costs more than EUR 18,000.

Determining the thermal resistance of cables on the
basis of the obtained experimental data on the thermal
resistance of the actual polymer materials of the cable,
depending on the design and field of application, is
necessary and justified. Especially — at the stage of
mastering and determining the prospects for the
production of cables with modern halogen-free electrical
insulating materials in accordance with fire safety
requirements. For example, cables for internal laying in
residential and industrial construction must meet
European requirements for electrical safety and load
capacity. Instead of 2-core installation wires, 3-core
(phase, neutral, grounding) ones are needed for residential
buildings, offices, and work spaces. Instead of 4-core

MJ/kg

cables, which are currently used to supply electricity, for
example, to residential buildings from substations, 5-core
cables are needed. Of course, such cables must meet fire
safety requirements.

The calorific value of cross-linked polyethylene is
48 MJ/kg, self-extinguishing polyethylene is 41.9 MJ/kg.
For polyvinyl chloride plastic, this depends on the brand
(recipe), MJ/kg: ordinary recipes — 23.7 (insulating) and
25.8 (sheathing); reduced flammability 18.4 — 19.7;
reduced fire safety with low smoke and gas emission 10
(for filling) — 17.7 (for sheath) — 18.9 (for insulation)
[36-38]. For example, 1 m of cable with polyvinyl
chloride insulation in a protective sheath made of
polyvinyl chloride plastic (bare) VVG 4x35+1x16
releases during combustion 10.5 MJ of heat; the VVHng
cable 4x35+1x16 — 9.9 MJ, and the VVHng-LS cable —
9 MJ [39].

In non-flammable ng (non-flammable) and ng-LS
(non-flammable with low smoke) cables, the flammability
of the sheaths is reduced due to the introduction of flame
retardants (aluminum oxide trihydrate, magnesium
hydroxide). And although the flammability of the
materials has decreased somewhat, these compositions
continue to remain combustible materials and will burn in
the event of a fire, releasing smoke and a large amount of
heat into the surrounding space [39, 40].

Power cables with copper cores at voltage of
0.6/1 kV and frequency of 50 Hz for the transmission and
distribution of electrical energy in stationary installations,
insulation, inter-core filling and sheath made on the basis
of modern polymer materials, including halogen-free
compositions, were considered. Cables provide the
transmission of electrical energy, control signals and
control of electrical equipment, the operation of which in
case of fire is mandatory for rescue operations. They are
used at facilities with increased fire safety requirements
for single and laid cable bundles in rooms and tunnels.

Figures 4, 5 present, depending on the number of
cores of different cross-sections, the determined values of
thermal resistance and thermal load of power cables on
the basis of conducted experimental studies of the thermal
resistance of insulation materials, between the core filling
and the polymer sheath, removed from the cable samples.
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Fig. 4. Thermal resistance of power cables depending on
used materials and design

Figure 6 shows the correlation dependence of the
ratio of thermal resistance (p.u.T) and fire load (p.u.F) of
5-core vs 3-core cables with different applied polymer
compositions (notation in Fig. 6 is identical to that shown
in Fig. 4, 5, respectively).

Curves in Fig. 4-6 correspond to: 1, 1'
compositions containing halogens; 2, 3 and 4 — halogen-
free.

5o MJ/kg

puT b)

2
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Fig. 6. Correlation between heat resistance and fire load for
2-cores (@) and ratio of these parameters of 5-core vs 3-core (b)
power cables with different applied polymeric materials

When the cross-section of the current-conducting
core increases, depending on their number, there is a
change in the thermal resistance and fire load of the
cables. For example, for a 2-core cable, the thermal
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Fig. 5. Fire load of power cables depending on the used materials
and design

resistance and fire load of a halogen-containing polymer
composition (curve 1, Fig. 4,a and Fig. 5,a) is lower
compared to a halogen-free one (curve 2, Fig. 4,a and
Fig. 5,a) in the case of smaller values of the cross-section
of the current-conducting core. And vice versa, it
increases and exceeds these indicators in the case of
larger cross-sections of the cable core. Such dynamics are
also observed for 3-, 4-, and 5-core cables (compare
curves 1 with curves 2, 3 and 4 in Fig. 4-6). In other
words, the effectiveness of halogen-free compositions to
meet fire safety requirements increases with the increase
in cross-section and the number of cores in the cable.
Thus, the fire safety of cables is determined by the
applied cable compositions and significantly depends on
the design of the cables: the diameter of the current-
conducting core and their number, that is, the ratio
between the metal and polymer parts in the cable.
Conclusions.

1. Generalized requirements for fire safety of cables in
the construction sector according to the category «Power,
control cables and communication cables» are defined.

2. The classification of cables according to the fire sign
in accordance with the EU Construction Products
Regulation with the relevant classification criteria and test
methods for determining the fire-resistant characteristics
of cables is given.

3. A comparative analysis of fire safety indicators is
presented based on the determination of thermal
resistance and fire load depending on the applied
composite polymer compositions and the design of low-
voltage power cables.

4. Based on the correlation analysis between thermal
resistance and fire load, which are important parameters
for confirming the quality and fire safety of the entire
cable, the effectiveness of the use of halogen-free
polymer compositions in power cables with a larger cross-
section and number of cores has been confirmed.
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Determination of the maximum mechanical stresses in the insulating material around a defect
with a high dielectric permittivity in an electrostatic field

Introduction. All insulating macrohomogeneous solid materials change shape under the influence of an electric field. Problem. The
presence of minor defects changes the distribution of an electric field and causes a significant concentration of mechanical stresses
in a given section of the material, which, under certain circumstances, can cause partial or complete destruction of this material.
Goal. The purpose of the work is to determine maximum mechanical stresses according to the von Mises criterion in insulating
materials around defects with ionized air and water in an electrostatic field. Also, to analyze the influence of the following
parameters on the indicated stresses: the location of the defect, the orientation angle of the semi-major axis of the defect cross-
section, the ratio of semi-major and semi-minor axes, elastic and dielectric properties of the insulating material and the defect.
Methodology. The study is based on the interrelated equations of electrostatics and structural mechanics for an isotropic piecewise
homogeneous medium. The solution of these equations is obtained by the finite element method. Results. Graphs of dependences of
maximum mechanical stresses on the ratio of semi-major and semi-minor axes of the ellipsoidal cross-section of the defect have been
obtained. The minimum ratio of the greatest stresses in the insulating materials around the surface cracks and pores for ionized air
has been 9.3 times for the maximum ratio of major and minor semi-axes of the cross-section of the defect considered in the work,
which is 10. For a water defect, the similar ratio has been 2...5.6 times, increasing when the relative dielectric permittivity of the
insulating material changes from 7 to 2. When Young’s modulus of the insulating material increases from 1 MPa to 100 GPa, the
angles of the inclination of the linearized dependences of maximum mechanical stresses around bounded pores with ionized air
(water) to the axis of the ratio of major and minor semi-axes of the defect cross-section have been increased by 35.9° (58.0°) and
18.6° (20.1°) at orientations of major semi-axes at angles of 0° and 45°, respectively. Oviginality. The numerical-field mathematical
two-dimensional model has been developed for the first time, which consists of sequentially solved equations of electrostatics and
structural mechanics, for the determination of the distribution of mechanical stresses in an insulating material with a liquid or
gaseous defect. It has been established for the first time that the ratio of the elastic properties of the insulating material and the
defect determines the angle of the inclination of the linearized dependence of the maximum mechanical stress to the axis of the ratio
of major and minor semi-axes of the defect cross-section. Practical value. The types of defects that contribute to the aging of
insulation materials under the combined action of an electric field and a stress field to the greatest extent have been established.
References 28, table 1, figures 10.

