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E.I. Bardyk, N.P. Bolotnyi

Development of fuzzy classifier for technical condition ranking of power transformer

The work aim is to develop a fuzzy classifier for technical condition ranking of power transformer under condition of vagueness and
ambiguity diagnostic information. Methodology. The fuzzy classifier developing for technical condition ranking of power
transformer was based on approach of using fuzzy set theory and optimization methods. The proposed approach for power
transformer rank assessment by using a classifier was developed on the basis of Takagi-Sugeno fuzzy inference system. The input
indicators choice is justified and their efficiency for classifier is evaluated by expert evaluation method. This makes it possible to
formalize expert assessments regarding the development of power transformer defects. Results. The formalization of technical
condition assessment of power transformer in knowledge base form, which implemented in expert system prototype for technical
condition assessment, was carried out. The complex technical condition assessment for each functional unit of power transformer
was determined based on expert evaluations with using the test and measurement parameters results. Originality. The considered
approach to formalization of uncertainty regarding technical condition of power transformer allows building a deterministic
decision-making scheme for further maintenance strategy, in which the ranking and decommissioning procedures for specific objects
are implemented on the basis of objective criteria. Practical value. The proposed fuzzy classifier allows determination with a high
probability degree of technical condition assessment of power transformer based on the test and measurement parameters results.
Thus, an applied aspect of using the obtained scientific result is the possibility to objectively rank of power transformers park based
on the identified possible defects and their development degree. This constitutes the prerequisites for determining the failure
probability evaluation of power transformer at nearest observation period and emergency risk assessment in integrated electric
power systems under power transformer failures. References 36, tables 8, figures 12.

Key words: fuzzy classifier, electrical equipment, technical condition assessment, defect, power transformer.

Pozenanymo numanna o6rpynmyeanns i po3poOKu iHmeneKmyanbhoi cucmemu Oas NIOMPUMKU NPUUHAMMA piuleHb w000
SUSHAYEHHS PAHEY MEXHINHO20 CMAHY CUN0B020 MpAHCcpopmamopa. 3anponoHosano nioxXio O 6CMAHOBNEHHS PAHZY CUTOBO20
Mpanchopmamopa Waaxom 3acmocy8ants Kiacugikamopa, pospobaenozo na 6asi cucmemu Hedimkozo eusedenns Taxazi — CyzeHo.
Tlobyoosano iepapxiuni cmpykmypHi cxemu 6U3HAYEHHs PIGHIE (haKMOpPie MEXHIYHO20 CIMAHY OKPeMUX (DYHKYIOHATbHUX 8V3/i6 ma
cun08020 mpancgopmamopa 8 yinomy. Pospobreno meuwimkuii kaacugikamop 015l pamdcy8anHs MeEXHIUHO20 CMAHY CUTO0BO20
mpancgopmamopa 3a pe3yibmamamu OKpemux eunpobyeansv i eumiplosans. Buxonana adanmayis mewimxux mooeneil OYiHKu
MEXHIYHO20 CMAHY WIAXOM HABYAHHS HEYIMKOo20 Kiacu@ikamopa Ha 6udipkax 3 NpoOmoOKonie 0OCMedCeHHs NAapKy CUNOBUX
mpancgopmamopie pizHux munie i kiacy manpye. BUKOHAHO KOMRIEKCHY OYIHKY MeXHiuH020 cmaHy ma Kiacugikayilo paney 3a
CYKYRHICIIO KOHMPOTbOBAHUX NAPAMEMPI8 CULO8UX MPAHCPopmamopie enepeokomnanii. bidmn. 36, Tadin. 8, puc. 12.

Knrouoei cnosa: HediTkuil kiaacugikaTop, eJJeKTPo0oo1aJHAHHS, OLIHKA TeXHIYHOI 0 cTaHy, 1edeKT, cujioBuii Tpancgopmartop.

Introduction. The current state of the electric power — EE:vinding:
industry in the industrialized countries of the world is
characterized by a significant degree of wear of power Ly iding:
transformers (PTs) as the most common element of the
electric power system. Accelerated renewal of the PT Ml Teping winding
park requires colossal investments in the electric power
industry and determines the need for a comprehensive I ead i
approach to solving these problems, not limited to '
equipment replacement [1-3]. Table 1 presents statistical g wincingtowinding
data on the distribution of characteristic damage of PTs relom236%
110-500 kV by functional nodes [4, 5]. B HV bushings:
Table 1 117
Statistical data on the distribution of PT damage by
functional nodes according to the duration of operation

I LV bushings:
2.36%

[l Core & magnetic
circuit: 6.30%

Flux shunts:
0.79%

Cooling unit:
1.57%

Tap changer:
P g
11.81%

Fig. 1. The main causes of PT failures statistics for voltage more

- than 110 kV
Number of damages according to the

PT fﬁgzt;onal T durlagigg Ofozp(f_gagon ggtgg ST =20 | Total In addition, most of the PT parks retain their

years | years | years | years | years Qperatlonal capacity beyond the~des1gq life. It is urgent to
Magnetic core | 0 0 1 0 0 1 improve the methods of diagnosing the technical
Cooling ) 14 13 ) 0 30 condition of the equipment to determine the possibilities
system of its operation for 2-fold and more than the normative
Windings 23 25 23 28 12 111 terms of operation [7-9].
On-load tap- 12 28 21 10 0 71 Incorrect determination of the rank of the technical
changer .. .
High-voltage condition of the PT can lead to an erroneous calculation
bushings 15 37 38 31 9 |130| of the composition of the necessary volumes of diagnostic
0il leak 2 16 19 11 3 61 tests and measures for further operation [10].
Vandalism 3 6 10 1 1 21 Thus, the economic impracticality of prior
Oil drain 12 22 22 14 5 75 equipment replacement is obvious, as well as the
Total 79 148 147 96 30 |500 importance of timely detection of threatening defects,

Figure 1 shows the statistics of the main reasons for ~ their further control with increasing reliability of
PTs failures according to SIGRE data as of 2015 for the  determining the rank of the technical condition of the PT.
period from 1950 to 2009 [6]. © E.IL Bardyk, N.P. Bolotnyi

Electrical Engineering & Electromechanics, 2023, no. 5 3



Analysis of literary sources and problem
definition. Modern software and algorithms allow to
significantly increase the reliability of solving such
problems in conditions of uncertainty of diagnostic
information. More reliable decisions regarding the
ranking of the technical condition of PTs can be obtained
when using intelligent decision support systems [11].

Currently, chromatographic analysis of dissolved gases
(DGA) in PT oil is widely used to diagnose PT. Under the
conditions of the occurrence and development of a defect
inside the transformer, the composition and concentration of
gases dissolved in the transformer oil intensively change
both quantitatively and qualitatively [12].

Practically all available methods for evaluating the
results of the DGA do not allow to clearly classify the
technical condition of the PT based on the change in gas
concentrations and, accordingly, cannot be used to assess
the technical condition of the transformer at the
observation time interval [13].

Table 2 presents certain results of some systems
developed for diagnosing transformers based on DGA [14-16].

Table 2
Obtained results for some PT defect diagnosis systems
Number of | Diagnostic accuracy of the developed systems,
PT %
711 90,3 — educational sample
93,81 — test sample
210 95,72 — educational sample
95,34 — test sample
711 96,2
90,91 — Dornenburg method
87,88 — modified Rogers method

33 90,91 — Rogers method
93,94 — IEC/IEEE method
820 90,49 — educational sample

93,54 — test sample

Quantitative indicators of diagnostic accuracy of the
presented systems reflect the need to use methods that
allow minimizing the error in assessing the technical
condition of the PT.

The complexity of solving this problem is
determined by the presence of a number of factors that
simultaneously affect the concentration of gases in the oil:
deterministic factors determined by the design of the PT,
as well as stochastic factors that depend on the operating
conditions of the PT.

A generalization of the results of basic and
promising scientific works was carried out for the
selection of software and algorithms for intelligent
systems that allows obtaining reliable forecasting results
in conditions of uncertainty [8-12].

Based on the results of the generalization, a
technical and economic evaluation of production models
(PM), semantic networks (SN), logical models (LM),
artificial neural networks (ANN), fuzzy logic (FL), fuzzy
neural networks (FNN), etc. was carried out [13-20].

Table 3 shows the -characteristics of knowledge
representation models for intelligent decision support systems.

It is obvious that among the listed models of the
problem to be solved, models based on fuzzy neural
networks are best suited [21]. They combine the
advantages of such models of knowledge presentation as
FL and ANN, which allows to compensate for the
shortcomings inherent in each individual model.

Table 3
Technical and economic assessment of knowledge
representation models

Knowledge representation
Name of the criterion model
LM [PM|SN|ANN | FL | FNN

1. Ability to operate with fuzzy data -+ ] - + [ +] +
2. Universality -l -1+ -]+
3. Clarity of knowledge presentation -+ |+ - + | +
4. Modularity + | + | - + - |+
5. Allowable time spent on building clelol + 1+l +
the model
6. Acceptable value + |+ | - + |+ | +
7. Ability to self-study - - - + - +
8. Efficiency coefficient 0,5/0,7{0,1] 0,9 [0,6] 1

Based on the results of the analysis, it was decided to
use FNN to build a fuzzy classifier based on the application
of the Takagi-Sugeno fuzzy system model [22].

Therefore, the goal of the article is to improve the
efficiency of the assessment of the technical condition of
the power transformer by developing a fuzzy classifier to
ensure the reliability of determining the rank of the
technical condition of the power transformer.

To achieve the goal, the following tasks were solved:

e to develop a hierarchy of fuzzy assessment of the
technical condition of the PT based on the aggregation of
the most significant levels of factors affecting the
technical condition;

e to develop an algorithm for conducting a fuzzy
assessment of the technical condition of the PT based on a
set of controlled parameters;

e to develop a fuzzy classifier for ranking the
technical state of PT;

e to carry out a comprehensive fuzzy assessment of the
technical condition of the PT in the conditions of information
uncertainty in order to make effective preventive decisions
regarding the strategy of further operation.

The concept of selecting parameters affecting the
determination of the rank of the technical state of the
PT. There are a number of diagnostic methods for
determining the state of PT, but it is not easy to integrate
their results into a single comprehensive assessment. The
method based on fuzzy logic for calculating the health
index proposed in [23] allows determining only the
performance indicator of the insulation system. Over the
past decades, various algorithms for diagnosing the state
of PT have been proposed using intelligent information
processing technology, such as the Bayes method [24],
the method of evidentiary argumentation [25], the method
of support vector machines [26], the method of artificial
neural network [27]. When a PT defect occurs, it is often
accompanied by a change in some parameters of the
technical condition [28]. These algorithms have achieved
good results in engineering practice, but there is a lack of
analysis of the correlation of each parameter and the class
of technical state of PT. In [29], when assessing the state
of the transformer, each of the test indices and state rank
corresponds to a separate pair of data sets. But the internal
relationships between each test index were not considered
in these works, so the types of PT damage cannot be
diagnosed. On the other hand, the methods of assessing
the condition of transformers based on the method of
analysis of pairs of sets are the basis for the complex
scoring method of assessing the technical condition by

4
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experts. This makes it possible to construct fuzzy matrices
of expert evaluations using an analytical hierarchical
process to determine weighting factors. However, the use
of a complex scoring method for assessing the technical
condition and analytical hierarchical process do not allow
to completely avoid subjective disagreements of experts
regarding the presence of a defect in the PT [30].

For the above reasons, this article makes an attempt to
overcome the shortcomings of the considered approaches
and methods of determining the comprehensive assessment
of the technical condition of the PT.

The development of a fuzzy classifier involves the
implementation of several main stages. At the initial stage
of creating a classifier, it is necessary to select the factors
that are most significant in determining the rank. Selection
of the main parameters is also important, since the
assessment of the technical condition rank of PT is
characterized by a large number of factors that have certain
differences for different classes of technical condition. The
solution to this problem is possible using the method of
expert evaluations for ranking the compared objects.

The proposed method of expert evaluations is based on
the use of a fuzzy comprehensive evaluation of the object,
the functioning of which is influenced by numerous factors.

The practice of conducting diagnostic tests on PT
shows that when making a diagnostic hypothesis regarding
the presence of a defect, there should be several factors that
are considered and determined in the evaluation process.
Since it is usually very difficult to make a decision using a
classical mathematical method, fuzzy complex estimation is
able to solve the multi-factor assessment decision-making
problem. This assessment method is based on existing
evaluation standards and fuzzy conversion of actually
measured data or data with significant uncertainty,
incomplete information. Compared to other methods, it is a
comprehensive, objective and integrated method of
evaluating results.

The algorithm for conducting a fuzzy assessment of
the technical condition of the PT is as follows.

1. Determination of the set of X levels of factors
influencing the technical condition of the PT, which
requires assessment:

X:{xl,xz,...,xn}; (1)
where x; is the i-th factor that can affect the technical
condition of the PT and has a certain degree of ambiguity;
n is the total number of factors that can affect the
technical condition of the PT.

2. Formation of the set V" of expert evaluations:

where v; is the i-th comprehensive result of the expert's
comprehensive assessment; » is the total number of expert
assessments regarding the technical condition of the PT.

3. Formation of the complex matrix of fuzzy
relations of expert evaluations R:

nr - ny
R=|: . |

Ty

where r; € [0, 1] is the element of the matrix of fuzzy
relations between damage to functional nodes and the
consequences of these damages.
4) Definition of the system of weighting coefficients ¥
n

W:(wl,wz,...,w,,), ZWiZI’ “)
i=1

where w; is the i-th weighting coefficient reflecting the
significance of each assessment factor x;; n is the total
number of weighting coefficients for assessing the
significance of factors with regard to the impact on the
assessment of the technical condition of the PT.

5) Definition of the set B of the fuzzy comprehensive
assessment of the technical state of the PT. The equation of
the fuzzy comprehensive assessment of experts regarding
the technical condition of the PT

B= max{bl, by, ... ,bn} ,

3

(&)

m
where bj :ijn]- ,j=1,2, .., nis the j-th fuzzy
i=l
comprehensive assessment of the technical condition of
the PT; n is the total number of fuzzy comprehensive
assessments of the technical condition of the PT.

An expert group consisting of # highly qualified
specialists in the operation and repair of PTs is formed to
carry out the work on the fuzzy comprehensive evaluation of
technical state using the method of expert evaluations. The
formation of the group began with the selection of candidates
and their further evaluation using the Delphi method [31].