Key words: insulating material, internal and surface defect, electrostatics, structural mechanics, von Mises stress, finite
element method.

B pobomi memooom ckinuennux enemenmie po3podneno 080GUMIDHY MAMEMAMUYHY MOOenb PO3PAXYHKY PO3NOOINY MeXaHiuHux
Hanpysicervb nio i€l eleKmpoCmamuyHo2o noia 8 i3onayiunomy mamepiani 3 Oegpexkmom. Moodenv s613€ cob010 NOCAIO08HO
D036 ’A3y8aHi 3a0ai eneKmpocmamuKy ma CmpyKkmypHoi mexauniku. Y akocmi mamepiany deghexmy eucmynanu ionizoeéane nogimps i
600a. Posensidanucs eapianmu 3 GHYMpIWHIMU MA NOBEPXHEGUMU OeeKmamu, 3 8pPAXYBAHHAM i Oe3 NPYICHUX 61acmugocmer
Oepexmy. Ilone mexamiunux HanpysiceHb poO3paxo6yealoch Ha OCHOBI kpumepilo Gon Mizeca. Bcmanosneno, wo Minimanvhe
BIOHOUIEHHS! HAUOLIBUWUX HANPYIHCEHb 6 I30JIAYIUHUX MAMepianax 3 NOGEePXHesUMU MPIuHamu i nopamu 0718 IOHI308aHO20 NOGIMpPs
cknano 9,3 pasu Onsi MAKCUMANIBLHO2O CRIGBIOHOUIEHHs Nigocell nonepeyno2o nepepizy Odegexmy 10. [ua eodnoco degexmy
aumanociyne GioHowenHa ckaano 2..5,6 pasie, 30inbulyrouuch npu 3MiHi 6iOHOCHOI OieleKMPUYHOi NPOHUKHOCMI (307AYINIHO20
mamepiany 6i0 7 00 2. Busnaueno, wo npu 36invuienui mooyas IOnea isonayitinoeo mamepiany 6io 1 Mlla oo 100 I'lla kymu Haxuny
00 6ici THeAPU30BAHUX 3ANEHCHOCMEN MAKCUMATLHUX MEXAHIYHUX HANPYICEHb HABKONO OOMENCEHUX Nop 3 I0HI308AHUM NOBIMPAM
(800010) 30inbUyIomobes na 35,9° (58,0°) i 18,6° (20,1°) npu opienmayisx eenuxux nigoceit nio kymamu 0° i 45° eionosiono. bioin. 28,
tabu. 1, puc. 10.

Kniouogi cnosa: i3oasuilinmii mMartepiaj, BHYTpilmHii i moBepxHeBmii nedeKT, eleKTPOCTATHKA, CTPYKTYPHA MeXaHika,
MeXaHiyHi Hanpy:keHHsi 32 ¢poH Mi3ecoM, MeTOA CKiHYEHHHUX eJIeMEeHTIB.

Introduction. Solid, technically clean insulating
materials have imperfections, a defective structure.
Defects may have a technological or operational nature of
origin. Structural micro-heterogeneity of solid insulating
materials is confirmed by effective methods [1-4]. All
insulating materials at the micro level change shape under
the influence of an electric field. The presence of minor
defects changes the distribution of electric field strength
and creates a significant concentration of mechanical
stresses in a given area of the material, which under
certain circumstances can cause its partial or complete
destruction. The most significant mechanical stresses are
detected when the dielectric permittivity of the insulating
material and the material defect differ sharply, for
example, when the volume of the defect is filled with
water or ionized air, for example, as a result of a partial
discharge caused by high electric field strength.

Analysis of publications. The regularities of the
distribution of the electrostatic field in insulating
materials were considered in [5-10]. When covering the
topic in [5], it would be worthwhile to reveal other shapes
of defects, for example, with an ellipsoidal cross section,
as well as to investigate the effect on the detection of
dielectric breakdown of the inhomogeneity of the location
of pores. The drawback in [6] is the lack of determination
of the correlation between the increase in the electric field
strength concentration and the experimental decrease in
the breakdown voltage, as was done in [5]. Also, the
shortcomings of this work include the failure to take into
account air defects in the model, which are replaced by
water coming from the environment. In [7], when
studying the effect of defects on the linear capacity of the
insulation, the compensatory effect of defects of different
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nature is not taken into account, for example, a
combination of local thinning and an internal defect with
a lower dielectric permittivity than in the insulating
material. With this effect, the linear capacity may not
change much, although the concentration of the electric
field will be significantly different from the average. The
disadvantages of the work [8] are insufficient justification
of the choice of shape and placement of air and water
inclusions, which can affect the results of the work. Also,
in [8], the volume of insulating material before and after
seepage and after was taken unchanged, which is evident,
in my opinion, not entirely correct. The results in [9] may
be affected by the failure to take into account other
orientations of the defect with a triangular cross section.
The disadvantage in [10] is that the accuracy of the
calculation of the electric field based on the neural
network decreases when the parameters sought are far
from the parameters of the numerical finite element model
that participated in the training. The classic approach to
considering the influence of the ionized region on the
mechanical strength of the insulating material is based on
Griffith criteria [11, 12]. The results of work [11] refer
only to metal inclusion, the probability of which in
modern insulation is rather insignificant. The
shortcomings of the work [11] can also include the
neglect of the elastic properties of the defect, as well as
the lack of the consideration of the issue of the orientation
of the defect at an angle of 45° to the area of the
electrodes. Horovyts [12] considered surface cracks
perpendicular to the electrode area in a 2D and
axisymmetric formulation. The disadvantages in [12] are
the lack of calculation of the field of mechanical stresses,
that is, there is no understanding of the size of the area of
stress concentration, and all the possible options for the
orientation of the surface crack are not considered.

Stark and Garton made additions to the theory of
mechanical stresses taking into account the plastic
deformations of the dielectric to explain its destruction
[13]. The failure criterion obtained by them corresponds
to the minimum deformation when the collapse of the
dielectric thickness occurs. A more general model for
considering plastic deformation in polymers is presented
in [14]. The common drawback of these models, in my
opinion, is their one-dimensionality, which does not allow
taking into account the Poisson effect. The work [15]
presents a model of the formation of a nucleus and the
growth of a conductive channel based on the energy
principle, taking into account electric and mechanical
fields, as well as the chemical potential at the interface
between a conductive defect and a dielectric. However,
the phenomenological parameter for determining the
minimum possible size of a conductive nucleus, obtained
from the study of the energy surface, is not supported by a
physical assessment of its boundary (for example, how
this parameter depends on the mechanical stresses at the
boundary of the two-phase distribution).

In [16, 17], the possibilities of the formation of
defects and dendrites under the action of
electromechanical and mechanical forces, respectively,
were investigated. In the model [16] there are parameters
that cannot be directly determined, and therefore their
value is determined only by the need to match the

theoretical and experimental durability times of
polyethylene insulation. In [17], there is no numerical
assessment of the size of the defect and the electric field
in it, which may affect the validity of the dendrite growth
mechanism proposed in the work. In [18, 19], the growth
patterns of dendrites under the influence of electric
voltage were considered with the involvement of the
concepts of Maxwell’s stress tensor and fracture
mechanics. In [18] it was established that the pre-channel
structures are not caused by partial discharges, but an
explanation of their occurrence by -electromechanical
stresses and shock ionization is proposed. The last
mechanism is not considered in the work. Minor
shortcomings in [18] when determining the field of
mechanical stresses are the lack of consideration of the
change in the density of the dendrite material (which was
established experimentally in the work), as well as the
arbitrary choice of the conductivity of the dendrite walls.
The disadvantage of the work [19] is that the
electromechanical forces are not calculated during the
growth of the dendrite, but are only estimated by the rate
of energy release.