To determine the technical condition of the olive PT,
based on the results of individual tests and measurements,
a linguistic mathematical model was developed, which
includes the rules of fuzzy logical inference, the term-set
and the function of the input parameters belonging to one
or another linguistic quantity. Figure 2 presents a
fragment of a hierarchical structural diagram of a fuzzy
logical inference about the technical condition of an oil
transformer on the basis of defined separate levels of

V= {Vl > V25 s Vy } ; (2)  technical condition factors [32].
B
D(X, ... X))
x11 xI12 x13 eee | XI5 x16 | eee| x45 | ooe | Xy
Oil and Oth
Insulation Loss Wi'nding Leakage DGA cellulose fact::
resistance factor resistance reactance quality level
analysis

Fig. 2. The hierarchical structural scheme of fuzzy logical conclusion for PT technical condition
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The model contains the rules of Takagi-Sugeno fuzzy
logical inference, terms and functions of belonging of the
input parameters to one or another linguistic quantity. The
knowledge base of the prototype of the expert system for
diagnosing the technical condition of the PT is based on a
hierarchical representation and consists of a system of built-
in knowledge bases. An integral assessment of the technical
condition is carried out by aggregating inferences regarding
the type of the PT defect based on individual test results,
using relevant knowledge bases.

Fuzzy logic analysis includes three sequential
processes, namely: fuzzification, fuzzy inference, and
defuzzification. Fuzzification transforms, for example, a
clear gas ratio into a fuzzy input set. The selected fuzzy
logic inference system is responsible for obtaining
inferencees from fuzzy rules based on the knowledge of
«if-theny» linguistic statements. Each rule consists of two
components, in which there is the preceding part («if»)
and the following part («then»). With the help of a fuzzy
approach, partial belonging to a certain class of technical
condition (determined by the value of the belonging
function) can increase the number of relevant inferences
compared to the traditional criteria for assessing the
technical condition of the PT, which are regulated by
regulatory and technical documentation [6, 32].

For example, the linguistic rule for determining the
assessment of technical condition indicators based on the
results of the DGA has the following form: if «C2H2/C2H4
is 0, CH4/H2 is 2, and C2H4/C2H6 is also 0, then the type of

defect that corresponds to this combination of ratios is D7»,
that is, a low-temperature defect (overheating) 7<300 °C.

The defuzzification function then transforms the
original values back into crisp values.

All inputs of the fuzzy logical inference system have
membership functions, the basic forms and parameters of
which are presented in detail in [32]. To take into account
the objectively existing tolerance of the recognized defect
to the change of parameters in a certain range, the
trapezoidal membership functions are used.

At the initial stage, each expert was offered
7 indicators according to their significance for ranking the
technical state of the PT:

e x1 — the level of the technical condition factor of the
PT windings (Fig. 3);

e x2 — the level of the factor of the technical condition
of the magnetic core of the PT (Fig. 4);

e x3 — the level of the factor of the technical condition
of high-voltage bushings of the PT (Fig. 5);

e x4 — the level of the factor of the insulation
characteristics of the transformer oil of the PT (Fig. 6);

e x5 — the level of the factor of the on-load tap-
changer switch (Fig. 7);

o x6 — the level of the factor of the technical condition
of other PT nodes (Fig. 8);

e x7 — the level of the factor of other PT operation
indicators (Fig. 9).

O

Fig. 3. The hierarchical structural scheme of PT technical condition assessment

[ 0 | 1] Factor level of
PT technical - . - dielectric loss factor
condition assessment |——] Factor level of windings technical condition J—g— for main windings X1
| D X1 insulation tg5
[ 2 |
Factor level of magnetic core technical Factor level of idle
*— con%ition @— losses for windings | X12
| X2 insulation
é Factor level of
@— windings insulation | X13
5 | resistance R
Factor level of HV bushings technical 60"
[ o e
condition
|X3
Factor level of
@— windings voltage | X14
ratio coefficient
o
| 4 |
- Factor level of insulating oil properties
(Oil and cellulose quality analysis Factor level of
X4| 9] windings leakage |X15
reactance deviation
® “
Factor level of
[ > | . winding defect X16
Factor level of tap changer technical according to DGA
[ o L test
condition eS|
|X5
f Factor level of
polymerization
b degree (DP) for x17
[ | cellulose insulation
- Factor level of technical condition for other
PT functional units
|X6
L 7 |
Factor level of other PT operational
[ o o -
lifetime indicators
|X7
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Fig. 4. The hierarchical structural scheme of factor level

assessment for PT magnetic core

| S |
Factor level of HV bushings technical
condition
X3

aa

Fig. 5. The hierarchical structural scheme of factor level

—1

Factor level of
dielectric loss for HV
bushings insulation

tgd

—

Factor level of
insulation resistance
for HV bushings

—

Factor 1evel of
HV bushings
overheating

according to infrared
c

assessment for PT HV bushings

| 4 |
Factor level of insulating oil properties
(Oil and cellulose quality analysis)

-

Factor level of oil

1

breakdown voltage x4
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Assessment of the technical condition of the PT by
experts depends on overcoming the uncertainty of
information:

e it is impossible to determine the state by one
measurement, based on one method;

o reliable diagnosis is based on: several types of
diagnosis; dynamics of changes in characteristics;

e impossibility of applying the same diagnosis criteria
for different constructions and voltage classes;

o the reliability of the diagnosis results should be
achieved with minimum costs for obtaining them.

Construction of a fuzzy classifier for ranking the
technical condition of the PT. After determining the
levels of factors of the technical state of the PT, the
operating conditions of the PT are classified in order to
establish the assessment of each factor for a
comprehensive fuzzy assessment [33]. The operating
conditions of the PT are classified as good, acceptable,
requiring caution and risky in this article expressed as a
set of expert assessments V = {vi, v,, v3, v4} = {good,
acceptable, requiring caution, risky}.

The operating condition «good» means that the test
sample of transformer operation data is normal, and each
technical condition parameter deviates slightly from the
monitored values. The probability of a defect occurring is
low and long-term operation within the limits of permissible
deviations of the monitored parameters is available.

«Acceptable» operating conditions mean that the PT
has been operated for a certain period of time, and
satisfactory test data or reliability of a certain individual
monitored parameter of the technical condition is slightly
less than the limit of acceptable deviations. Since the data
is reliable, the operation of the PT can be continued, and
the probability of failure is low.

The operating condition «Requires caution» means that
the test data deviates from the normal state during the test
period. Some parameters of the technical condition indicate
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that a defect may exist, thus the probability of damage is
increased, and although the transformer may continue to
operate, the operating interval must be shortened.

The operating condition «risky» means that the
overall operational properties of the PT are below
average. Most of the obtained monitored parameters
exceed the values regulated by the Standards, and the
probability of failure is high.

Table 4 presents the semantic definition of the ratio
of the rank of the technical condition and operating
conditions of the PT.

Table 4
Semantic definition of the range of changes in the rank of the
technical state of the PT

Range of
change of
value B

Semantic definition of assessment of the
technical condition of the PT

Good technical condition of the PT. Continuation
of operation without restrictions. Very low
failure rate (VL)

A low degree of deterioration of the technical
condition of the PT. Continuation of operation
without restrictions. Low failure rate (L)
The average degree of deterioration of the
technical condition of the PT. A slight degree of
development of the defect. More frequent
monitoring of parameters of technical state of the
PT. Medium failure rate (M)

The technical condition shifted from a state of
deterioration to a state of failure. A significant
degree of defect development. High failure rate (H)

0...0,25

0,25...0,5

0,5...0,75

0,75...1,0

Linguistic variable B «fuzzy comprehensive
assessment of the technical state of the PT», presented in
Table 4 is represented by the basic term-set 7= {Ty;, T},
Ty, Ty}, where Ty, T, Ty, Ty are the terms
corresponding to very low, low, medium and high levels
of deterioration of the technical condition of the PT.
Graphs of membership functions of the term-set of the

linguistic variable B are shown in Fig. 10.
w(B)
1 0/\ TVL TI, TM T”

0,8 F

0,6
0,4

02 F

B
0 0,25 0,5 0,75 1,0
Fig. 10. The membership functions of linguistic variable B

Thus, the results of each type of diagnosis are
classified independently, and then the final inference is
made taking into account all expert assessments.

To determine the rank of the technical state of the olive
PT, a linguistic model of the classifier based on the use of the
fuzzy logic apparatus was developed [32, 34, 35].

The fuzzy model of the classifier of the
comprehensive assessment of the PT state is built on the
basis of the adaptive neuro-fuzzy network ANFIS
(Adaptive Network-based Fuzzy Inference System), which
is a hybrid multilayer artificial neural network of a special
structure without feedback and allows implementing
system models in the form of fuzzy production rules.

The fuzzy classifier for ranking the technical
condition of the PT is presented in the form
B=FX,V,C, W), Q)
where X = {x|, x5, ... , x,,} is the input vector of rank
estimates of indicators of factor levels of the fuzzy model
of the classifier; V = {vi, v,, ... , v} is the vector of
parameters of the membership functions of a
comprehensive assessment by an expert of indicators of
the levels of factors of the fuzzy model of the classifier;
C = {c1, ¢ ... , ¢4} is the vector of parameters of fuzzy
terms from the knowledge base of the fuzzy classifier
model; W = {wy, wy, ... , w,} is the vector of weight
coefficients of fuzzy rules of the fuzzy classifier model; 7 is
the total number of fuzzy rules in the knowledge base of
the fuzzy classifier model; g is the total number of terms of
the fuzzy model of the classifier; F' is the «input-output»
communication operator of the fuzzy classifier model.

The values of inputs, outputs and synaptic weights
of the hybrid neural network are in the range [0, 1].

Figure 11 shows an example of a neural network
representation of the rules of a fuzzy classifier for 2 levels of
influencing factors on the technical condition of the PT.

The ANFIS network wuses a hybrid learning
algorithm. Neurons in the ANFIS network have a
different structure and purpose, which correspond to the
fuzzy inference system and implement the main

subsequent stages of its operation.

Input Layer1 | Layer3 |
dataset (fuzzification) } !

}(ncrmalizi(ion)‘
ul (x1)
®< M2 (x1)
13 (x2) H
®< 14 (x2)

Layer2 |
(rules)

Layer 4 |

Layer 5
(accumalation) !

(defuzzification

| and sumation)

Fig. 11. The neural network representation of fuzzy classifier
rules for two factors levels affecting PT technical condition

Layer 1. Fuzzification using membership functions of
input variables. The first adaptive layer of the ANFIS
network contains neurons that calculate the values of the
membership functions of the input variables z4(x;) and
H(x2), where x; and x, are the input variables, i=1, 2 and
j=3, 4. The adaptability of the layer is achieved by selecting
the type of membership functions of the input variables.

Layer 2. Aggregation (determining the degree of truth
of conditions) by processing the basis of fuzzy linguistic
rules. The second fixed layer of the ANFIS network contains
neurons that calculate the products of the values of the
membership functions obtained on the first layer:

Wi= pix1) - p(x2), (7N
where W; are the synaptic weights of the network.

Layer 3. Activation (determining the degrees of truth
of statements) by normalizing the activation levels of
fuzzy rules. The third fixed layer of the ANFIS network
contains neurons that calculate the normalized activation
levels of the fuzzy rules:

Wi =W; [+ Wy + Wy +Wy). (8)
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Layer 4. Accumulation (combination of degrees of
truth) using membership functions of the output variables.
The fourth adaptive layer of the ANFIS network contains
neurons that calculate the values of the membership functions
of the output variables, as well as the product of the values of
the synaptic weights and the membership functions:

Wiy =Wi-yiln.x,c), )
where y; are the values of the membership functions of
the output variables; ¢; are the parameters of fuzzy terms
of membership functions from the knowledge base.

Layer 5. Defuzzification (transition to clarity) with
obtaining a clear value of the original variable. The fifth
fixed layer of the ANFIS network contains a neuron that
calculates the sum of the product of the values of the
membership functions of the output variables and
synaptic weights

M __
Wiy, (10)
i=1

Layer 6 consists of elements that determine the
maximum value of belonging among all the rules that
specify the rank label of the technical condition of the PT.

Layer 7 consists of one element containing the rank
index of the technical condition of the PT with the
maximum value of belonging.

Figure 12 presents the general structure of the neural
network built for the fuzzy classifier for assessing the
technical condition of the PT. Neurons corresponding to
the rules, which set labels of a specific rank, are placed in

separate groups.

Layers 1-5 Layer 6 Layer 7
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Fig.12. The fuzzy classifier architecture for identification of PT
technical condition rank

Criterion values of the parameters used in the fuzzy
model are statistically averaged over a large set of operating
PTs. The actual modes of operation of each specific PT may
differ. This requires adapting fuzzy models to real operating
conditions by adjusting parameters.

In full, the input arguments are unknown, that is,
there is uncertainty in the assessment of the technical

condition of the PT. In this case, it is recommended to use
machine learning algorithms in which there are no
obvious logical relationships between parameters, but it is
necessary to have a training sample. The study was
conducted using statistical information on PT failures and
the results of diagnostic procedures from functioning PTs
that were registered in the energy system of Ukraine.

Tuning a fuzzy model consists in finding such
parameters that minimize the deviation between the
desired and actual behavior of the model. The algorithm
for setting up the adaptive neuro-fuzzy network ANFIS
consists of two stages [32, 35].

Stage 1 (direct flow of the algorithm). We set the
initial values of the parameters of the first adaptive layer,
make calculations on the second and third layers,
determine the parameters of the fourth adaptive layer and
calculate the value of the identification error function. If
the value of the identification error function is within the
acceptable limits, then the training of the adaptive neuro-
fuzzy ANFIS network is finished, otherwise we proceed
to the second stage.

Stage 2 (reversal of the algorithm). Using the
method of backpropagation of the identification error, we
refine the parameters of the first adaptive layer.

It is assumed that the parameters of the membership
functions should be selected in such a way as to preserve
the linear ordering of the terms.

It is planned to improve the developed system by
adjusting the weighting coefficients for assessing the
significance of factors regarding the impact on the
assessment of the technical condition of the PT. The
adjusting here means the solution of the problem of
optimizing the weighting coefficients for assessing the
significance of factors with regard to the impact on the
assessment of the technical condition of the PT.

The task of adjusting a fuzzy classifier model is
performed in [32]:

. 2
RMSE = |- Z[B”—F(X’,V,C,W)] — min .
M A=

where X" is the input vector in the r-th row of the fuzzy
sample; B" is the output vector in the 7-th row of the fuzzy
sample in the form of a fuzzy number; » is the row
number in the fuzzy sample used in the process of
optimizing the parameters of the fuzzy classifier model,

and »r=1LM ; where M is the number of data pairs
representing the fuzzy sample.

For this, the fmincon function of the Optimization
Toolbox package of the MATLAB system is used [32].
That is, a sample is taken from the protocols of diagnostic
measurements and tests of the investigated PT of
electricity supplier companies with a clear conclusion.

After training a fuzzy classifier model, its
performance is analyzed using a test sample. Comparison
of the results of the fuzzy classifier model with the actual
defect justifies the high efficiency and accuracy of
identification of the proposed model.