The work [20] developed a model for determining
mechanical stresses in polyethylene insulation with an
ellipsoidal defect, the minor axis of which is parallel to
the plane of the electrodes. The publication [21]
developed a mathematical model for calculating the
electric field, associated forces and mechanical stresses in
the area of microdefects of polyethylene insulation in an
axisymmetric formulation. A multiphysics 3D model that
takes into account electric, thermal, and mechanical fields
in the area of water treeings is presented in [22]. The
common shortcomings of the works [20-22] are the
consideration of only one orientation of the defect (which,
in turn, is not the most likely), failure to take into account
the elastic properties of the defect, insufficient
justification of the choice of electrical properties of the
defect, partiality of the study (only polyethylene is
considered).

An experimental study of the influence of the level
of irradiation by accelerated electrons with energy of
0.5 MeV as aresult of technological manufacturing on the
mechanical and electrical characteristics of cable
insulation was carried out in [23]. Despite the high level
of research, there is no theoretical explanation of the
strong correlation between the mechanical and electrical
characteristics of radiation cross-linked insulation in [23].
In [24], a model for calculating the electric field in three-
component insulation, modeled as a two-layer tape, is
proposed. It would be worth comparing this model with
the numerical field model, which consists of a fiberglass
base, an impregnation composition, and a mica paper
tape. The authors of the work [25] justified the
effectiveness of detecting technological defects in high-
voltage insulation based on the characteristics of partial
discharges in gas inclusions. In [25] there is no
comparison of the proposed chain model with the
numerical field model, and there is also a question about
the shape of the defect.

In [26], various criteria for the destruction of
polymers (and in the general case of porous materials,
including composite materials, wood, metals) were
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analyzed and it was shown that all criteria can be reduced
to the von Mises criterion with some error. The
disadvantage is that the introduction of new failure criteria,
in addition to the von Mises and Tresca criteria, requires
additional parameters that are determined experimentally
for a specific material, which reduces their universality.

Thus, at the moment, the existing mathematical
models do not allow to calculate the maximum
mechanical stresses for solid insulation with a liquid or
gaseous defect in a 2D formulation and to determine them
depending on the ratio of the semi-axes of the cross
section of the defect, the orientation of the defect, as well
as when changing the elastic and dielectric properties of
the insulation material and defect within wide limits.

General characteristics of work. The goal of the
work is to determine the maximum mechanical stresses
according to the von Mises criterion in insulating
materials around defects with ionized air and water in an
electrostatic field. To analyze the influence of the
following parameters on the indicated stresses: the
location of the defect, the orientation angle of the semi-
major axis of the cross-section of the defect and its
relation to the minor semi-axis, elastic and dielectric
properties of the insulating material and the defect.

The relevance of the work is related to the
theoretical explanation of the heterogeneity of the
microstructure of insulating materials, as well as the
identification of the features and reasons for the
development of micro-sized air/water cavities and treeing
formations in such materials.

Object of study. In the work, the pore in the volume
of the dielectric is modeled in cross-section as an ellipse,
and the crack on the surface of the dielectric is modeled
as half an ellipse. The computational domain in the case
of a pore is a rectangle with sides 10a and 14a, where a is
the semimajor axis of the ellipse. The minor semi-axis of
the ellipse is defined as b = a/k, where k is the parameter
that lies within £ € [1...10]. The computational domain in
the case of a crack is a rectangle with sides 10a and 7a.
The distance between the electrodes in the first case is the
larger side of the rectangle, in the second case it is the
smaller side. The dimensions of the computational
domain are chosen so that on its boundaries the modulus
of the electric field strength vector approaches the values
of the modulus of the strength vector in the insulating
material without a defect. Three cases of ellipse and semi-
ellipse arrangement were considered in the work: at
angles of 0°, 45°, and 90° between the semi-minor axis
and the plane of the electrode. Options of through and
limited pore were also considered. In the first case, the
elastic properties of the material of the defect can be
neglected. In the second case, we mean a rather long
cylindrical volume in the direction perpendicular to the
computational domain, bounded on both sides by parallel
planes. The elastic properties of the material of this
volume should affect the distribution of mechanical
stresses in the insulating material.

Mathematical model. The calculation of
electromechanical forces is based on the coupled solution
of the equations of electrostatics and structural mechanics
developed for an isotropic piecewise homogeneous
medium with linear properties in a 2D formulation [27, 28]:

V2¢ =0;

E=-Vy;
D= 808rf(d)E 5
Vo =0; (1)
e= 0,5[(Vu)T + Vu]; 2)
(0 Oyy 0=: 0)| = Caslens 1y 622 €)', 3

where ¢ is the scalar electrostatic potential; E is the
electric field strength vector; D is the electric induction
vector; g, is the electrical constant (8.854'10’12 F/m);
&) 15 the relative dielectric permittivity of the insulating
material (defect); o is the tensor of mechanical stresses; &
is the strain tensor; u is the vector of displacements of the
body (the difference between the coordinates of the final
and initial position of each point); o, ¢; are the
components of mechanical stress and strain tensors,
respectively; Cy, is the elasticity matrix, which is written
through Young modulus E), and Poisson ratio v for an
isotropic material in the form:

I-v v v 0
Co = Ey v 1-v v 0
M (1+v)~(1—2v) v v l-v 0
0 0 0 05(1-2v)

It is convenient to write the elasticity matrix for gas
and liquid inclusion in terms of the shear modulus G and
the volumetric modulus of elasticity K:

k36 26 26
3 3
g 20 g, 36 p 26
Cy = 3 3 3
k20 26 .36
3 3 3
0 0 0 G

According to [27], all volume forces are reduced to
surface forces and are taken into account due to boundary
conditions.

The specific force per unit surface area of the
insulating material f; is calculated on the basis of the
Maxwell stress tensor [28] as

fs=DynEy—DynEy)—05DyE,—DyEy)n, (4)
where n is the external normal vector.

For liquids and gases, the shear modulus is zero, but
for numerical implementation, G = 0.2 Pa was assumed.
The volumetric elastic modulus of the defect in the case
of a limited pore was taken as K = 2.2 GPa for water, and
K=0.101 MPa for ionized air.

Equations of structural mechanics (1)—(3) are written
in the plane strain approximation [28], i.e. &,. = &,. = &.. = 0.
Therefore, 0,. = 0,. = 0 and the elasticity matrix changes
its dimension from 6x6 to 4x4.

Boundary conditions of the
electrostatics:

o for the lower plane ¢, = |E,|'d;

o for the upper plane ¢, = 0;

o for the side surface n-D =0,
where E, is the electric field strength vector in the
insulating material in the absence of a defect; d is the
distance between the upper and lower planes.

Boundary conditions of the structural mechanics
problem:

problem  of
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o for the lower plane u = 0;
e for the upper plane o-n = f;.

At the interface of two media, the following are
accepted: for the problem of structural mechanics, the
equality of the displacement vectors, for the problem of
electrostatics, Neumann boundary conditions.