The training of the fuzzy classifier was carried out
on a test sample of 250 PTs examination protocols, which
included 100 protocols with no defects and 150 protocols
with signs of defects of various types. The results of
testing the reliability of the fuzzy classifier on training
samples showed that the classifier correctly identified 241
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out of 250 technical states of the PTs. The error of
classification of the technical state of the PTs RMSE was
1.6 %, which is an acceptable result.

Table 5 presents a fragment of the results of
determining the assessment of the technical condition of

the PTs according to the results of the DGA on the control
sample. The developed fuzzy classifier system showed a
fairly high accuracy during testing. The classification
error did not exceed 5 %.

Table 5
The results of the assessment of the technical condition of the oil PT according to the results of the DGA on a control sample
by a group of experts
No. Transformer type Identification of the state of the PT according to the results of the measurement of DGA
SOU-N EE 46.501-2006 A classifier based on the theory of fuzzy sets
1 TDCG-400000/330 Thermal defect 7> 700 °C Thermal defect 7> 700 °C. x”(B)=1,00
2 TDCG-10000/110 Not specified Low power discharges. 1"'(B)=0,6
3 TDTG-10000/110 Not specified High power discharge. 4”(B)=1,00
4 TDC-400000/330 Not specified Thermal defect 7> 700 °C. ,uH(LB)=1,00
o Thermal defect 7=150-300 °C. u"(B)=0,24;
5 TRDCN-63000/110 Thermal defect 7= 300-700 °C Thermal defect T'= 300-700 OC.A;IS’(g):O,%
6 | ATDCTG-240000/220 Thermal defect 7> 700 °C Thermal defect 7> 700 °C. 4"(B)=1,00
7 TDTN-63000/110 Not specified High power discharge. 1”(B)=1,00
8 | ATDCTN-250000/500 Thermal defect 7> 700 °C Thermal defect 7> 700 °C,L 17(B)=1,00
. . Low power discharges. u"(B)=0,30;
9 | TDCG-315000/110 High power discharge Higlll’ bower disch agrge.‘; ,\(4( ;)20’7
10 TDTN-40000/110 Thermal defect 7> 700 °C Thermal defect 7> 700 °C. x”(B)=1,00
11 ODTGA-80000/220 High power discharge High power discharge. 1”(B)=1,00

Modelling of a comprehensive fuzzy assessment
of the technical condition of the PT under conditions
of information uncertainty. During the next test and
measurement of the parameters of the technical condition
of the PT TDC-400000/330 according to the results of the
DGA, the concentrations of gases dissolved in the
transformer oil were registered. Exceeding the limit
values of concentrations and relative growth rates of
dissolved gases by more than 10 % per month recorded in
several recent measurements indicates the presence of a
progressive defect in the transformer.

To carry out work using the method of expert
evaluations based on a fuzzy comprehensive evaluation, an
expert group of 5 highly qualified specialists in the operation
and repair of PTs was created, each of whom was assigned
his/her own number (E1,...,.ES). The formation of the group

began with the selection of candidates and their further
evaluation. Based on a subjective assessment, the expert
chose a set of parameters of each functional node of the PT.

At the initial stage, each expert was offered 33
indicators according to their importance to determine the
assessment of the technical condition of the PT. The method
presented in [34, 35] was used to evaluate experts.

At the next stage, the experts assessed the technical
condition of functional nodes and operating conditions with
the corresponding determination of the weighting
coefficients of indicators of the technical condition of the PT.

According to the developed algorithm for conducting a
fuzzy assessment of the technical condition of the PT, the
results of determining the set B of the fuzzy comprehensive
assessment of the technical condition of the PT are
summarized in Table 6-8.

Table 6

The results of determining the technical condition indicators of the oil PT based on the results of a comprehensive examination
by a group of competent experts

Expert code Rank assessments of indicators of the technical condition of the PT X
X1 X11 X111 X12 X121 X13 X131 X16 X17 X2 X3
El 1 2 3 1 2 1 1 1 1 1 2
E2 1 1 2 1 3 1 1 1 2 1 2
E3 1 2 2 1 2 1 1 2 1 1 1
E4 1 3 5 1 3 1 1 1 2 1 2
E5 1 1 3 1 2 1 1 2 1 1 1
Expert code Rank assessments of indicators of the technical condition of the PT CT X
X4 X41 X42 X43 X5 X6 X61 X7 X71 X73 X731
El 1 1 3 2 3 3 1 1/3 1 2 1
E2 1 1 3 3 1 5 1 1/4 1 2 1
E3 1 1 3 3 2 4 2 1/3 1 2 1
E4 1 1 3 2 3 5 1 1/3 1 2 1
ES5 2 1 3 3 2 4 1 1/4 1 1 1
Expert code Rank assessments of indicators of the technical condition of the PT CT X
X7311 X7312 | X7313 | X7314 | X732 | X7321 X7322 | X7323 | X7324 | X733 | X734
El 1 1 5 1/2 3 4 1/4 3 2 1 2
E2 1 2 4 1 3 1 1/4 2 2 1 1
E3 1 1 4 1/3 3 3 1/4 2 1 1 2
E4 1 1 5 1 3 3 1/5 3 2 1 1
E5 1 2 3 1/2 2 5 1/3 3 3 1 1
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Table 7

The results of determining the weighting coefficients of indicators of the technical condition of the oil PT based on the results of a
comprehensive examination by a group of competent experts

Weight coefficients of indicators of factor levels of the technical condition of the PT W

X1 X11 X111 X12 X121 X13 X131 X16 X17 X2 X3
0,2658 0,6167 0,3790 0,3833 0,3105 0,1337 0,5 0,35 0,1768 0,5 0,3233

X4 X41 X42 X43 X5 X6 X61 X7 X71 X73 X731
0,3039 0,1524 0,4571 0,3905 0,43 0,4285 0,2467 0,0803 0,1171 0,1822 0,1036
X7311 X7312 X7313 X7314 X732 X7321 X7322 X7323 X7324 X733 X734
0,1390 0,1948 0,5770 0,0892 0,2858 0,3391 0,0295 0,2916 0,2227 0,4333 0,5667

Table 8

The results of determining the rank of the technical condition of the oil PT based on the results of a comprehensive examination by a
group of competent experts

Term-sets of a linguistic variable B
Indicator name Indicator designation Very low| Low | Medium | High
B | 4B | B B
Electrical tests Bxi 0,0824220,405655(0,511922| 0
Insulating properties X11 0,133658] 0,39363 |0,472712| 0
tg 6 of insulation X111 0 0,258 0,742 0
Electrical strength X12 0 0,425 0,575 0
Leakage current X121 0 0,725 0,275 0
Insulation resistance level X13 1 0 0 0
Direct current resistance X131 0 0,025 0,975 0
DGA X16 0,195 0,495 0,31 0
Degree of polymerization of paper insulation DP X17 0 0,4 0,6 0
Condition of the magnetic core By, 0 0,825 0,175 0
High-voltage bushings Bx; 0,1 0,65 0,25 0
Condition of transformer oil Bx4 0,030476|0,487505(0,482019| O
Qil breakdown voltage X41 0,2 0,8 0 0
Oil moisture X42 0 0,4 0,6 0
tg & of oil X43 0 0,468 0,532 0
On-load tap-changer Bys 0,2 0,8 0 0
Other nodes By 0,167667|0,726833| 0,1055 0
Cooling system Bxei 0,2 0,7 0,1 0
Other factors By, 0,151045]0,651077|0,197878| 0
Overload Bx7 0,2 0,6 0,2 0
Repairs and technical inspection of the PT Bx73 0,086667(0,556667 [0,356667| 0
Environmental factors Bx731 0,249115(0,600815| 0,15007 0
Ambient temperature X7311 0,15 0,6 0,25 0
Air humidity X7312 0,1 0,65 0,25 0
Aggressive gases X7313 0,3 0,6 0,1 0
Wind speed X7314 0,4 0,5 0,1 0
History of operation Bx73» 0,131613| 0,61589 [0,252497| O
Oil temperature X7321 0,15 0,7 0,15 0
Extraneous noises X7322 0,2 0,6 0,2 0
Number of short circuits X7323 0,1 0,5 0,4 0
The number of relay protection trips X7324 0,1 0,65 0,25 0
The records of the PTs similar in power and construction X733 0,2 0,5 0,3 0
Inspection and repair protocols X734 0 0,6 0,4 0
General evaluation of the technical condition of the PT QuallFatlye assessment of B_| 0,1115 | 04815 | 0.4069 0
Quantitative assessment of B 0,279

According to the results of the calculations for
determining the assessment of the technical condition of the
PT, the rank is characterized as «Low degree of deterioration
of the technical condition of the PT. Continuation of
exploitation without restrictions» with a degree of 0.279.

Based on the results of the inspection, a technical
report was sent to the power company, which includes an
expert opinion on the technical condition of the PT,
recommendations on the scope of necessary diagnostic,
preventive, and repair measures, protocols based on the
control results, as well as maps and diagrams that clearly
illustrate the current technical condition.

Conclusions.

1. The task of assessing and ranking the technical
condition of power transformers by using a classifier
developed on the basis of fuzzy set theory is formulated.
Hierarchical structural schemes for determining the levels of
factors of the technical condition of individual functional
nodes and the power transformer as a whole have been
developed.

2. An algorithm and a fuzzy classifier of the results
of the assessment of the technical condition of the power
transformer have been developed, which are based on
multi-parameter aggregation of the states of individual
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functional units, which allows to increase the efficiency
of the assessment of the technical condition of the power
transformer. This, in turn, makes it possible to plan
financial costs for the performance of a certain amount of
repair work and minimize the risk of failures at the stage
of the life cycle of power transformer operation in
conditions of uncertainty of diagnostic information.

3. In order to increase the efficiency of recognizing
classes of the technical condition of power transformers,
the fuzzy classifier developed on the basis of the ANFIS
adaptive neural network and the Takagi-Sugeno fuzzy
inference system was adapted to real operating conditions
by adjusting the model parameters using statistical
information about the failures of power transformers and
the results of diagnostic procedures of functioning power
transformers, which were registered in the energy system
of Ukraine. The relative error of identifying the technical
state RMSE is 1.6 %, which is no more than 5 % and can
serve as an acceptable result of increasing the reliability
of determining the rank of the technical state. Avoiding
the subjective disagreements of experts regarding the
presence of a defect in a power transformer is achieved by
harmonizing expert assessments using the Delphi method.

4. A comprehensive fuzzy assessment of the
technical condition of the power company's actually
functioning power transformers in conditions of
information uncertainty was carried out, and a list of
recommendations regarding the strategy for their further
operation was formed [36].
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Development of a boost-inverter converter under electromagnetic compatibility stress
equipping a photovoltaic generator

Introduction. Static converters are among the most widely used equipment in several applications, for example, electric power
transmission, motor speed variation, photovoltaic panels, which constitute the electronic components. The design of a power
electronics device is done without any real means of predicting electromagnetic disturbances during the product development phase.
This case-by-case development process is repeated until a solution is found that best respects all the electromagnetic compatibility
constraints. The purpose is the development of a boost-inverter converter under electromagnetic compatibility constraints. The
improvements made to the inverter are mainly in the control, the choice of power switches and the electromagnetic compatibility
solutions brought to the device. The quality of the wave is improved by acting on the type of control and the choice of switches.
Methods. In the first time, we have highlighted a comparison between two most frequently used power components (MOSFET and
IGBT) in the inverter and the boost by simulation using ISIS and LT-spice softwares. The sinusoidal voltage with modulation circuit
is greatly simplified by the use of the PICI6F876A microcontroller. In a second step, we validate the obtained results with
experimental measurements. We start with the boost, then the inverter. In addition, the circuits made are housed in boxes to avoid
accidental contact for people. The equipment is designed to isolate the load from the power supply in case of: over voltages, under
voltages, high and low battery level and short circuits. Results. All the simulations were performed using the ISIS and LT-spice
softwares. The obtained results are validated by experimental measurements performed in the ICEPS Laboratory at the University of
Sidi Bel-Abbes in Algeria. The realization of a single-phase inverter with a pulse width modulation control, associated with a boost
chopper and the waveforms of the current and voltage across each static converter its opening are presented. The sources of
disturbances in power devices are at the origin of the temporal and frequency characteristics of the signals coming from the hot
spots of the power switches and the resonances created during the switching of these elements. References 27, figures 23.

Key words: inverter, converter, microcontroller, electromagnetic compatibility, MOSFET, IGBT.

Bcemyn. Cmamuuni  nepemeopiogaui  8ionocamvcsi 00 00IAOHAHHA, WO HAUOLIbWL WUPOKO BUKOPUCIOBYEMbCA 8 OeKiIbKOX
3ACMOCY8AHHAX, HANPUKIAO, O/l Nepedayi eneKmpoerepeii, 3MIiHU WEUOKOCMI 08USYHA, Y (hOMO2ATbEAHIUHUX NAHENSX, SKI CKIA0aiomb
enexmponni komnonenmu. IIpoekm ycmpoio cunogoi eneKmpoHiku 6UKOHyembcs 6e3 6y0b-aKux peanbHUux 3acobié npocHO3y6aHHS
E/IeKMPOMASHIMHUX NepewKko0 Ha emani po3podku npooykmy. Llei npoyec inougioyanvHoi po3pobKu nogmopiocmovcs 0omu, OOKU
3HallOeHo piwienns, siKe HalKpauje 8paxoeye 6ci 0OMediceHHs enekmpomazHimuol cymicnocmi. Memoto € po3pobxa niosuuyyeanrbHo-
iHBEPMOPHO20 Nepemeopiosaia npu 0OMedICeHHAX 3a eleKmpOMAzHImHOl0 cyMicHicmio. Yoockonanenus, emecewi 6 ineepmop, 6
OCHOBHOMY CIMOCYIOMbCSL YAPAGHIHHS, GUOOPY CUTOBUX SUMUKAYIE MA PIeHb Wo00 eNeKmMpPOMASHIMHOL CYMICHOCTI, Peani308anux y
npucmpoi. fxicmb xeuni NOKpaujyemvcs 3a paxyHox 6naugy Ha mun Kepyeamus ma eubip nepemuxauis. Memoou. Bnepwe mu
nioKpeciunyu NopieHAHHA MidC 080Ma Haubinbw yacmo euxopucmosysanumu cunosumu xomnonenmamu (MOSFET ma IGBT) &
ingepmopi ma niOBUWEHHAM UWLIAXOM MOOETIOBAHHS 3 BUKOPUCIAHHAM npocpamno2o 3abesneuenns ISIS ma LT-spice. Cunycoioanvha
Hanpyaa 3i cxemoro MOOVIAYII 3HAYHO CNPOUWYEMBCA 34 PAXYHOK 8UKOpucmanis mikpokonmpoaepa PIC16F876A. Ha opyzomy emani mu
niOMEEPOAHCYEMO OMPUMAHI pe3yTbmamy eKcnepumenmanohumu sumipamu. Iouunaemo 3 Boost, nomim 3 ineepmopa. Kpim moeo,
8ULOMOBIIEHT CXeMU PO3MILYeHT 8 KOPOOKAX, WoO YHUKHYMU GUNAOK08020 0OMUKY Tt00ell. YcmamKy8ants npusHayere 015 6iOKII04eHHs
HABAHMAdICEHHA 810 0Jicepena JICUBNIEHHS Y pa3i: nepeHanpyey, 3HUJICeHOi Hanpyau, GUCOKO20 Ma HU3bKO20 pieHs 3apsady bamapei ma
Kopomkozo 3amuxanus. Pesynemamu. Yci pospaxynxku npoeoounucs 3 euxopucmauusm npoepam ISIS ma LT-spice. Ompumani
pe3yabmamu NiOmeepOHCeHi eKCnepuMeHmantbHumu sumipamu, nposedenumu 6 nabopamopii ICEPS Yuieepcumemy Cioi-benv-Abbec 6
Anowcupi. Tlpeocmasneno peanizayito 00HOQA3HO20 THEEPMOPA 3 KePYSAHHAM HA OA31 WUPOMHO-IMIYIbCHOT MOOYIAYLT, NO8'A3aH020 3
nIOBUWYIOUUM NEePEePUBHUKOM, a MAKOIC OCYUIOSPAMU CHPYMY MA HANPY2U HA KOJICHOMY GIOKpummi 1020 CmamuiyHo20
nepemeopiosaua. [icepenamu 30ypens y CUNOGUX NPUCMPOSX € YACOSI MA YACMOMHI XAPAKMEPUCMUKU CUSHANIE, WO HAOX00AMb 6i0
2apsAUX MOYOK CUNOBUX KIIOYI8, Md Pe30HAHCU, WO CIBOPIOIOMbCS npu Komymayii yux enemenmis. biomn. 27, puc. 23.

Knrouoei cnosa: inBepTop, nepeTBOpOBay, MikpOKOHTpoJIEp, ejJeKTpomMarnitHa cymicHicrs, MOSFET, IGBT.

Introduction. Electromagnetic compatibility (EMC)
is the field of the interactions study that can take place
between different devices. It imposes, through standards,
constraints in terms of electromagnetic pollution
generated by electrical devices (emission standards) and
the ability of these same devices to operate in a polluted
environment (susceptibility standards) [1].

The integration of EMC issues in the design of
converters is quite recent. However, the severity of the
standards is such that the measures required to comply
with them have a strong impact in terms of cost and size.
For example, the traditional interference filtering solution
used in inverters and choppers can represent up to a third
of their material cost. It is therefore particularly important
to take into account the EMC aspect from the product
design stage and to look for conversion solutions adapted

Different inverter topologies have been studied with
respect to the feasibility of adapting low power ranges at
low input voltage to the grid. They can be divided into
five categories:

1. Inverter concept with DC voltage link [9, 10]: In
order to adapt the photovoltaic (PV) panel voltage to the
public grid, DC/DC converters are used. These converters
are connected via a DC voltage link to a high-frequency
switching converter.

2. Inverter concept with pulsed DC voltage link [11]:
these concepts use the same inverters as described in
point 1, but their control unit generates the absolute value
of a 50 Hz sine wave instead of a DC voltage. This pulsed
DC link voltage is inverted by a 50 Hz switching inverter.

3. Inverter concept with AC voltage link [12] DC/DC

to this constraint [2].

Inverters are made up of sophisticated, high-
performance active and passive components which,
however, have a number of limitations that have an
impact on the synthesis of control loops [3-8].

converters with high frequency transformer, which need a
diode rectifier to obtain a DC output voltage; otherwise the
output voltage is a bidirectional square wave voltage with
the switching frequency as the value. An inverter concept
with AC voltage link makes it possible to supply the grid
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with this voltage form. Therefore, the inverter needs
bidirectional voltage switches.

4. Direct inverter concept: one of these concepts
includes a high frequency switched inverter connected to
a 50 Hz transformer. The other concept is a transformer
less topology that includes 2 bidirectional inverters in
parallel series connection [13, 14].

5. Pulsed DC link using a resonant converter: this is
the same inverter concept as described in 2. However,
instead of a series of parallel DC/DC converters or
resonant converters, the converters are connected to the
link [15, 16].

Switching is provided by power switches based on
semiconductors. There are 2 types of switches with
controlled switching (MOSFET, IGBT, thyristor and so on)
with rapid variation the voltage or current as function of
time, and others with uncontrolled switching (diodes), which
generate harmonic distortion and low power factor [17-20].

Goal. In this paper, we characterize by simulation the
different switches and we observe their impacts on the
chopper and the inverter. We will choose the least disturbing
switch. Moreover, we use 2 control techniques of the inverter
in order to compare the spectrum of the output voltage. The
objective is to be able to evaluate the EMC impact of the
inverter during the design phase.

Structure of the proposed PV inverter. Figure 1
shows the general structure of the proposed PV system,
which is presented in the form of 2 blocks: the boost part
and the inverter part.

DC/AC Inverter

- +)=

ontroller

Fig. 1. Functional diagram of the inverter

The block diagram of the PV converter developed with
the ISIS software consists inverter control part (Fig. 2),
power part (Fig. 3) DC boost (Fig. 4). The inverter features
input voltage protection, output voltage and current
regulation, and switch overheating protection.

Fig. 2. Inverter control part in the developed PV converter circuit

Fig. 4. DC boost in the dev-eloped PV converter circuit

Choice of switches. For the design of the boost and
the inverter, there are 2 main types of switches used in
power electronics: the power MOSFET, which looks very
similar to a standard MOSFET, but it is designed to
handle relatively large voltages and currents. The other
component is the IGBT [14]. The specifications of the 2
switches overlap to a large extent.

Power MOSFETs have a much higher switching
frequency capability than IGBTs and can be switched at
frequencies above 200 kHz. They don’t have the same
capability for high-voltage, high-current applications, and
tend to be used at voltages below 250 V and powers below
500 W. Both of MOSFETs and IGBTs have power losses
due to the rise and fall of the voltage on and off (dV/d¢
losses). Unlike IGBTs, MOSFETs have a body diode.

As a general rule, IGBTs are the ideal solution for
high-voltage, low-frequency applications (> 1000 V and
< 20 kHz) and MOSFETs are ideal for low-voltage, high-
frequency applications (< 250 V and > 200 kHz) [21].
Between these 2 extremes, there is a large gray area. In
this area, other considerations such as power, duty cycle
percentage, availability and cost tend to be the deciding
factors.

To highlight the effects of the switches, the boost
setup was analyzed by simulation with the LT-spice
software. Three different IGBT switches (IRGBC20U,
IRGBC30U and IRGBC40U) and 3 different MOSFET
switches (IPB65R110CFD, R6020ANX and
STWI11NMS80) were used in this work. The 3 selected
IGBTs and 3 MOSFETSs were tested by simulation during
their operation in the boost and inverter, to compare the
EMC disturbances generated by the different types of
switches. The obtained results for the boost are shown in
Fig. 5, 6, and for inverter parts — in Fig. 7, 8.
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Fig. 5. Comparison of the boost voltages between
the 3 IGBTs in frequency domain
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Fig. 6. Comparison of the boost voltages between
the 3 MOSFETs in frequency domain
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Fig. 7. Comparison of the inverter voltages between
the 3 IGBTs in frequency domain
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Fig. 8. Comparison of the inverter voltages between
the 3 IGBTSs in frequency domain

Figures 5, 6 present the spectra of the frequency
variation of boost for 3 types of switches IGBT and
MOSFET respectively. We can see that the spectrum of
the IGBT IRGBC40U tends to decrease regularly and
more quickly from 1 MHz. For the 3 MOSFETs the
spectrum of R6020ANX tends to decrease compared to
the others from 3MHz.

Figures 7, 8 present the spectra of the frequency
variation of the inverter for 3 types of switches IGBT and
MOSFET respectively. We can see that the spectrum of
the IGBT IRGBC20U decreases regularly and in a less
important way from 2 MHz. For the 3 MOSFETs the
spectrum of STW11NMS80 is lower than the others.

An analysis was performed to compare between the
IGBT and the MOSFET with the least disturbance
determined below. The results of the comparative analysis
between the 2 types of switches are shown in Fig. 9, 10 for
the boost and inverter respectively.
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Fig. 9. Comparison of frequency analysis between
IGBT and MOSFET in the case of boost
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Fig. 10. Comparison of frequency analysis between
IGBT and MOSFET in the case of inverter

Figures 9, 10 present a comparison of the frequency
analysis between the IGBT and the MOSFET at the boost
level and the inverter respectively. We can see that the
spectrum of the IGBT IRGBC40U tends to decrease
regularly and more quickly from 1 MHz. So, at the boost
level the IGBT is the least disturbing. At the inverter level,
the MOSFET STW11NMSO is the least disturbing switch
with a difference of 8 dB compared to the IGBT.

Choice of the control type. A pulse width
modulation (PWM) law results from the comparison of 2
modulators with a carrier. The implementation of this
principle is shown in Fig. 11 [22-25].
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Fig. 11. Principle ofgeneration of a unipolar PWM law with
frequency doubling

The second law of PWM results from the
comparison of 2 carriers with a modulator. The
implementation of this principle is shown in Fig. 12 [13].

BAT+
PM OFF

ON  Complementary FWM

Fig. 12. Principle of PWM generation

Complementary WM~ OM

For the positive half of the sine wave generation, Q2 is
always on, QI is always off, Q3 is applied with 20 kHz
PWM corresponding to positive half cycle 50 Hz sine wave
and Q4 is applied with corresponding complementary (to
Q3) PWM. For the negative half 50 Hz sine wave
generation, Q4 is always high, Q3 is always off, QI is
applied with 20 kHz PWM corresponding to positive half
cycle 50 Hz sine wave and Q2 is applied with Ql
complementary PWM.

We apply these 2 commands to the inverter. The
frequency analysis of the inverter is given in Fig. 13.

Figure 13 presents the frequency analysis of the
inverter with the 2 commands. It can be seen that the
control spectrum with the two-carrier impulse modulation
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law is the least disturbing. The spectrum decreases

regularly and more rapidly from 20 kHz with a difference

of 5 dB compared to that of 2 modulators with one carrier.
Amplitude, dB
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Fig. 13. Frequency analysis of the inverter with the 2 commands

Protection of the inverter. There are many
feedback signals at the input of the microcontroller
necessary for the proper operation of the inverter, we cite:

¢ input voltage sensor (battery);

e temperature sensor (R, negative temperature
coefficient (NTC) —47 K) of electronic switches;

¢ AC output current and voltage sensor (230 V).

The current, which is the main source of heating,
considerably reduces the efficiency of the inverter and can
damage it. For this reason, a forced cooling is
implemented to obtain a better efficiency. The control
block diagram used is shown in Fig. 14.

[
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Fig. 14. Algorithm of control

MOSFET driver. It is advantageous to use N-channel
MOSFETs as switches because they have a low on-
resistance [26]. This results in low power losses. However, to
do this, the drain of the high-side switch is connected to a
340 V DC supply converted to 240 V AC. The voltage at the
gate terminal must be 10 V higher than that at the drain
terminal [10, 14]. Therefore, to drive the H-bridge
MOSFETs, a bootstrap capacitor designed specifically to
drive a half-bridge is used. After considering different
integrated circuit options, our choice was the IR2113. It is
supplied by a 600 V rating, 2 A drive current, and a 10-20 V
drive voltage. The activation and deactivation times are
respectively 120 ns and 94 ns [23, 24].

We implemented the control routine in a programmable
interface controllers (PIC) PIC16F876A microcontroller and
configured the analog/digital conversion module integrated
in this circuit, to automatically start the conversion.

The MOSFET driver is actuated by a signal delivered
by the microcontroller. It is supplied by the battery. The
driver is able to control the switches. The upper high side
switch requires an additional voltage of 10 V. This is
achieved by an external bootstrap capacitor charged by a
diode from the 12 V supply when the device is off [27].

Obtained results. No-load test. Figures 15, 16
show the generation of the PWM. Figure 17 shows the
output voltage signals from the inverter.
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Fig. 16. 74HC257 output signal
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Fig. 17. Voltage at the output of the inverter (no-load test)

At a high temperature of the switches (MOSFET),
the NTC heats up and gives the order to the PIN FAN to
generate the signal to start the fan. At a very high
temperature the microcontroller blocks the generation of
the PWM. This stops the inverter. The fan runs until the
switches cool down.

Electrical Engineering & Electromechanics, 2023, no. 5

17



Boost mounting tests. Boost chopper is supplied by
a 12 V voltage. The output voltage is adjustable by a
potentiometer up to 340 V. Figure 18 shows the curve of
the boost voltage.

Fig. 18. Boost test at 12 V input voltage

The inverter test is shown in Fig. 19. Figure 20

shows the voltage delivered by the inverter.
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Fig. 19. Complete circuit (power part and inverter and boost control)
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Fig. 20. Voltage at the output of the inverter (boost mounting tests)

Load test. The inverter feeds an inductive load
consisting of a 100 Q resistor and a 1 H coil (internal
resistance of about 12 Q). The voltage and current are
shown in Flg 21, 22.

H 1l

Fig. 21 Inverter output current and voltage 51gnal
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Enclosure and circuit location. The inverter boards
are placed in suitable positions. A shielding technique is
used. The separation of the power and control circuits is
made by grids as shown in Fig. 23 in order to reduce the
coupling between the circuits by electromagnetic radiation.

The LEDs L1, L2, signal the status of the inverter:

e L1 (green) — power on;

e 12 (red) — battery low (< 10 V);

e L1 (green) flashing — standby mode;

o L2 (red) flashing — high temperature of power transistors.

Voltage spikes. When the driver is used to drive an
inverter with inductive load impedance, it can develop
voltage spikes due to reverse voltages. These spikes can
damage the MOSFETSs and their control circuits. For this
reason, integrated diode transistors have been used to
conduct strongly as soon as the voltage increases
excessively, thus protecting the MOSFETs.

Capacitive load. Since this inverter is a quasi-sine
wave type, high frequency harmonics have been completely
eliminated. When used with a capacitive load, the impedance
is exactly as calculated. The problem with other types of
inverters is that, due to high frequency harmonics, the
capacitive impedance decreases, which implies an increase
of the current beyond the nommal value.

Fig. 23. Internal views
of the realized inverter
box:

1 — control circuit;
2 — power circuit;
3 —boost

Conclusions.

1. The rise and fall time as well as the switching frequency
are very important factors to characterize a useful signal in the
field of power electronics. We have highlighted a comparison
between two most frequently used power components
(MOSFET and IGBT) in the inverter and the boost.

2. We have studied the behavior of semiconductor
components in the frequency domain generating a high
harmonic number located in the high frequency region.
The spectra have different amplitudes due to the
difference between the intrinsic characteristics of each
switch. Therefore, each power switch has its own
electromagnetic compatibility signature.