The main assumptions made in the model are: the
insulating material has no conductivity; charges at the
interface of dielectric media are absent, as well as volume
charges; there are no mechanical stress components
caused by thermal and gravitational fields; when the
volume changes, the physical properties of the materials
do not change and there is no associated polarization;
small deformations of the studied sample (for example,
the maximum deformation was calculated for rubber in
pre-breakthrough fields, which was 2.4 %; for polyimide
film — 0.049 %). The latter involves considering the
model only within the limits of the theory of linear
elasticity, and also allows the coupled system of equations
to be divided into two subproblems that are solved
sequentially: the electrostatics problem for calculating the
specific force, which is then used as a boundary condition
for the structural mechanics problem. As a result of the
linearity of the separately taken problems of electrostatics
and structural mechanics, when the dimensions of the
sample are changed in compliance with the above-
mentioned boundary conditions, the values of the electric
and mechanical fields change proportionally.

The distribution of mechanical stresses
calculated according to the von Mises criterion [28]
0= 0750’5.[(0)0( - O-yy)z + (gyy - 0:2)2 + (O-zz - 0‘)@()2 + 6(0,0')2]0.5'

Among such stresses the maximum value op,,x was
founded, which was further presented in relative units:

o-*max = Umax/[oasgogri(Eoo)2]‘

Therefore, without a defect, the relative mechanical
stress according to von Mises is 0 max = 1. The similarity
of the forces (4) created by the electrostatic field based on
Maxwell’s stress tensor serves as a justification for the
presentation of mechanical stresses in relative units.

The model is also characterized by the similarity of
electrostatic fields when the permittivity of the insulating
material changes, which is true when the condition ¢,; << ¢4
is fulfilled. Mechanical stresses were studied at the
relative dielectric permittivity of the insulating material
within ¢, € [2...7], of the defect with water ¢, = 80.2.
Strongly ionized regions arising in the case of a partial
breakdown were modeled by a material with a relative
dielectric permittivity ,; = 16000 to adjust the numerical
model [5]. This value was chosen for the purpose of
practical implementation in the problem of electrostatics
of the model of an ideal conductor with ¢, — o, as
several times the value of the maximum dielectric
permittivity of the materials in the model. The given
model is numerically implemented using the finite
element method in the COMSOL code. For a more
general approach to the problem of mechanical stresses
caused by an electric field, the problem is formulated in
such a way as to take into account the mechanical and
electrical properties of most electrical insulating materials
(and even hypothetical values such as Ey = 10° MPa).
The physical properties of some electrical insulating

was

materials are given in Table 1. That is, based on the
analysis of the properties of electrical insulating materials,
the following ranges of parameter changes were chosen:
relative dielectric permittivity ¢,; = 2—7; Poisson ratio
v =0.1-0.499; Young modulus £, = 1-10° MPa.

Table 1
Physical properties of some electrical insulating materials
Material Young’s modulus | Poisson Dielectric
Ey, MPa ratio v permittivity &,
Rubber 0,5...8 0,47 2,6
Polyvinyl 103
chloride (2,7...4)10 0,35...0,38 3,2
Polyimide 310° 0,499 3,5
film
Cellulose (2,7...6,510° [0,38...0,46 6,5
Electro- 610° 0.23 6.7
porcelain

Research results. Examples of electric fields and
mechanical stress fields in insulating materials (g,; = 2) at
|E,| = 40 MV/m with variants of the water defect are
shown in Fig. 1-3. The maximum concentration of
mechanical stresses for the defect shown in Fig. 1,b, is
located at some angle to the semi-major axis, which tends
to decrease with an increase in the geometric ratio of the
defect section. According to Fig. 1, the orientation of the
areas of concentration of mechanical stresses promotes
the growth of surface cracks with angles of 0°...45°
between the minor semi-axis and the surface of the
electrodes in the direction of the opposite electrode in the
event that the mechanical stress exceeds the compressive
strength limit of the insulating material. As can be seen
from Fig. 2, 3, when changing the Young modulus of
insulating materials, the maximum mechanical stress
shifts. In the case presented in Fig. 2, the concentration of
mechanical stresses decreases along the extension of the
major semi-axis and increases along the minor axis. In the
case of Fig. 3, the concentration of mechanical stresses
with an increase in the Young modulus moves from a
position above the semi-major axis to below it. For a
limited water pore with a semi-major axis parallel to the
plane of the electrodes and a circular limited pore, the
zone of concentration of mechanical stresses with an
increase in Young modulus turns by a jump of 90°.

For air ionized through pores, the zones of
concentration of mechanical stresses are located: as
rotated at a small angle clockwise relative to the major
semi-axis for the defect region, similar to the image in
Fig. 3,d; on an axis parallel to the plane of the electrodes
for other cases of orientation of pores.

Figure 4 presents the results of calculating the
maximum mechanical stresses depending on the
orientation of the surface defect filled with ionized air, its
geometric ratio and Poisson ratios of insulating materials.
For variants of cracks with 0° and 45° orientation, the
effect of Poisson ratio of the insulating material on the
stress concentration around the defect is minimal. For the
specified options, the dependencies for the material with
v = 0.1 are presented. The difference in dependencies for
defects in the insulating material with v = 0.499 is up
to —3.5 %. Here, the specified models for determining the
stress field are invariant to a change in Young modulus.
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Fig. 1. Mechanical and electric fields around a surface water
crack, the minor semi-axis of the cross-section of which is
oriented at an angle of 0° (a) and 45° (b) to the plane of the
electrodes in insulating materials with v = 0.1 regardless of
Young modulus

MPa
0.03
0.025

0.02

MPa

0.025
0.02

10,015
110,015

1 0.01
20 . I 0.005
a b c
Fig. 2. Distribution of the modulus of the electric strength vector
(a) and von Mises stresses for the cases of water limited pores

in insulating materials with v=0.1:
Ey=1MPa (b), Ey=10°MPa(c)
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Fig. 4. Dependencies of the maximum mechanical stresses
around surface cracks with ionized air, the minor semi-axis
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for materials with v = 0.1 and with v = 0.499, respectively),
on the geometric ratio

0

Figures 5, 6 present the results of calculating the
maximum mechanical stresses depending on the
orientation of the cross-section of the pore filled with
ionized air, its geometric ratio and the elastic properties of
the insulating material.
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Fig. 5. Dependencies of the maximum mechanical stresses
around pores with ionized air, the minor axis of which
oriented to the plane of the electrodes at an angle of 0°, on
geometric ratio for the cases of: a limited pore in a material with
v=0.1 and E;,= 1 MPa (curve 1); through pores in materials
with v= 0.1 (curve 2) and with v=0.499 (curve 3)

In Fig. 5, the stress graph in the material with v =0.1
and Ey; = 10° MPa coincides with the graph for the through
pore in the material with the corresponding Poisson ratio.
Also in Fig. 5 graph of stresses in materials with v = 0.499
and Young modulus in the range [1...10°] MPa coincides
with the graph for a through pore in the material with the
corresponding Poisson ratio. The maximum discrepancy
by module in these cases was 1.1 %. Figure 6 for limited
pores with an orientation of 45° in insulating materials
with £y, = 1 MPa and Poisson ratio in the range
[0.1...0.499] presents a graph constructed according to the
data of the model with v =0.1. The maximum differences
in the modulus of stress mapping for the model with
v =0.499 amounted to 1.4 % and 10.9 % for k € [2...10]
and k = 1, respectively. In Fig. 6 graphs of stresses in
materials with £,, = 10> MPa and Poisson ratios v = 0.1
and v = 0.499 coincide with the graphs for through pores
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in materials with the corresponding Poisson ratio and the
position of the defect with a maximum discrepancy
of —0.54 %.
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Fig. 6. Dependencies of the maximum mechanical stresses
around pores with ionized air, the minor semi-axis of
which oriented to the plane of the electrodes at angles

of 45° (solid lines), 90° (dashed lines), on the geometric ratio
for the cases: in materials with £,,= 1 MPa and v=0.1...0.499
(curve 1); in the material with £,,= 1 MPa and v = 0.1 (curve 4);
in the material with £,,= 1 MPa and v = 0.499 (curve 5);
for through pores in materials with v =0.1 (curves 2 and 6)
and with v =0.499 (curves 3 and 7)