3. The sinusoidal voltage with modulation circuit is
greatly simplified by wusing the PIC16F876A
microcontroller. In addition to the high programming
flexibility, the switching pulse design can be changed
without further hardware modification. The inverter is
shielded against radiated electromagnetic interference.
This increases its efficiency.

4. The realization of a single-phase inverter with PWM
control, associated with a boost chopper; and this circuit are
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housed in enclosures to avoid accidental contact with people.
The equipment is designed to isolate the load from the power
supply in case of: overvoltages, undervoltages, high and low
battery levels and short circuits.
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Improving the quality of energy using an active power filter with zero direct power command
control related to a photovoltaic system connected to a network

Introduction. This article’s subject is a dual function energy system that improves the quality of the electric energy with help of an
active power filter and uses a new technique of command named ZDPC (Zero Direct Power Command) on one hand, and on the
other hand it injects the photovoltaic (PV) renewable energy to the electrical networks in the presence of non-linear charges. The
novelty of the work consists in the subtraction of disturbances resulting from the non-linear charges is provided by an active power
filter based on a new ZDPC method. Methods. This strategy combines a classic PI controller for DC bus voltage regulation with a
smart method to maximum power point tracking (MPPT) of power based on fuzzy logic. Purpose. The elimination of the undesirable
harmonics from the source currents makes the current almost sinusoidal with a harmonic distortion rate close to 1 %. The injection
of PV energy into the electrical grid is provided by a PV panel in series with a chopper through a two-state inverter. Results. This
system is simulated using MATLAB/Simulink software. The results prove the robustness and feasibility of the ZDPC control which
simultaneously guarantees the compensation of harmonic currents, the correction of the power factor and the injection of the solar
power into the electrical grid. References 16, table 3, figures 20.

Key words: active power filter, zero direct power command, photovoltaic array, fuzzy logic maximum power point tracking
controller.

Bcemyn. [Ipeomemonm yiei cmammi € enepeocucmema noositiHo20 NPUSHAYEHHs, W0 NOKPAWYE AKICMb eleKmpoerepeii 3a 00noMo2010
Ginempa axmueHoi NOmMysHcHOCmi ma BUKOPUCMOBYE, 3 0OHO20 DOKY, HO8Y MeXHIKY ynpasninna nio Hazeow ZDPC (Zero Direct Power
Command), a 3 iHwozo 60Ky, omoenrekmpuyni i0HOBMIOBaAHI OJicepena eHepeii 8 eleKmpudHi Mepedici 3a HAA6HOCMI HeNHIIHUX
sapsoie. Hoeusna pobomu noaseac ¢ momy, wo GiOHIMAHHA Nepewkood, Wo SUHUKAIOMb 6I0 HeniHilHUX 3apsaoie, 3a6e3newyemvbcs
Ginempom axmuenoi nomysicnocmi na ocnogi Hoeozo memody ZDPC. Memoou. L[s cmpamezis noeonye knacuunuil I1l-pezyisimop ons
Decynoants Hanpyau Ha WUHI NOCMILIHO20 CIMPYMY 3 IHMENeKMYalbHUM MEMOOOM GIOCMENCEHHS MOUKU MAKCUMATLHOT NOMYHCHOCHI
(MPPT) Hna ocHogi Heuimkoi nociku. Mema. Ycynmenus HeOaxdCaHUX 2apMOHIK i3 cmpymie Oocepera pobumv cmpym maiidxce
CUHYCOIOANbHUM 3 Koeiyienmom 2apMoHiuHux cnomeopeny, Onuzokum 00 1 %. ITodava pomoenexmpuunoi enepeii 6 erekmpuymy
Mepedicy 3a0e3neuycmucs QomoeneKmpuutoIO NAHewN0, NOCIIO06HO 3 €OHAHOT 3 NEPEePUBHUKOM Yepe3 THBepMop 3 080MA CIMAHAMU.
Pesynomamu. L[n cucmema mooemocmvcst 3a 00nomo2oio npoepamuozo 3abesnevenns MATLAB/Simulink. Peszynomamu 00600simo
Haoiinicmby ma 30iicHennicmy  ynpaeninka ZDPC, ske 0OHOYACHO 2apanmye KOMNEHCAYilo 2apMOHIYHUX CIPYMIs, KOPEeKyiio
KoeghiyieHma nomyscHocmi ma nooayvy COHAYHOI enepeii 8 enekmpuyny mepecy. biomn. 16, tadmn. 3, puc. 20.

Kniouosi cnoea: ¢iabTp aKTHBHOI IOTY)KHOCTi, KOMaHAa NpPsAMOI HYJLOBOI MNOTY:KHOCTi, (oTorajbBaHiuHa OaTapes,

KOHTPOJIEP BiICTe:KeHHSI TOYKH MAKCHMAJIbHOI MOTYKHOCTI 3 HEYiTKOIO JIOTiKOI0.

Introduction. Harmonic pollution affects all
domestic and industrial networks. No modern
environment can escape this pollution from equipment,
such as computers, servers, air conditioners, variable
speed drives, etc... all these charges are called «non-
linear». These equipments generate harmonic currents,
which cause reactive power consumption and a
degradation of the power factor of the electrical network
[1, 2]. The quality of the current and the voltage of the
network are seriously degraded [3-5].

The combination of a shunt active power filter
(SAPF) and a photovoltaic (PV) source, which is not only
a renewable source, but also clean, unlimited and at a very
low level of risk; the purpose of the photovoltaic
generator (GPV) is to inject the active power into the
electrical grid. This combination gives us a clean source
of energy and efficiently enhances the quality of energy
[2, 6]. SAPF injects a current that opposes the harmonic
current emitted by the non-linear charge to mitigate the
effect of the harmonic currents and the reactive power.
Thus, the current delivery by the power source remains
sinusoidal.

Researchers have suggested new methods, such as
direct power control (DPC) introduced by Noguchi [8],
which was developed from direct torque control (DTC)
intended for electric machine drives [3, 7].

DPC was essentially to remove both the pulse width
modulation modulator and the internal regulation loops by
through replacing them by a predetermined switching
table [3]. This switching table, based on the correction of

the active and reactive power and on the sector indicating
the position angle of the source voltage vector, is intended
to select the switching states of the converter [8].

The standard DPC requires a zero reactive power
reference, whereas the active power reference is
calculated from the DC bus controller output [3, 9]. This
article proposes a DPC technique, which as opposed to
the standard implementation, requires zero active and
reactive power disturbance references to reject all
disturbances due to harmonics. This is why we call it zero
DPC or ZDPC (Zero Direct Power Command).

Given that the solar insulation is variable, several
maximum power point tracking (MPPT) algorithms, such
as incremental conductance, perturb and observe, and
escalation have been proposed [2]. The tracking algorithm
based on fuzzy logic, is considered to be on of the most
efficient algorithms [10]. In our research the maximum
power point (MMP) is reached smartly regardless of the
degree of variation of the solar radiation due to the fuzzy
MPPT technique [2].

Description of the studied model. The model
studied in Fig. 1 consists of a solar GPV connected to the
DC bus of a three-phase voltage inverter through a
chopper circuit, coupled in parallel to the network through
an inductance. This electrical network supplies a non-
linear receiver constituted by a rectifier PD3 whose
charge is a resistor in series with an inductance. The
synoptic of Fig. 1 illustrates this configuration with ideal
flow of powers. The analysis of these flows is therefore

© K. Djazia, M. Sarra
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examined in various regimes imposed by the fluctuation
of the level of irradiation during the day and the
alternation with the night part where only the functions of
the active filter are activated. During the day, depending
on the levels of irradiation and the consumption of the
charge, it is possible to distinguish several regimes (P,, is
the PV active power; P4 is the load active power):

® P, <P g the network power remains positive;

® P,,> P, the network receives an active power, it
becomes a receiver.

These power flow management phases are coupled
with the active filter functionalities. The voltage inverter
control algorithm is adapted to simultaneously ensure the
compensation of the harmonic pollution and of the
reactive power, and also the injection of the power
supplied by the PV panels into the electrical network.

PV. Array]

Boost coverter

Fig. 1. Synoptic studied model

The proposed ZDPC principle. Figure 2 shows the
structure of the proposed ZDPC. In this control strategy,
the active and reactive power disturbance references are
set to zero. We note that in this structure the phase locked
loop is not necessary [3]. The high selective filter (HSF)
is used to separate the fundamental and harmonic
components of the line currents and voltages in order to
perform power compensation [3].

Ihalpha

Ihbeta

paltig
lalphafmy

Ibetafmv

q <failt_gcont
vbetafmy
©) Calcul PIQ
ref
i a
palt_pc switching table

[0}
Qref S
Rl acony

ZDPC

Fig. 2. Synoptic of the ZDPC

Choice of sector. The signal d,,, d,, and the position
(0) of the source voltage vector (1), from a digital word,
allowing access to the address of the switch table to select
the appropriate voltage vector:

H:arctg(va/vﬂ). (1)
For this reason, the stationary coordinates are

divided into 12 sectors (Fig. 3), and the sectors can be
expressed numerically as [3]:

(n—2).%£t9,,£(n—1).% n=12,..12. (2

Fig. 3. (0, p) sectors

The signals d,,, dy and the sector n of the source
voltage are the inputs of the commutation table (Table 1),
whereas the output represents the switching state of the
inverter (S,, S5 S.). By using this switching table, the
optimal state of the inverter can be uniquely selected
during each time interval depending on the combination
of the table entries. The selection of the optimal switching
state is made so that power errors can be reduced in the

hysteresis bands.

Table 1
ZDPC switching table
dy | dy | 010,03 |04]05|0s)|67[0]0] 010|611 | 01>
1 0 Ve | VI | Vi | Vo | Va | V7| V3| Vo| V4 \ 4 Vs Vo
1 Vi Vi | Vol Vol Vi | V7| Vo]| Vo | Vs \ 4 Vo Vo
0 O f(vs|vi|vi|va|va|wvs|vs|valva| vs | vs | vs
Tivi|va|va|vs|wvs|valvalvs|vs| ve | v | W
v1(100), v»(110), v3(010), v4(011), vs(001), v6(101), vo(000), v;(111)

Hysteresis controller. The main idea of the ZDPC
method is to keep the instantaneous active and reactive
power within a desired band. This command is based on
two comparators with hysteresis whose input is the error
between the reference values and the estimate of the
active and reactive power [11], given respectively as:

Apg = Pref —Ps > 3)

Aq = Qref —9s - (4)
where p,., ¢, are the instantaneous active and reactive
power reference; p;, ¢, are the instantaneous active and
reactive power source.

The hysteresis comparators are used to provide 2
logic outputs d,, and d,. State «I» corresponds to an
increase in the controlled variable (ps and gs), whereas
«0» corresponds to a decrease according to (5), (6)

if Apg2h, d,g=0if Apy<-h, d,;=0; (5)

if Aqg2h, dyo=1if Aqg<—h, dsg=0. (6)

PI controller. The ZDPC method must ensure DC
bus regulation to maintain the capacitor voltage, around
the voltage reference (V). For this purpose, a PI

controller is usually used [11]. Figure 4 shows the
controller simulation model.

dcret

Fig. 4. Simulation model of PI controller

The values of proportional and integral gain (K, and
K;) are given respectively as:
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.

i :Z; (7)
K, =2Clw,, (3)

where & is the damping coefficient (¢ = 0.707); w, is the
nominal pulse.

High selective filter. To improve the performance
of the classical instantaneous power method, HSF has
been implemented, to extract the fundamental component
of current and voltage in the synchronous frame without
any phase shift or amplitude errors. The functional
diagram of HSF is shown in Fig. 5. The transfer function
can be expressed as [11]:

H(s):x”‘ﬁ(s)=k(”k)+ja’c . )
Xap (s + k)2 + a)c2
From (9), we obtain:

al8) =l ls) - 50 )]- L35 00):

i) =S lp0)- 20l %50l )

where Xj,, x5 are respectively the output and the input of the
filter, which can be V4 or 1,5 We note that for the pulsation
@ = ., the phase shift introduced by the filter is zero and the
gain is equal to 1. We also observe that the decrease in the
value K improves the selectivity of the HSF.

(10)

Fig. 5. Block diagram of HSF

From the HSF output, the AC component of the
instantaneous active power can be obtained by (12) [3]:

P =Vaing +Vping (12)

where iy, iz given respectively by (13) and (14):
Iha =\iad _fad +\giny _fainv ) (13)
i =lipa ~ig ) Ggim —igin ). (19)

where iy, i3 are the harmonic components in the axis af,
whereas the instantaneous reactive power is defined as:

qsz‘;ﬂia_‘safﬂ' (15)
Figure 6 shows the calculation of the disturbing
powers p and g,.

io

l:iabc

—>| abc/af I:
g

Vabe Ve Dy +
—>{abe /o s ] >
Vg g =i

Fig. 6. Computation of v,, vs, p and g, with HSF

Generation of control vector. By adding the
alternating component ( p ) of the instantaneous active

power which is linked to both current and voltage
disturbances, to the active power p. necessary for the
regulation of the DC bus, we obtain the disturbing active
power p)

pp:ﬁ"'pC' (16)

To compensate for active and reactive power
disturbances (p, and g;), a comparison with their zero
reference is carried out. The results of the comparison
pass through a hysteresis block which generates output
hysteresis controller (dps and dqs). Depending on the
sector selected (6,) and (d,, d,), the appropriate
command vector (S,, S;, S.) is produced using the
commutation table (Table 1).

Advanced MPPT controller. The extraction of the
maximum power is an essential step in the field of energy
conversion of the PV solar system. To increase the
efficiency of the GPV, a MPPT search algorithm is
applied to the DC/DC converter (local MPPT) in the case
of a double power stage. In this article the algorithm
based on fuzzy logic is studied. This method is used here
for finding the MPPT of a PV module under all weather
conditions, because it does not require knowledge of
mathematical models of linear and nonlinear controlled
systems [12, 13].