Figures 7, 8 present the results of calculating the
maximum mechanical stresses depending on the
orientation of the cross-section of the water pore, its
geometric ratio and the elastic properties of insulating
materials. Figure 7 does not show stress graphs in
materials with v = 0.1 and E); = 10° MPa; v = 0.499 and
Ey =1 MPa; v =0.499 and E), = 10° MPa. These, as in
the case of pores with ionized air, coincide with the
graphs for through pores. The maximum discrepancy is
2.3 %. The dependences for materials with £, = 10° MPa
and v = 0.499 when defects are oriented at angles of 45°
and 90° coincide with those shown in Fig. 8 dependencies
for the material with £, = 10° MPa and v = 0.1. The
difference of dependencies for the range of change of the
parameter k € [2...10], which determines the size of the
defect, is modulo [4.9...1.2] %.
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Fig. 7. Dependencies of the maximum mechanical stresses
around water pores, the semi-minor axis of which is oriented to
the plane of the electrodes at an angle of 0°, on the geometric
ratio for the cases of: a limited pore in a material with v= 0.1
and Ej;= 1 MPa (curve 1); through pores in materials with
v=0.1 (curve 2) and with v =0.499 (curve 3)

o maxd3® o max90
20

A}
a8
\

\§ el
L\

=1

__5_1.

el B
1T 2 3 4 5 6 T B 9 10F

Fig. 8. Dependencies of maximum mechanical stresses around
water pores, the minor semi-axis of which is oriented to
electrode planes at 45° angles (solid lines), 90° (dashed lines),
on the geometric ratio for the cases: in the material with
Ey=1MPaand v=0.1 (curves 1 and 6);
in the material with £, =1 MPa and v = 0.499 (curves 2 and 7);
in the material with ;= 10° MPa and v = 0.1 (curves 3 and 8);
for through pores in materials with v= 0.1 (curves 4 and 9)
and with v =0.499 (curves 5 and 10)

For all considered through pores, changing the Young
modulus of the insulating material has no effect on the
pattern of stress distribution. It can be asserted about the
practical identity of the dependencies of the maximum
mechanical stresses in the region of defects with ionized air
and water when their major semi-axis is oriented at the
angle of 90° to the plane of the electrodes, as well as about
the identity of stresses around through pores with ionized
air and water at other angles. When the ratio of the major
and minor semi-axes of the defect cross-section & increases
from 1 to 10, the maximum mechanical stresses around
limited and through pores with ionized air (water) when
their major semi-axes are oriented to the plane of the
electrodes at angles of 0° and 45° increase by 2.3...6.3
(0.5...6.3) and 2.6...3.9 (2.2...3.9) times, respectively.

During the study of the surface water defect, the lack
of proportionality of the mechanical stresses with a
change in the relative dielectric permittivity was revealed.
This can be explained by the presence of a small electric
field in the defect, which will change when the dielectric
permittivity of the insulating material changes. And
therefore the graphs shown in Fig. 9, 10, are constructed
with defined relative mechanical stresses as follows:
O-*maxw = O-*maxgri-

The graphs presented in Fig. 9, 10 are valid for
insulating materials whose elastic properties vary widely.
The average discrepancy of the dependences in Fig. 9
when the Poisson ratio changes in the range [0.1...0.499]
is 3 %. According to Fig. 9 when the relative dielectric
permittivity of the insulating material increases from 2 to
7 for the range of the ratio of the major and minor semi-
axes of the defect section k € [1...10], the maximum
mechanical stresses around the surface water cracks with
the orientation of the minor semi-axes to the plane of the
electrodes at angles of 0° and 45° decrease 1.1...3 times.

So, despite the identity of the distribution of the
electric field for identical regions of the variants with
external and internal defects, the distribution of the
mechanical stress field is not the same, but depends on the
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ratio of the elastic properties of the insulating material
and the defect, the location of the defect.

Verification of the obtained results. The model
was tested according to the numerical study of the work
[20]. In the model given in [20], the problem was solved
in an axisymmetric formulation, taking into account the
direct current conductivity. For the adequacy of the
comparison, the axisymmetricity of the problem and the
complex dielectric permittivity were taken into account in
the model developed in this work. The error for the
maximum value of the mechanical stress in comparison
with the result obtained in [20] was 0.12 %, which
confirms the correctness of the numerical results of this
work. In addition, according to the order of electrical and
electromechanical quantities, the numerical results of this
work and works [21, 22] coincide.
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Fig. 9. Dependencies of the maximum mechanical stresses
around surface water cracks, the minor semi-axis of which is
oriented to the plane of the electrodes at angles of 0° (solid
lines), 45° (dashed lines), on the geometric ratio for cases: ¢,; =2
(curves 1 and 5), ¢,; = 4 (curves 2 and 6), ¢,; = 6 (curves 3 and 7),
&= (curves 4 and 8)
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Fig. 10. Dependencies of the maximum mechanical stresses
around surface water cracks, the minor semi-axis of which
is oriented to the plane of the electrodes at an angle of 90°,
on the geometric ratio in materials with v = 0.1 (solid lines)

and with v = 0.499 (dashed lines) for the cases:

&; =2 (curves 1 and 5), ¢,; =4 (curves 2 and 6),

&, =06 (curves 3 and 7), ,; = 7 (curves 4 and 8)

Conclusions.

1. A numerical field mathematical 2D model was
developed, which consists of sequentially solved
equations of electrostatics and structural mechanics for
determining the distribution of mechanical stresses in an

insulating material with a liquid or gaseous defect and
implemented in COMSOL. The adequacy of the model is
confirmed by comparison with results known in the
literature.

2. The minimum ratio of the maximum stresses in the
insulating materials around the surface cracks and pores
for ionized air was 9.3 times for the maximum ratio of the
major and minor semi-axes of the cross-section of the
defect k£ = 10 considered in the work. For the water defect,
the similar ratio was 2...5 .6 times, increasing when the
relative dielectric permittivity of the insulating material
changes from 7 to 2.

3. When the Young modulus of the insulating material
increases from 1 MPa to 100 GPa, the angles of
inclination to the axis of the ratio of the major and minor
semi-axes of the defect cross-section of the linearized
dependencies of the maximum mechanical stresses around
the limited pores with ionized air (water) increase by
35.9° (58.0 °) and 18.6° (20.1°) at orientations of major
semi-axes at angles of 0° and 45°, respectively.