Generally, the fuzzy logic controller comprises 3
essential blocks: fuzzification, inference rules and
defuzzification [14]. The fuzzification stage is the process
of transforming numerical input variables into linguistic
variables using membership functions. The inference
rules step gives the output of the fuzzy logic controller by
the Mamdani method with a max-min technique
depending on the set belonging to the rule base. The
defuzzification step converts the linguistic variables into a
net value, which determines the duty cycle increment AD.
The fuzzy MPPT values are represented by an E error and
an AE error variation as inputs. The error and its variation
are given by the following equations [13]:

GG =
AE=E(K)-E(K -1), (18)

where P(k), P(k-1), V(k) and V(k—1) are the power and the
voltage of the GPV for 2 sampling times £ and (k1)
respectively. The proposed algorithm has 2 input
variables: AP(k) and AV(k). The output variable is the
duty cycle AD(k). The variables AP(k) and AV(k) are
given as [13, 14]:
4P(K )= P(K)- P(K ~1); (19)
AV(K)=V(K)-V(K-1). (20)
where AP(k) and AV(k) are zero at the MPP of the GPV.
The basic rules of the fuzzy MPPT algorithm are
based on the 2 input variables (AP(k), AV(k)) and on the
output variable (AD). AP(k) and AV(k) are divided into 5
denoted fuzzy sets: Negative Big (NB), Negative Small
(NS), Zero (Z), Positive Small (PS) and Positive Big (PB).
The rule base relates the fuzzy inputs to the fuzzy output
by the master syntax rule: «If: 4 is... and B is..., Then: C
is...». According to Table 2 [13, 14], that groups together
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all the possible connections between the inputs and the
output of the developed controller, the following example
can be given: If: AP is PB and AV is NB Then: AD is NS.
The choice of the shape of the membership functions of
the proposed controller is of a triangular type. The center
of gravity method for the defuzzification step is used to
calculate the incremental duty cycle AD [10, 14-16]:

n
2. @;AD;

j=0
AD =——,
Z“’j
j=0

where 7 is the maximum number of effective rules, w is the
weighting factor, AD; is the value corresponding to AD.
Table 2

21

Decision table
AP\AV NB | NS V4 PS PB
NB PS PB PB | NB | NS

NS Y4 PS | PS | NS Z
Z Z Z Z Z Z

PS Y4 NS | NS | PS Y4

PB NS [NB [ NB | PB | PS

Finally, the duty cycle is obtained by adding this
change to the previous value of the control duty cycle as
mentioned in (22) [10, 14, 15]:

D(K +1)=D(K )+ AD(K). (22)

Discussion of the simulation results. Various
simulations were performed using MATLAB/Simulink
model (Fig. 1) to evaluate the proposed approaches. The
parameters used for these tests are represented in Table 3.

Table 3
Simulation parameters
Parameters Value | Parameters | Value
V, V 80 Cye, UF 2200
f;, Hz 50 L, mH 10
fswitching (DC/AC
APF converter), kHz 20 R, Q 40
f'switching (DC/DC
boost converter), kHz > Com 1 20
L, mH 0.1 L,,, mH 3
R, Q 0.1 Verey V 235
L, mH 0.566 N 2
R, Q 0.01 wp, rad/s | 0,01
L, mH 2.5 wy, rad/s 100
R, Q 0.01

SAPF simulation results controlled by the ZDPC,
equipped with conventional PI and fuzzy MPPT, operating
under a balanced network, are shown in the following
figures. Figure 7 shows all simulated cases together during
time (0 — 1.4) s. Figure 8 zooms the signals in the time
interval (0 — 0.2) s, where the filter is not activated and in
the absence of irradiation (absence of the injection of energy
to the network), in this case we notice the load current and
the source current are identical as shown in Fig. 9.

The charge current and the source current are
superimposed and have a total harmonic distortion (THD)
27.87 % (Fig. 10).

Figure 11 shows the signals after the activation of
the APF and in the absence of irradiation during the time
interval (0.2-0.5) s.

o o ey 1100111111 e
7200 0‘1 0.2 0‘3 0.4 0‘5 0.6 ‘()(;7) 0.8 0,‘9 1 1‘1 1‘2 1‘3 1.4
Fig. 7. Simulation signals in the different cases
2 b A /Y\ \ /Y\
g ° /X\u(/ NN {w OO \5@7\/@/ XA

R T AY LYY ATLYAY

0 0.1 02
t(s)
Fig. 8. Simulation signals in the absence of the filter and of

irradiation

5 L
0.02 0.03 0.04 0.05 0.06 0.07 0.0
t(s)

Fig. 9. The charge current and the source current are superimposed

FFT analysis

Fundamental (50Hz) = 5.097 , THD= 27.87%
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Fig. 10. THD of source current
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Fig. 11. Simulation signals after the activation of the APF and in
absence of irradiation

It is noted in Fig. 12 that the source current resumes
its sinusoidal form in phase with the charge current and
with a THD = 1.14 % as shown in Fig. 13.
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FFT analysis
1 T T T T

Fundamental (50Hz) = 7.157 , THD= 1.09%

Mag (% of Fundamental)
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Fig. 12. The source current is in phase with the charge current . 150/)@ /X\ o />A @C\% %\ % /\C\ % ‘/X\ ST @C G\“
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Fig. 13. THD of source current Fig. 17. Simulation during the increase in irradiation

Figure 14 represents the simulation signals during
the activation of the APF and the injection of energy to
the network, this is in the time interval (0.5-0.8) s, in this
case the source current changes direction towards the
network and becomes in phase opposition with the charge
current, which means that the network becomes a
receiver. The source current has a THD = 1.09 %

150

VG T~ = -
VAN AA / \ / 1 101 1.02 103 104
T T

| .
-150 s)

Vsabc

0] 8
goor ] Fig. 18. Crossing of the source current with the irradiation
) : 1 =R current
150: - - s , : : rn analysis ‘
£ o0
40 “MNWW\J l Fundamental (50Hz) = 12.01 , THD= 1.29%
g ‘ ‘ ¥ E)
8of p G
0.5 0.6 07 08 ug_
((S) E 04 -
Fig. 14. Simulation signals after the activation of the APF and 5
with the presence of irradiation =ozf 1
Figure 15 shows the transition from the network to a ! ? ¢ ° e B

receiver. The source current retains its sinusoidal shape Fig. 19. THD of source current

with a THD = 1.09 % (Fig. 16).
Figure 20 shows the evolution of the energy of the

network in the various cases discussed:

3000
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£ o
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-2000

Fig. 15. The source current is in phase opposition with the
C}larg;e CllrreIlt 0.1 02 03 0.4 0.5 0.6 3; 08 0.9 1 11 12 13 14
Fig. 20. Energy of the network in the different discussed cases

-3000
0

Figures 17, 18 show the crossing of the source current
with that of the irradiation while keeping the sinusoidal form e Case 1: before activation of the APF and in the
of the source current with a THD = 1.29 % (Fig. 19). absence of irradiation.
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e Case 2: after activation of the APF and in the
absence of irradiation.
e Case 3: after the activation of the APF and in the
presence of the irradiation.
e Case 4: during the change of irradiation.
Conclusions. In this article, a new direct power control
technique called zero direct power control, suitable for
harmonic and reactive power compensation, has been
proposed; high selectivity filters are used to separate
harmonic currents and voltages causing a degradation in the
quality of power on the network. The shunt active power
filter based on the zero direct power control command
assembled with a photovoltaic system driven by a fuzzy
command to inject energy into the network and improve the
quality of energy. The simulation shows the good
performance of the proposed approach.
Conflict of interest. The authors declare that they
have no conflicts of interest.
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Experimental evaluation of conducted disturbances induced during high frequency switching
of active components

Introduction. Power electronics devices are among the most widely used equipment in all fields. The increasing performance of
these devices makes their electromagnetic interference factor very important. On the other hand, electromagnetic compatibility
research is more and more interested in studies on the sources of electromagnetic disturbances, their propagation paths and the
methods of reducing these electromagnetic disturbances. The purpose is to study the behavior of the various active power
components at high frequency as well as the evaluation of their electromagnetic noise by using simulation and experimental
measurement. Methods. In first time, the simulation was realized with the Lt-spice software which presents many advantages in its
use and we validate in the second time the results obtained with experimental measurements. We start by study of the behavior of the
diode, then the behavior of MOSFET transistor and finally the study of the behavior of the IGBT transistor. Results. All the
simulations were performed using the Lt-spice software and the results obtained are validated by experimental measurements
performed in the APELEC Laboratory at the University of Sidi Bel-Abbes in Algeria. The waveforms of the current and voltage
across each component during its opening are presented. The results of the simulations are compared and validated with the realized
measurements in order to better present the influence of the fast switching of semiconductors on the electrical quantities, which
causes electromagnetic disturbances in the interconnected electrical system. References 19, figures 19.

Key words: electromagnetic compatibility, electromagnetic disturbances, high frequency switching of active components,
experimental measurement.

Bcemyn. I[pucmpoi’ cunogoi enekmpoHiku 3Hax005mucst ceped 00NA0HAHHA, WO HAOLIbI WUPOKO BUKOPUCTHOBYEMBCA Y 8CIX 0OIACTSX.
TTiosuwenna npoOykmusHocmi yux npucmpois pobums Gaxmop ix eneKmpomacHimHux nepewxoo oysice axcausum. 3 inuo2o OOKY,
npu QOCHIONCEHHI eleKMPOMASHIMHOL CYMICHOCII 0edai Oinbuie YIKAGIAMbCsL 0XCePeNam eleKMpPOMASHIMHUX NEPEuKo0, WsxXie ix
NOWUpeHHs Mma Memooamu 3MeHUEeH s YUX eneKmpomazuimuux nepeuikoo. Mema pobomu nonazac ¢ momy, wod euguumu noGeoiHKy
PI3HUX KOMNOHEHMI8 aKMUSHOI NOMYIICHOCI HA BUCOKUX YACMOMAX, A MAKOIC OYIHUMU IXHill eNeKMpPOMASHIMHULL WYM 3a OONOMO2010
MOOeTI08aNH s MA eKCnepuUMeHmansHux sumiprosans. Memoou. Ynepuie moodenosanns 0yn0 peanizo8ano 3a OONOMO0I0 NPOSPAMHOO
3abesneuenns Lt-spice, ske dac bazamo nepesaz npu 1020 UKOPUCMANHI, | 80py2e My NIOMEEPOACYEMO Pe3VIbMAMmU, OMPUMAHi 3d
00nOMO2010 eKcnepuMeHmanvHux eumipie. Mu nouunaemo 3 eusyenns nosedinku diooa, nomim nogedinku MOSFET mpansucmopa i,
napewmi, uguenns nogedinku IGBT mpanszucmopa. Pezynomamu. Yci mooeniosanns Oyau UKOHAHi 3 GUKOPUCAHHAM NPOSPAMHO20
3abe3nevenns Lt-spice, a ompumani pezynomamu niomeepodceni eKChepuMeHmanbHuM SUMIpamu, NpoeedeHuUMU 6 1abopamopii
APELEC 6 Vuigsepcumemi Cioi-benv-Abbec 6 Anxcupi. IIpedcmagneni ocyunoepamu cmpymy ma Hanpyeu Ha KOICHOMY KOMNOHEHMI nio
yac toeo eiokpumms. Pesynemamu MoOenioeanus NopieHIolomscs ma NiomeepodtCyiombCs peanizosanumu eumMipamu, wob Kpaue
VAGUMU GNIUG WBUOKO20 NEePeMUKAHHA HANIBNPOGIOHUKIE HA eNeKMPUYHi GeNUdUHU, WO SUKTUKAE eleKMPOMASHIMHI nepeukoou y
83aemosanedxcHill enekmpuynii cucmemi. bion. 19, puc. 19.

Kniouosi cnosa: eneKTPOMATrHITHA CYMIiCHICTb, €JIEKTPOMATHITHI NEepPelIKOAH, BHCOKOYACTOTHE NEPEeMHKAHHS AKTHBHHX
€J1eMEeHTIB, eKCIIePHMEHTAIbHE BUMIPIOBAHHS.

Introduction. With the development of new sources
of renewable energy, more static converters are connected
to the power network. They supply of the network with
electric power produced by generators; but in contrast to

o the feature branches where the switch can operate;
o the branch changes it can provide [10-12].

conventional systems, they wusually introduce low

frequency and high frequency (HF) switching harmonics s it)
[1-5]. These power converters use fast switching power I o

semiconductor switches, such as MOSFET and IGBT

transistors as the preferred switching devices because of c //,

their various properties, such as higher efficiency, smaller
size, and lower overall cost, low losses associated with
switching device. However, the fast switching speed of
new converter technologies has the potential to cause
electromagnetic disturbances and high dV/dt [6-9].

The orders of magnitude of the commutation
gradients can vary between 100 to 1000 A/us for the d//d¢
and from 5 to 50 kV/ps for the dV/dt. Moreover, very
high commutation frequency is another factor that
increases the electromagnetic pollution, as it can vary
from 100 Hz to 1 MHz. This condition presents a serious
problem in regards to the Electromagnetic Compatibility
(EMCQC) [10, 11].

The brutal variations of the voltage associated with
parasitic elements between the system and the ground

Fig. 1. Quadrants of the plan [I(?), i(t)] [13]

The first step of evaluating the conducted emission
interferences consist of determining the sources of theses
interferences. For this reason in this work we have made
an evaluation of the conducted disturbances emitted
during the HF switching of active components such as the
diode, MOSFET, IGBT the study is made by simulation
using the Lt-spice software and the experimental
measurements by measurement benches carried out at the
APELEC Laboratory at the University of Sidi Bel-Abbes.

The purpose of this article is to study the behavior
of the various active power components at high frequency
as well as the evaluation of their electromagnetic noise by
using simulation and experimental measurement.

plane induce disturbing currents in the ground circuits.

To show the role that a switch can play in the plan
[voltage V(f) across the switch — current i(f) through the
switch] Fig. 1 shows:

Study of the real behavior of active components. In
this part of the work, the dynamic characteristics and the
equivalent models of the real behavior for each component
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studied were presented. These components are: the diode,
the MOSFET and IGBT transistors. Our objective is to
know the influence of these elements on some electrical
quantities at well determined switching times and the
disturbances generated in the interconnected -electrical
system [13-15]. To do this, we will first study the switching
cells (Fig. 2), which allows us to describe the operation of
power electronics structures and also gives us a more
detailed analysis of switching phenomena [16, 17]. The
benches used have been developed for many years for the
characterization of power components in switching whose
operation has been largely validated by experimental
measurements. In order to represent the switching
characteristics of the components mentioned above, we
have carried out simulations under Lt-spice software, where
the results are validated by experimental measurements.

E

fin (1)

Fig. 2. Switching cell and associated waveforms

The main switch is controlled by a periodic
modulation function f,(f) with 7, as the binary period
value and a = t,,/T, as a variable duty cycle. This duty
cycle modulates the power transfer. For simplification,
the external switching cell values (E, Iy) are considered
constant while internal ones (/,, V) are taken as variables
modulated by the f,,(¢) function [3, 4]

Study of the behavior of the diode. For the
identification of the dynamic characteristics of the diodes,
we used the circuit presented in Fig. 3.

.tran 0 250n b d

Fig. 3. Simulation diagram for the switching of a power diode,
(M: IRF740, D: BYT12P1000)

This circuit presents the switching of a
MOSFET/diode cell, in which the switch is a MOSFET
transistor of type IRF740 connected with a diode of type
BYTI12P1000. For this simulation, we used directly the
component models provided by the Lt-spice library. The
inductance L, represents the global parasitic inductances
in the circuit [18, 19]. It is a series inductance introduced
in particular by the legs of the diode in order to simulate
the dynamic behavior of the diode. Figure 4 represents a
photo of the measurement bench to compare the
simulation results of the voltage across the diode and the
current through it with the measurements.

Fig. 4. Photo of the measurement bench [14]:
1 — oscilloscope; 2 — pulse generator; 3 — stabilized power
supply; 4 — amperometric probe; 5 — driver IR2110;
6 — 12 V regulator; 7— MOSFET IRF740;
8 — diode BYT12P1000; 9 — resistance 15,6 Q

Figure 5 shows the descriptive diagram of the main
elements used to switch a BYT12P1000 type power diode.

Oscill
Pulse Generator sciloscope

g
- gl

[

|
Diode Under Test

Amperometric
Probe
Fig. 5. Descriptive diagram of the test bench
for switching a power diode

According to the diagram (Fig. 3), we can establish
the equation that describes the mesh of this circuit [15]:

LU Vp+Vps» (H

where V; is the source voltage; Vp is the voltage at the
diode terminal; Vg is the voltage between drain source of
MOSFET; L, represents the global parasitic inductances
in the circuit.

If the MOSFET does not intervene during switching
(Vps<<V3), then we have:

di(?)
Ve =1L -Vp. 2
R=Lta= == Vp 2
The simulation diagram has the following

characteristics: the current /; generates by the current
source ;=2 A, Vp=150V,R.=15.6 Q; Lp = 12 nH.
Results and analysis. Figures 6, 8 show the
temporal variations in the blocking of the diode tested
according to the simulation and measurements, they also
illustrate the phenomenon of reverse overlap on the
current and voltage when the diode is blocked. For the
frequency response, the results are shown in Fig. 7, 9,
where we note respectively a decrease of amplitude from
20 dB to —80 dB for the current and a decrease of
amplitude from 30 dB to —70 dB for the voltage.
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Fig. 6. Temporal characteristics of the /,, current at the opening
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Fig. 9. Frequency characteristics of the voltage V), at the
opening of the diode

From Fig. 6, 8, we notice a good agreement between
the simulation results and the experimental measurements.
We can extract the transient parameters of the studied diode
such as: Vzy — maximum reverse voltage; Ir), — maximum
reverse recovery current of the diode; 7z — reverse recovery
time. At the beginning, a current /; flows in the power diode.
From the conduction of the MOSFET (M: closed switch,
Vps = 0), the current in the diode starts to decrease from the
value /,= Ip with a slope:

di(¢ Vv,
di®) =__R (3)
de Lp
The slope is imposed by the inductance Lp (Vp is

negligible compared to V). We obtain the following
results: Iz = 14,5 A; trr =38 ns; Ve, =340 V.

At the end of recovery, the diode then behaves as a
nonlinear capacitor in series with the inductance and
resistance of the circuit, resulting in a damped oscillatory
response of the system with a rapid decay of the current.

We have therefore defined with these results the
transient parameters describing the switching at the
opening of the diode. It appears clearly the transient
oscillatory phenomenon whose period is of the order of
the hundred of nanoseconds.

For the frequency responses shown in Fig. 7, 9, we
notice from the conduction of the MOSFET of frequency
300 kHz, an electromagnetic disturbance created between
—20 dB and 20 dB due to the variation of current and
voltage.

Study of the behavior of MOSFET transistor.
Figure 10 shows the electrical circuit used to record the
dynamic characteristics of the MOSFET. In this simulation
circuit, the inductance L, represents the overall parasitic
inductances in the circuit that causes the oscillation when
the MOSFET opens [15-19]. The simulation results will be
validated by experimental measurements carried out on the
experimental bench shown in Fig. 4.

Rc
1 'A\/’\ \/ 1
15.6 O
=
)2
_* o
R M : | e
L AR '
1)50 c I VARV RF740
{ ) — | 100 Vor
- 100p-— . ” ]
L ~ Rshunt
T A 1
T Vs -
PILSE(130 0 0 0.50 0 5u ) _tran 1.8“

Fig. 10. Simulation scheme used to identify the dynamic
parameters of the IRF740 MOSFET

According to the diagram presented in Fig. 10, we can
establish the equations that describe the mesh of this
circuit. The opening of the MOSFET starts with a decrease
of the control voltage to zero. Consequently, the voltage
across this component increases from 0 V to V. In this
phase, the current growth rate can be expressed by (4)
linking the voltage Vpgs, Vi, and the resistances R. and R,

di(t) _ VR =Vrc =VRshunt —Vbs @
dt Lp '

Results and analysis. The waveforms of the current
and voltage across the MOSFETs during their opening are
presented in Fig. 11, 13. The results of the simulations are
validated with the realized measurements. For the frequency
response, the results are shown in Fig. 12, 14. The simulated
scheme has the following characteristics: R, = 100 €,
R.=15.6Q, Lp=2pH, Vz=150V, Ry, =1 Q.

3T, A 1 —— Simulation |
. I S—— 9— Measure
2 -
1 ; L
dvdt|}
0
-1 2 f
220 [ > t, us
02 04 06 08 1 12 14 16
Fig. 11. Temporal characteristics of the I, current at the opening
of the MOSFET
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Fig. 14. Frequency characteristics of the Vpg voltage at the
opening of the MOSFET

From the results illustrated in Fig. 11, 13, we notice
that the switching of the MOSFET causes an overvoltage
with an overshoot V., = 170 V and a switching time
t. very reduced, of the order of ns which implies very
important dv/d¢ and di/dz. In addition, an oscillatory
phenomenon appears after the opening of the MOSFET.
This phenomenon is explained by the effect of the
connection inductance in the circuit. It can be said that the
oscillatory and steep-edge phenomena of current and
voltage are the cause of electromagnetic disturbances in
electronic devices. For EMC problems, it is therefore
essential to define the dv/d¢ and di/d¢ and the evolution of
the current I and the voltage Vpg during the switching of
the active components.

From the frequency results illustrated in Fig. 12, 14, we
notice respectively a decrease of amplitude from 10 dB
to —100 dB for the current and for the voltage a decrease
of amplitude from 30 dB to —70 dB. We see in Fig. 14
that from 30 dB to —30 dB, there is a slight disturbance
for the voltage Vpg.

Study of the behavior of the IGBT transistor. Figure
15 shows the electrical circuit used to identify the dynamic
characteristics of the IGBT under Lt-spice software.

The experimental bench used for the switching of
the IGBT remains the same used in Fig. 4, except that the
MOSFET must be replaced by the IGBT transistor of type
APT 25GF100BN, in order to visualize the voltage across
the IGBT transistor and the current flowing through.

15.6 id
= 2
=
R z1 . Vce
AL Vr X -
+ c e
( ) = vsioo’ _ ™\7ApT25GF100BN
S 50 4+ VGE -
1so ~ Rshunt
T <1
PULSE(0 150 14.5u 100n 100n 100n)

7 .tran 0 19u
Fig. 15. Simulation diagram used to identify the dynamic
parameters of the IGBT transistor

The study of dynamic behavior of the power IGBT
transistor in a switching cell allowed us to define the transient
and frequency parameters of the latter to represent the
switching phase. The IGBT transistor used in this study is type
of APT25GF100BN. Figures 16, 18 show the current and
voltage time characteristics obtained from respectively
simulation and measurements. Figures 17, 19 show the
frequency characteristics of respectively the current and
voltage at the opening of the APT25GF100BN IGBT.
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Fig. 16. Transient characteristics of the /- current when the
IGBT transistor is open
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Fig. 17. Frequency characteristics of the /- current at the
opening of the IGBT transistor
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Fig. 18. Temporal characteristics of the voltage V¢ at the
opening of the IGBT transistor
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Fig. 19. Frequency characteristics of the V' voltage at the
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In the simulations carried out, we considered the
values of the following parameters: R, = 100 Q, R. = 15.6 Q,
Lp=2puH, V=150V, Ry, =1 Q.

In this study, we used the same switching cell of the
MOSFET, so the waveform of the current and the voltage
at the terminals of the IGBT transistor remains similar to
those of the MOSFET (temporal and frequency), what
changes are the amplitudes and the frequency of these
waves. The aspects of the dynamic behavior of an IGBT
are similar to those of a MOSFET.

Conclusions.

1. Numerous electromagnetic disturbances mainly due
to fast switching of the semiconductors. The disturbances
propagate towards the power source of the converter and
towards the load that it feeds and a part of this energy is
radiated.

2. An experimental evaluation was presented in this work
compared by simulation results in order to better present the
influence of the fast switching of semiconductors on the
electrical ~ quantities, which causes electromagnetic
disturbances in the interconnected electrical system.

3. These disturbances can be minimized by using an
optimized EMC filter according to the international
standards of our future work.

Acknowledgement. The authors of this article
would like to thank the General Directorate of Scientific
Research and Technological Development (DGRSDT) in
Algeria for their technical support and the specific
research budget allocated to this program.

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

REFERENCES
1. Santos V.D. Modélisation des émissions conduites de mode
commun d'une chaine électromécanique:  Optimisation
paramétrique de l'ensemble convertisseur filtres sous
contraintes CEM. These de Institut National Polytechnique de
Toulouse, Spécialité génie Electrique, 2019. (Fra).
2. Benhadda N., Bendaoud A., Chikhi N. A conducted EMI
noise prediction in DC/DC converter using a frequency-domain
approach. Elektrotehniski  Vestnik/Electrotechnical ~Review,
2018, vol. 85, no. 3, pp. 103-108.
3. Chikhi N., Bendaoud A. Evaluation of Conducted
Disturbances Generated by the Chopper-rectifier Association
Propagating to the Electrical Network. European Journal of
Electrical Engineering, 2019, vol. 21, no. 1, pp. 1-6. doi:
https://doi.org/10.18280/ejee.210101.
4. Moreau M. Modélisation haute fréquence des convertisseurs
d’énergie. Application a l’étude des émissions conduites vers le
réseau. PHD Thesis, Electrical Engineering, Central School of
Lille-France, 2009. (Fra).
5. Fakhfakh L., Ammous A. New simplified model for
predicting conducted EMI in DC/DC converters. Electrical
Engineering, 2017, vol. 99, no. 3, pp. 1087-1097. doi:
https://doi.org/10.1007/s00202-016-0474-2.
6. Fakhfakh L., Alahdal A., Ammous A. Fast modeling of
conducted EMI phenomena using improved classical models.
2016 Asia-Pacific International Symposium on Electromagnetic
Compatibility ~ (APEMC), 2016, pp. 549-552.  doi:
https://doi.org/10.1109/APEMC.2016.7522795.
7. Haque ML.E., Bokhari A.A., Alolah A.I. Simulink modeling of
the problem associated with fast switching PWM IGBT-inverter fed
AC motor drive with long cable and its remedies. /EEE
International Conference on Systems, Signals & Devices, 2005.
8. Boroyevich D., Zhang X., Bishinoi H., Burgos R.,
Mattavelli P., Wang F. Conducted EMI and systems integration.
CIPS 2014 8th International Conference, Nurenberg, 2014.

How to cite this article:

9. Ales A., Gouichiche Z., Schanen J.-L., Roudet J., Boudaren
M.EY., Karouche B., Moussaoui D. The accurate input
impedances of a DC-DC converters connected to the network.
2015 IEEE 15th International Conference on Environment and
Electrical Engineering (EEEIC), 2015, pp. 331-336. doi:
https://doi.org/10.1109/EEEIC.2015.7165183.

10. Slimani H., Zeghoudi A., Bendaoud A., Reguig A., Benazza B.,
Benhadda N. Experimental Measurement of Conducted Emissions
Generated by Static Converters in Common and Differential Modes.
European Journal of Electrical Engineering, 2021, vol. 23, no. 3,
pp- 273-279. doi: https://doi.org/10.18280/ejee.230312.

11. Zeghoudi A., Bendaoud A., Slimani H., Benazza B.,
Bennouna D. Determination of electromagnetic disturbances in
a buck chopper. Australian Journal of Electrical and Electronics
Engineering, 2022, vol. 19, no. 2, pp. 149-157. doi:
https://doi.org/10.1080/1448837X.2021.2023073.

12. Mahesh G., Subbarao B., Karunakaran S. Effect of power
frequency harmonics in conducted emission measurement.
Proceedings of the International Conference on Electromagnetic
Interference and Compatibility, 2008, pp. 273-277.

13. Seguier G., Labrique F., Delarue P. Electronique de
puissance. Structures, commandes, applications, 10e edition,
Dunod, Paris, 2015. 425 p. (Fra).

14. Duan Z., Fan T., Zhang D., Wen X. Differential Mode
Conducted EMI Prediction in Three Phase SiC Inverters. /OP
Conference Series: Materials Science and Engineering, 2017,
vol. 199, art. no. 012126. doi: https://doi.org/10.1088/1757-
899X/199/1/012126.

15. Mrad R., Morel F., Pillonnet G., Vollaire C., Lombard P.,
Nagari A. N-Conductor Passive Circuit Modeling for Power
Converter Current Prediction and EMI Aspect. IEEE Transactions
on Electromagnetic Compatibility, 2013, vol. 55, no. 6, pp. 1169-
1177. doi: https://doi.org/10.1109/TEMC.2013.2265048.

16. Fedyczak Z., Kempski A., Smolenski R. Conducted high
frequency disturbances observed in electrical power systems
with switch mode converters. Przeglad Elektrotechniczny, 2013,
vol. 89, no. 6, pp. 41-50.

17. Zeghoudi A., Slimani H., Bendaoud A., Benazza B.,
Bechekir S., Miloudi H. Measurement and analysis of common
and differential modes conducted emissions generated by an
AC/DC converter. Electrical Engineering & Electromechanics,
2022, no. 4, pp. 63-67. doi: https://doi.org/10.20998/2074-
272X.2022.4.09.

18. Lounis Zohra. Apports des techniques de cablages
laminaires dans un onduleur a IGBT de moyenne puissance.
These de doctorat, Institut National Polytechnique de Loraine,
2000. (Fra).

19. Marlier C. Modélisation des perturbations électromagnétiques
dans les convertisseurs statiques pour des applications
aéronautiques. These de doctorat, en Génie électrique Université
Lille Nord-de-France, 2013. (Fra).