4. The further direction of research consists in
establishing the dependencies of the distribution of
mechanical stresses in insulating materials with defects
based on an improved mathematical model, taking into
account the additional spatial coordinate and anisotropy
of the physical properties of the materials of the model.
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Maximizing solar photovoltaic system efficiency by multivariate linear regression based
maximum power point tracking using machine learning

Introduction. In recent times, there has been a growing popularity of photovoltaic (PV) systems, primarily due to their numerous
advantages in the field of renewable energy. One crucial and challenging task in PV systems is tracking the maximum power point (MPP),
which is essential for enhancing their efficiency. Aim. PV systems face two main challenges. Firstly, they exhibit low efficiency in
generating electric power, particularly in situations of low irradiation. Secondly, there is a strong connection between the power output of
solar arrays and the constantly changing weather conditions. This interdependence can lead to load mismatch, where the maximum power
is not effectively extracted and delivered to the load. This problem is commonly referred to as the maximum power point tracking (MPPT)
problem various control methods for MPPT have been suggested to optimize the peak power output and overall generation efficiency of
PV systems. Methodology. This article presents a novel approach to maximize the efficiency of solar PV systems by tracking the MPP and
dynamic response of the system is investigated. Originality. The technique involves a multivariate linear regression (MLR) machine
learning algorithm to predict the MPP for any value of irradiance level and temperature, based on data collected from the solar PV
generator specifications. This information is then used to calculate the duty ratio for the boost converter. Results. MATLAB/Simulink
simulations and experimental results demonstrate that this approach consistently achieves a mean efficiency of over 96 % in the steady-
state operation of the PV system, even under variable irradiance level and temperature. Practical value. The improved efficiency of 96 %
of the proposed MLR based MPP in the steady-state operation extracting maximum from PV system, adds more value. The same is
evidently proved by the hardware results. References 24, table 4, figures 14.

Key words: machine learning, maximum power point trackers, solar photovoltaic systems.

Bemyn. Ocmannimv yacom spocmae nonynspricme gpomoenekmpuunux (PE) cucmem, nacamneped yepes ix uucienni nepesazu 6 2auysi
8ioHo606aHoi enepeemuxu. OOHIEI0 3 HAUBAHCIUBIWUX | CKIAOHUX 3a60anb y PE cucmemax € 6i0cmedcents MoyKu MAKCUMANbHOT
nomyscnocmi (MPP), sika Heobxiona onsi niosuwenns ix egpexmusnocmi. Mema. @F cucmemu cmukaiomvcsi i3 060Ma OCHOBHUMU
npobnemamu. Ilo-nepute, 80HU OeMOHCMPYIOMb HU3LKY epeKmueHicmy GUPODIeHHS efleKmpoeHepeii, 0cobIUuB0 8 YMO8ax HU3LKO20
sunpomintosanns. Ilo-opyee, icHye cunbHull 36 A30K MidH GUXIOHOI NOMYHCHICINIO COHAUHUX bamapeli i NO20OHUMU YMOBAMU, WO NOCHIUHO
sminiolomecs. Ll e3aemosanedcnicms Modice npusgecmu 00 HegiON0GIOHOCHI HABAHMAJICEHHS, KOU MAKCUMATbHA NOMYICHICHb He
ehexmusHo 6i0OUpamumemscsl i nepedasamumemscst 8 Hasanmagicents. Lo npobiemy 3azsuuail HA3UBAIOMYb NPOOIEMOIO BIOCIEICEHHS
mouku maxkcumabroi nomyscnocmi (MPPT). [lna onmumizayii nikosoi suxionoi nomyosicHocmi ma 3a2anvHoi eqpexmusnocmi eenepayii OF
cucmem Oyno 3anpononosaro pisui memoou xkepysauns MPPT. Memoodonozia. Y yiii cmammi npedcmagieno Hosuil nioxio 00 MaKkcumizayii
epexmusrocmi consunux QE cucmem wnsxom siocmedxcenns MPP ma docnioscenns ounamiunoi peaxyii cucmemu. Opuzinansnicme. Llei
Memoo0 BKIIOUAE ANSOPUMM MAWUHHO20 HABYAaHHS bazamosumipHoi ninitinoi peepecii (MLR) ons npoenosysanns MPP onsa 6y0v-axozo piens
oceimaeHocmi I memnepamypu Ha OCHO8I OaHux, 3iopanux 3i cneyugixayii consunux DE cemepamopis. La ingopmayia nomiu
BUKOPUCIOBYEMbCS. Ol PO3PAXYHKY — Koegiyicnma 3anosnenHs nepemeopilosaua, wjo niosuujye. Pesynsmamu. Mooeniosanns
MATLAB/Simulink ma excnepumenmanshi pe3ynbmamu nokazyloms, wjo yeui nioxio nociiooeHo 3abe3neywye cepeoHto epeKmuHicms noHao
96 % 6 peowcumi pobomu PE cucmemu, wjo 8CMAHOBUSCS, HAGIMb NpU 3MIHHUX DigHAX oceimnenocmi i memnepamypi. Ilpakmuuna
yinnicmy. ITiosuwena egpexmusnicmo 96 % npononosanoeo MPP na ocnoei MLR ¢ peowcumi pobomu, wo eucmauae makcumym 3 OF
cucmemu, niosuwye yinnicmo. Te came, ouesuoHo, niomeeposicytoms i anapamui pezynomamu. bioin. 24, Tadn. 4, puc. 14.

Knrouosi cnosa: MalllMHHe HABYAHHS, BiACTeKYBa4yi MAKCHMAJIBHOI OTY:KHOCTI, COHSIYHi oTOETEKTPHYHI CHCTEMHU.

Introduction. Solar photovoltaic (PV) generator
energy systems have become increasingly popular as a
source of renewable energy. However, one of the main
challenges is, achieving maximum power extraction from
the PV generator as it is typically not operated at its
optimal point for specific levels of irradiance (/) and
temperature (7). To address this challenge, various
techniques have been developed for tracking the
maximum power point (MPP) known as MPP tracking
(MPPT) techniques, which aim to improve the efficiency
of PV generator. The most common conventional
methods for MPPT of a PV generator are Perturb &
Observe (P&O) and Incremental Conductance (IC)
algorithms. These methods involve adjusting the voltage
of the PV generator [1-3] to calculate the required change
in voltage for maximum power extraction. Other methods
include mathematical-based approaches like the curve-
fitting algorithm, which indirectly tracks the MPP using
the power-voltage curve of the panel. Constant-parameter
algorithms like fractional open-circuit voltage require
periodic measurement of the open-circuit voltage, while
the fractional short-circuit current algorithm requires
periodic measurement of the short-circuit current. Trial-

and-error-based methods like gradient descent calculate
the adjacent local MPP using the gradient function.
Intelligent prediction algorithms like fuzzy logic control
(FLC) and artificial neural networks (ANN) can predict
MPP by adjusting the weights of different layers through
a training process [4, 5]. Optimization methods like ant
colony optimization, firefly algorithm, genetic algorithm,
and grey wolf optimization attempt to optimize functions
or variables to achieve maximum power extraction from
the PV generator.

These algorithms are designed to operate the PV
generator at the MPP to extract the maximum available
power for delivery to the load.

Machine learning (ML) algorithms can predict
unknown data with a high degree of accuracy by learning
from known data. By training a ML algorithm [6] with
existing data and testing it with new data, a ML model is
created. Typically, 75 % of the data is used for training,
and the remaining 25 % for testing the model. Image-
based ML and reinforcement learning algorithms have
been used for MPPT in PV generator. To operate the PV
generator at the MPP, a converter is required.
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The literature reports the use of various types of
converters, including DC-DC buck converters, boost
converters, buck-boost converters, single-ended primary
inductor converters, and controlled inverters.

Although the conventional P&O and IC methods are
simple and require fewer sensing elements, they have a
low MPPT speed for rapid changes in irradiances.
Intelligent prediction algorithms like ANN and FLC can
address this issue. The performance of the ANN model
depends on the correlation between the training and
validation data, the number of iterations used for training,
and the number of layers and neurons. The accuracy of
the FLC is dependent on the rule-based design, which
requires human expertise and experience. The Cuckoo
Search (CS) technique is considered one of the fastest and
most reliable optimization techniques but has a high
failure rate and high oscillations in the steady state.

Achieving fast-tracking of the MPP is crucial for
efficient solar PV generator, as irradiance and temperature
change rapidly. ML algorithms offer a promising solution
to improve MPPT speed without requiring an iterative
approach or controller. To evaluate this approach, a new
multivariate linear regression (MLR) algorithm is
proposed in this study, and its performance is compared to
conventional techniques like P&O and IC, intelligent
methods like ANN and FLC, and optimization algorithms.

The block diagram shown in Fig. 1 for a complete
system, where P,,, is maximum power available at MPP,
V.p is the voltage of the solar PV generator at MPP, 7, is
the current through the solar PV generator at MPP, D is
duty cycle, R,,, is the resistance at MPP and R, is the load
resistance. The mean efficiency is calculated under
different irradiance level (IL) and temperature 7T to
validate the effectiveness of the MLR method.

— Pmy, 2
MLR Machine Rmp=V=mp / Pmp
. . 2
learning 7 D=I-( Ryyp /Rp ) 12

H.A

Fig. 1. System block diagram

System description. Characteristics of PV
generator and DC-DC boost converter. Solar PV
generator convert sunlight into electricity, and several
cells are connected to form a PV generator. The one-diode
equivalent circuit [7-11] of a PV generator is depicted in
Fig. 2 and represented mathematically in (1). The number
of solar PV generator in a panel determines the
specifications for voltage, current, and power.

I pv Rs

Fig. 2. The one-diode equivalent circuit of a PV generator

V+IR, Vil R
Ly, =Ip—Ip(e "' —1)——Jr AR )]
Rsh
where 1,, is the solar PV generator current; /; is the
photocurrent as a function of IL and T; Ip is the diode
saturation current; ¥ is the solar PV generator voltage; R is
the series resistance; # is the diode ideal factor (1 <n <2); Vr
is the thermal voltage equivalent; Ry, is the shunt resistance.
Figure 3 illustrates a boost converter with pulse
width modulation control, which is powered by a solar
PV generator. The MOSFET switch and duty cycle (D) is
responsible for controlling the amount of power that is
delivered to the load from the solar PV generator. The
inductor L present in the circuit boosts the solar PV
generator voltage to the required output voltage level.
Additionally, the load current 7, flow through the load and
input and output capacitors C; and C, are utilized to
minimize the ripple content in the voltages [8-10].

Lpy I, L 1,

MOSFET

v,
Solar PV r Load
generator

| IC Dé:l I T

Fig. 3. Boost converter with solar PV generator

The solar panel specifications used for the
simulation include a maximum power of 250 W, short-
circuit current of 9.38 A, open-circuit voltage of 36 V,
voltage at MPP of 28.8 V, and current at MPP of 8.68 A.
The current-voltage and power-voltage characteristics of
the solar PV generator under different temperature and
irradiances are illustrated in Fig. 4.

LI, A
W= w?

G,

0.8 KW/m?

X 29.86
Y 8.68

4F 04 KW/m?

200

100

. 1 s 1 L L L
0 5 10 15 20 25 30

357, V 40
Fig. 4. The current-voltage and power-voltage characteristic
curves of solar PV generator

Multivariate linear regression. The linear regression
method is a simple ML technique that is suitable for
predicting real numbers from available data. It works by
predicting unknown data, which is also known as
dependent data, from the features, which are referred to as
independent data [12, 13]. If the data has a single feature,
then the univariate linear regression algorithm gives a
straight line that predicts the data in a two-dimensional
space. On the other hand, if there are multiple features, the
MLR algorithm provides a plane in multidimensional
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space. The general form of the multiple linear regression
planes [12] can be expressed as:

y= ﬂ() + ﬂO'xl ot X T ﬁn'xm (2)
where y is the data to be predicted in a n-dimensional space
X1y X2, -, X1, X, are the feature with £, S, ... , Bi1, B as
regression coefficients.

ANN-based MPP [14-18] is shown in Fig. 5 for an
example of finding the duty at MPP (D,,,,) based on the
training provided for the ANN. The results of D,,,, are
taken as output and are used for comparisons.

Hidden
Layer Output
Layer

Input

Fig. 5. Neural network example

Data in linear regression. ML algorithms acquire
knowledge by analyzing data, allowing them to identify
patterns, make informed decisions, and assess their level of
certainty based on the information provided. The quality of
the training data plays a critical role in determining the
effectiveness of the model. Figure 6 indicates the learning
model. Three-dimensional MLR model is shown in Fig. 7.

Data Information >

Knowledge

\ 4

Fig. 6. Learning model
A y

Residual in
rediction

Fig. 7. MLR model in a three-dimensional space

Learning is data refers to raw and unprocessed facts,
values, texts, sounds, or images that are yet to be analyzed.
It is a crucial component in the fields of ML and artificial
intelligence, and without it, cannot train any models.
Information, on the other hand, is data that has been
interpreted and manipulated to provide final results.
Knowledge is a combination of inferred information,
experiences, learning, and insights that result in awareness.

Data preprocessing. Training data. The part of data
used to train the model. This is the data that the MLR model
sees (both input and output) and learns from this data. In the
proposed work, 70 % of data is given for training purpose
and the records were chosen randomly (Fig. 8).

Validation data. The part of data that is used to do a
frequent evaluation of the model, fits on the training

dataset along with improving involved hyper parameters
(initially set parameters before the model begins
learning). This data plays its part when the model is
training. For validation of data, only 20 % of the data is
given and the records were random.

| Data Learning |

\ 4
|| Validation Data | |

Fig. 8. Data preprocessing

| Training Data Testing Data |

Testing data. Once the model is completely trained,
testing data provides an unbiased evaluation. When the
inputs of testing data are fed, the trained model will
predict some values (without seeing actual output). After
prediction, to evaluate the model by comparing it with the
actual output present in the testing data.

This is how the evaluation and performance model
has learned from the experiences feed in as training data,
set at the time of training. The remaining data i.e., 10 %
of data is fed to the trained and validated model to
evaluate performance.

Methodology. The methodology used in this study is
divided into 4 stages, as the flowchart shown in Fig. 9. The
first stage involves collecting and processing raw data from
the solar PV generator  specifications  using
MATLAB/Simulink. After collecting the data, an analysis is
performed to remove any outliers. The second stage focuses
on developing the MLR model through training, validation,
and testing using the prepared data. The performance of the
model is evaluated using metrics such as sum squared error
(SSE), R?, and root mean square error (RMSE). The formula
to calculate these measures are provided below.

Start Train MLR ‘l Start I
model
Solar PV panel l Prepare MLR
specification ~ model
topping T
: criteriag -~y Predict duty
Yo
—
Data collection Pe ‘1’"“?““
¢valuation Measure load
Data analysis, - l power
processing Applying mode 1
and division to testing data
Input training | | [ Performance | |  Yes
data evaluation ISt_opl

Fig. 9. Flowchart for the proposed MMPT using MLR
ng 2,
SSE=Y" (Vix~Ypk)?: 3)
ny 2
2 szl(YA,K - YP,K)

R° =1 ; 4)
Zr]l(s:l<YA,K _YP,Avg) 2

1 ng
RMSE:\/L—Zlgzl(YA,K—YP,K) 2}’ ©)

where Y, represents the actual data; Y is the predicted
data; n, is the number of samples; Y, is the average
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values of Y,. The value of R* e [0, 1] specifies the
prediction strength of models, and an R? value closer to 1
ensures the best fit of the model. Likewise, the SSE and
RMSE values measure the residual or error among Y, and
Yp. Therefore, SSE and RMSE values closer to 0
represent the models’ superior prediction.

In the proposed methodology, the third stage
involved using the MLR model to perform MPPT. The
MLR model predicted the maximum power available at
MPP (P,,) and the voltage of the solar PV generator at
MPP (V,,) for a given IL and temperature 7. The
predictions were used to determine the required D for the
boost converter to operate the PV generator at MPP. The
corresponding resistance at MPP (R,,) was computed
using these predicted values as in (6). The R,, was
reflected between nodes of boost converter by controlling
the D of the boost converter. The D in terms of R,,, and
load resistance Ry is given in (7):

Rup =Vi2p [Py - (6)

D=1-[(R,, /Ry). (7)

The maximum and minimum values of the load
resistance were determined using the method proposed in
[8]. The boost converter is designed using the procedure
explained in [7]. The required boost converter inductance
L and capacitance C are as follows:

L= Vinp : (Vout - Vinp )/fsw Al 'Vout 5 (8)

C= Iout : (Vout - Vinp )/fsw AV 'Vout 5 )

where V,,, is the input voltage; V,,, is the output voltage;

fsw 1s the switching frequency; Al is the current ripple;
1, 1s the output current; AV is the voltage ripple.

The fourth stage of the methodology involved a
comparative analysis of the MLR methodology with existing
conventional, intelligent, and optimization MPPT methods.

Simulation results and discussion. Data collection.
The simulated dynamic result for the IL changed from
900 to 500 W/m’ is shown in Fig. 10. In that
corresponding solar power, voltage, and current were
demonstrated that the maximum power can track using
the proposed method.

The data collected for this study includes four
variables: /., T, P,, and V,,. The values of P,, and V,,
depend on /, and T.

Tracked Ppy: 230 W

of| Actual Py 230W

Tracked Ppy: 120 W

Power (W)

,,,,, e e nnnennennnenen Actual Py 330w

-
G: 900 W/m? G: 500 W/m?

Irradiance (W/m?)
i

-
Q2
°
-

]

% duty: 41%

Voltage (V)

% duty: 38%

8
V)

W e e 1 12 14 s s 2

Fig. 10. Simulation results of V,,,, 7, .

ovs Loy Py and D for chaﬁgé in /.
from 900 to 500 W/m?, T'=25 °C

To predict P, and V,,, I, and T are used as features.
The MPP of changes in variables for the installed roof
solar PV generator and its specification of 250 W
Zy-TECH 250P [19-21] are given in Table 1.

Table 1
Specification of solar PV generator
Specification Value
Rated power, W 250
Voltage at maximum power, V 28.8
Current at maximum power, A 8.68

Open circuit voltage, V 36

Short-circuit current, A 9.38
Voltage temperature coefficient —0.36901
Current temperature coefficient 0.086988

Performance of the proposed MLR model. The
MLR machine learning models created using
MATLAB/Simulink involves two independent and one
dependent variable. These models can predict the values
of P,, and V,,, based on specific values of /. and 7. The
data were collected as described earlier, based on the
specification of the PV generator. The MLR model
developed is presented mathematically in (10) and (11):

P,,=0.8994 +0.01001-7, — 0.03685-T; (10)
Vip =19.21 + 0.0007073-1, — 0.08946-T. (11)

The developed MATLAB MLR machine learning
technique consists of two input variables and one output
variable. These techniques can predict P,, and V,, at
various irradiance /, and temperature 7.

The regression coefficients of (10) define a plane in
I,, T and P,,, as shown in Fig. 11,a. The residuals in the
prediction for these parameters are shown in Fig. 11,5
The numerical analysis of SSE, R*, and RMSE are
0.0197, 0.9999 and 0.0405, respectively. The SSE and
RMSE values are close to 0, and the R* value is close to 1,
indicating the best prediction of the models and the results
given in Table 2, 3.
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1000
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40 800
600
T,°C 0 T L wWim?
Fig. 11. a — P, plane defined by regression coefficients;
b — residuals in prediction
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Table 2
Training results
Metric Value
RMSE 1.0347-10™
R 1
MSE 1.0762-10 %
Prediction speed | 9800 obs/s*
Training time 4.9252 s

*obs/s — refers to number of observations processed per second.
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Table 3
Testing results

Metric Value
RMSE 3.6016-10
R? 1
MSE 1.2972-10°%

Performance comparison of various methods. The
performance of the MLR model was compared to other
models, and the results were summarized in Table 4 for
the time range of 0 to 0.5 s. The comparison indicated that
the P&O and IC methods exhibited oscillations in steady-
state, while the other models did not [22-24]. According
to Table 4 the MLR model settled in less than half the
time with a high steady-state value of 230 W and almost
zero overshoot compared to the P&O method. Similarly,
the MLR model settled in less than half the time with a
high steady-state value and nearly zero overshoot
compared to the IC method. Overall, the MLR model
outperformed the P&O and IC algorithms in terms of
settling time, steady-state value, and overshoot.

Table 4
Comparison of the MPPT response characteristics for various methods
Parameter MLR P&O IC ANN
Rise time, s 0.1409 | 0.0463 | 0.0352 | 0.1314
Settling time, s 0.2410 | 0.5000 | 0.4994 | 0.2144
Overshoot, % 0.0023 | 9.2364 | 39.294 0
Peak time, s 0.4999 | 0.0829 | 0.2300 0.5

According to the power response numerical values,
the MLR model’s performance is comparable to that of the
intelligent methods, such as ANN and FLC, while the CS
method exhibits an undesirable undershoot. Moreover, the
MLR model outperforms the CS optimization method in
terms of rise time and overshoot. Based on this analysis, it
can be concluded that the MLR control method is suitable
for MPPT in PV generator, as it can track the MPP under
varying /, and T conditions in a stable state and ensure that
the PV generator operate at the MPP.

Experimental results and discussion. To further
substantiate the dynamic performance, the experiments have
been conducted using the solar PV generator of 250 W
Zy-TECH 250P where considered for this work shown in
Fig. 12. Under standard test conditions of 7, = 1000 W/m?
and 7= 25 °C solar PV generator produce power of 250 W.
MLR algorithm tested for solar PV generator under various
algorithm is tested for solar PV generator under various 7,

and T profiles.
300
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Fig. 12. Solar PV panel power comparison for various methods

The experimental setup shown in Fig. 13 consists of
a solar PV panel, a designed boost converter and a
program kit ESP-32. The IL is changed from 900 W/m® to
500 W/m? at ¢;; result shown in Fig. 14.

b FF;‘:" \.‘.‘ = converter .,
Fig. 13. Experimental setup
Vo 5 V/div
= rl o= |
I, 2 A/div
ti

Fig. 14. Dynamic performance of proposed MPPT controller.
IL changed from 900 W/m? to 500 W/m®
Note. T=25°C, V,,=29 V, time axis: 20 ms/div, and ¢, is the
instant at which step change in /. of solar PV generator initiated

Conclusions. A new approach based on multivariate
linear regression machine learning was implemented in this
study to achieve high accuracy in tracking the maximum
power point of a solar photovoltaic generator using a pulse
width modulation control boost converter. The mean
efficiency was found to be over 96.18 % in steady-state,
which validates the effectiveness of the multivariate linear
regression algorithm. Simulation with experimental
hardware results showed that the multivariate linear
regression algorithm had a high level of accuracy in
maximum power point tracking in steady-state compared to
conventional perturb & observe, incremental conductance
algorithms, intelligent prediction artificial neural networks
algorithm, and cuckoo search optimization method.
Moreover, the multivariate linear regression algorithm
proved to be effective even in the presence of varying
irradiance and temperature.

As a part of future work, the effect of partial shading
on photovoltaic generator will be analyzed with the help
of hardware implementation.
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