Received 09.08.2022
Accepted 12.12.2022
Published 01.09.2023

Helima Slimani, 1'2, Lecturer,

Abdelhakim Zeghoudi', PhD,

Abdelber Bendaoud 1, Professor,

Seyf Eddine Bechekirl, Lecturer,

! Laboratory of Applications of Plasma, Electrostatics and
Electromagnetic Compatibility (APELEC),

Djillali Liabes University of Sidi Bel-Abbes, Algeria,
e-mail: hakooumzeghoudi@gmail.com;
babdelber@gmail.com (Corresponding Author);
seyfeddine.electrotechnique@gmail.com

? University of Tiaret, Algeria,

e-mail: halima.slimani@univ-tiaret.dz

Slimani H., Zeghoudi A., Bendaoud A., Bechekir S. Experimental evaluation of conducted disturbances induced during high
frequency switching of active components. Electrical Engineering & Electromechanics, 2023, no. 5, pp. 26-30. doi:

https://doi.org/10.20998/2074-272X.2023.5.04

30

Electrical Engineering & Electromechanics, 2023, no. 5



UDC 621.314.26 https://doi.org/10.20998/2074-272X.2023.5.05

E.M. Vereshchago, V.I. Kostiuchenko, S.M. Novogretskyi

Analysis of a DC converter working on a plasma arc

Introduction. The article is devoted to the analysis of a stabilized direct current converter operating on a plasma arc. Electroplasma
technologies of the new generation cause the need to design workable systems that provide control of technological processes and
their dynamic optimization in real time. The improvement of any electroplasma technology begins with the improvement of the
operating parameters of the main element of plasma installations - the power source. Goal is to build and study a continuous model
of a pulsed source of secondary power supply, which works on an electric welding and plasma arc. Methodology. In the work, a
mathematical description of the converter was performed. The continuous model of the system is substantiated, taking into account
its features, namely, the load (gas-discharge gap) is a source of voltage and dynamic resistance. The parameters of the constant part
during circuit synthesis are determined: the components of the gain of the constant part, the relative signal coefficient of the current
sensor and the PWM gain. Studies of the open system «power source - arcy have been carried out. Results. MATLAB objects were
created - continuous mathematical models of the object in the form of transfer functions. The obtained transient characteristics for
different options: «arc current - control signaly and « inductor current - control signaly showed that open systems are unstable. It
was found that in the case of instability, the filling frequency of self-oscillations occurring in the linear mode is close to the frequency
of natural oscillations of the circuit. The dependence of the module and the argument of the input resistance of the power part of the
pulsed power supply with parallel capacitance to the electric arc and without it, which have matching frequency characteristics, is
established. The circuit considered with the initial data adopted in this article has a frequency transfer coefficient of the same type as
the first-order non-minimum-phase (phase-shifting) link. Frequency response graphs for the output impedance of the power unit
show that this power unit is a broadband frequency-selective system with a bandwidth of By 7y; = 100 kHz. Originality. Expressions
for the frequency transfer function, input and output resistance of the pulse voltage converter operating on an arc load were obtained
by the method of averaging and linearization. The frequency amplitude and phase characteristics for the pulse voltage converter with
an LC filter and the output according to the arc current and the choke current were studied. The transfer functions of the continuous
model in terms of arc current and choke current at the specified parameters are the same, which must be taken into account when
designing regulators. Practical significance. The frequency characteristics of the input and output resistances and transfer functions
can be used when forming a technical task for designing a power source to assess the stability of the «pulse converter - arcy system
and rational calculation of input filters. References 22, tables 1, figures 7.

Key words: input and output resistance, filter, impedance, stabilization system, stability, complex load.

B pobomi nposedeno ananiz cmabinizoeanozo nepemeopiogaya nocmiliHo2o Cmpymy, wo npayioc Ha naasmosy oyzy. O6rpynmosano
be3nepepsHy Mooensb cucmemu 3 ypaxyeanuam ii ocoonueocmeil. Busnaueni napamempu He3MIHHOI yacmunu nio Yac auanisy cxemu
3amiujeHHs 3aMKHYMOI CMpYKmMypu cucmemu eieKmpodlcusients Ons 0y208020 HABAHMAdICEHHs i3 6i0 eMHUM OugepenyianoHum
onopom. IIposedeni docniddicennsn posimMKHymoi cucmemu «0dicepeno JHCUgients - oyea». Bemanosneno, wjo posensnyma cxema 3
BUXIOHUMU OAHUMU, NPUUHAMUMY @ OAHIll CMAmmi, MA€ YACMOMHUL KoepiyicHm nepeoayi maxKoeo Jic 6udy, wo i HeMIHIMATbHO-
@aszosa nanka nepuiozo nopaoky. Ompumano 4acmommi Xapakmepucmuku 6XiOH020 Ma BUXIOHO20 ONOpIé Nepemeopiosayd,
Hasanmaoiceno2o Ha dyey. bion. 22, tabn. 1, puc. 7.

Kniouosi cnosa: BxXinumii Ta Buxiguuii onip, gineTp, iMmneganc, cucrema cradijaizauii, crilikicTs, KOMIUIEKCHe HABAHTAKEHHS.

Introduction. In today's advanced fields of science,
technology and industry, electroplasma and welding
technologies are widely used, which use low-temperature
plasma (devices with negative differential resistance). A
large class of such devices is DC plasmatrons.
Plasmatrons are most often used for cutting materials,
heating gas, as plasma ignition systems in the combustion
chambers of gas turbine engines for various purposes, etc.
[1-3]. Here we should also mention plasma melting,
strengthening of metals, plasma chemistry, special
metallurgy, solving environmental problems, obtaining
new clean materials, applying films and coatings by the
vacuum-plasma method, etc.

The improvement of any electroplasma technology
must begin with the improvement of the operating
parameters of the main element of plasma installations —
the power source, which is achieved by designing and
constructing its main nodes. Thus, the study of a DC
converter operating on a plasma arc is not only of
practical, but also theoretical interest, as well as an
important and relevant scientific and applied problem.

Two classes of models are used for the analysis of
processes in pulse power converters — key (simulation)
and continuous [4-7]. Continuous (averaged) ones became
the most widespread during the analysis of the stability of
closed stabilization systems taking into account pulse

energy converters and the synthesis of regulators of these
systems [4-7].

Note that the differential resistance of the arc Ry
depending on the location of the operating point on one or
another section of the arc volt-ampere characteristic can
take on zero, positive, and negative values. It is in the case
of finding the operating point on the falling section of the
arc volt-ampere characteristic that the converter, taking into
account the behavior of the object, forms a system with
negative resistance. The behavior of such systems is
significantly different from the systems described in the
literature under constant load. Instabilities and self-
oscillating modes may occur in a system with negative
resistance [8]. Self-oscillations, as a rule, have negative
consequences: deterioration of the quality of the
technological process, reduction of productivity, etc.

The study of systems with negative R is of not
only practical, but also theoretical interest [8]. It is
appropriate to study the peculiarities of the dynamics of
open systems. This makes sense not only because of their
wide application in practice, but also because, on simple
examples, we can learn the used analysis method and
show the influence of certain external feedbacks on the
dynamic properties of a closed system compared to an
open one.

© E.M. Vereshchago, V.I. Kostiuchenko, S.M. Novogretskyi
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The complexity of the nonlinear discrete model of
the pulse converter (its exact mathematical model), which
works on a non-linear load, makes the analysis of the
latter in an automatic current stabilization system (closed
control system) extremely difficult [5]. At the same time,
works [1, 5, 6] show that when the commutation period 7'
(T—0) decreases, nonlinear pulse systems approach linear
continuous systems in terms of properties [1, 5].
Considering the high switching frequency of modern
converters for electrical technologies, the task of building
their limit continuous models turns out to be very
promising. Averaged models are the most convenient for
practice, as they allow applying well-developed methods
of analysis and synthesis of linear continuous systems to
nonlinear discrete systems.

When designing key power sources, continuous
linear models of pulse converters are widely used [1, 5].
Their averaged models are substantiated and widely used
in various works.

In [9], for example, continuous linearized models of
basic converters are given. The method of their
construction is based on the assumption that the choke has
no active resistance. In addition, the used approach does
not allow taking into account the output resistance of the
power source, the filter at the input of the converter, etc.

In works [4, 5], the need to take into account the
active resistance of the choke circuit during the analysis
and synthesis of pulse converter control systems is
indicated.

Structural dynamic models of DC pulse converters
operating on a complex load with and without taking into
account the choke resistance are substantiated, for
example, in works [4-7].

In [8], the general issues of power supply and
interaction of an electric arc from a current-controlled
voltage source and a voltage-controlled current source are
considered.

In [10], a power source with a current characteristic,
which is made according to the following block diagram,
was investigated: an AC source — a transformer — a
rectifier — an inductance connected in series with an arc
resistance.

Since the pulse converter working on an arc load is
not sufficiently studied in the literature, the task of this
article is to build a continuous model of the converter and
to study the peculiarities of its operation.

Next, an attempt is made to perform an analysis
using a simple continuous model of the converter, which
takes into account the active resistance of the keys, the
choke and the output resistance of the power source and
operating on an arc load. It is assumed that the adjustment
of the output parameter is carried out using PWM-2.

The goal of the article is to build and study a
continuous model of a pulse source of secondary power
supply, which works on an electric welding and plasma arc.

Mathematical description of the converter.
Replacing circuit of the power supply system for an
electric arc load, which includes a loaded LC filter, a
correction device (CD), a modulator (M) implementing
PWM-2, a pulse converter (PC), which forms pulses with
the amplitude of the supply voltage nU,, at the input of
the filter and duration, which is determined by the

switching function kz of the modulator, and sensors of
voltage VS and current CS with &k, and Rqy coefficients,
respectively, is shown in Fig. 1, where, for commonality,
the resistance R connected in parallel with the capacitor C
of the output filter is shown.

B WL
t « :
LI
Uy
U | | RV )i
U /l\ | | ” \l/ s | =—=€ Vv )!
: : 'th/ﬂl
| |
— cs <
L Pe ] .
s
ky:

Fig. 1. Replacing circuit of the closed structure of the
power supply system for arc load with negative differential
resistance

In Fig. 1: i is the current source considered as a
disturbance (change) in the load current. The resistance ry
includes both the output resistances of the converter and
the rectifier, as well as the ohmic losses of the filter
choke. Here, the losses resistance may depend on the
frequency [11-15]. The load (gas discharge gap) is the
series-connected voltage source U, and dynamic
resistance Rggo.

The converter on the circuit is presented in the form
of a power four-pole with an information controlled input
(Fig. 1) [5, 16], where n = wy; / w; = way / wy. The
transmission coefficient of the modulator PC, which in
our case is defined as kq(?), if the error signal does not
depend on time, is determined by the relationship:

k PWM = T / U m»
where U, is the amplitude (range) of the fractional
function (sawtooth voltage), T is the sweep period.

Usually R >> ry (in particular R is missing, i.e.
R—o).

Denoting by Z,(s) the operator resistance of the
parallel connection of C and R;p:

Z,(5) == Ryigro L~ SRyygroC)=— Ryiro /(- 5 +1), 7> 0,
we obtain the following expression of the transfer
function (TF) of the output LC filter in terms of voltage:

KoL) 26
Ziy(s) ry+sL+Z,(s)

=k (s°k fLC +S(L/(rs = Ryigro) + RogC) + 1) =

_ ky _ ks
T2 428 Tps+1 TP +ap) + o]

where 7 = R;C > 0 is the time constant of the circuit of
the output capacitor; R, = s || (—Raipo); kr= —Raigo/(—Raigo +
+ rg) > 0 is the transmission coefficient of the DC filter;
Zi,(s) is the input operator resistance of the regulator at
R = o in the continuous current mode; 7y and ¢ are the
time constant and damping coefficient of the filter,
defined as
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Tf :"kaC, éf 251“(/{(}’2 C/L+R

diff 0

1 1
:E kf(l/Q+ds):5,[kf(d,.+ds), afsz/Tf,

of =\/1/T} —ay =\/w§—a} ; @p =1/(k;LC),
where Q:L L/C =p/rsis the Q factor of the LC
Ty

filter without taking into account the attenuation
introduced by the resistance R and regeneration;

dy =—SgyrNL/C is the regeneration introduced into the

circuit by a load (electric arc); d, =rsvC/Lis the
damping introduced into the circuit by resistance;
p =~L/C is the characteristics of the circuit forming the
filter; d = d, + d; is the complete fading (regeneration) of
the circuit; Sz = 1 / Rgypo is the differential steepness of
the arc volt-ampere characteristic.

For the circuit in Fig. 1 equation that determines the

current in the filter choke 1~L will be as follows:
Z(s)i, = nDiiy +nUd + Z,/(5)T —(Z,(5)/ Ryl

where

Ragols2pLC+s — =+ R, C | +1]

Z(s) = Z,(s) rs =Raifro .
K(s) kp(-w+1) ’

the symbol «~» shows an infinitesimally small change of

the variable with respect to the value in the periodic

mode; d = 2t,/ T is the filling factor; D is the value of the

filling factor in the steady state (periodic) mode [17-20].

At C =0, the last equation will take the form

. i —ily/ Ryypo + (nD/ Ryygro)ids, + (nUs, | Ryyro)d
L — .
4 SLL/(rs — Rygo)] +1
Having chosen as the output variable the arc current
iae = Iy, which does not coincide with the state variable,

we obtain the transfer functions for the control influence
«arc current — control signal»:

IaNrc(S) =nU,, Z,(s)
d(s) Zi(s)+Z,(s)
and by disturbing influences — the sensitivity of the arc
current to a change in the input voltage u;, and to the
disturbing current i and voltage u:

Sdiﬁr = nU,-nK(s)Sdl-ﬁf .

Tarc( ) . [arc( ) .
ﬁ—s =nDK(s)S gy 5 TS; ==Z1()K($)Saipr ;

in(s

Tarc(s) _
Up(s)

where Zi(s) = Ls + ry is the operator resistance of the
choke circuit.

Determination of the parameters of the constant
part of the circuit. Let's find the components of the gain
factor of the constant part. Having chosen the steepness of
the current sensor Rcs = 0.75 mQ, we determine the CS
relative signal coefficient k; = 82 and the PWM gain

~(sLC +5r5C+DK(9)S i

kpwy /T=FT/U,)U/T)=F/U, =1/25 =0,4B7",
where the ripple factor F is taken equal to 1; U, =2.5V
is the amplitude (span) of sawtooth voltage.
The amplification factor of the constant part at
kr=1and F=1
ko = kikpyarnU;y(Res /= Raigro)/ T =

=-82-250-0,4-75-107 /0,49 = —12,55.

The switching frequency is taken as 26 kHz, the
choke inductance of the output LC filter is L = 300 puH,
and the capacity of the output capacitor, which depends
on the requirements, is C = 3 pF, ry = 0.01 Q,
Rd,-f/() =-049Q [21]

Study of the open system «power source — arc».
Let's create MATLAB objects — continuous mathematical
models of our object in the form of transfer functions
(transfer function form). The answer will be the following
result in the command window (Table 1).

Table 1
Transfer functions of the object
No. Transfer function*

416.4

1 -10 2

9-1077 .57 —0.000612-5 +1

208.2

2

9.10719. 52 ~0.000612 -5 +1
—0.000612 -5 +416.4
9.1071%.52 —0.000612 -5 +1
—0.000306 - 5 +208.2
9.10719. 52 ~0.000612 -5 +1
*options 1, 2 — TF «arc current — control signaly with

kcr = 33.18 and kcg = 16.59; options 3, 4 — TF «choke current —
control signal» with kcg = 33.18 and kg = 16.59.

4

For the TF of object 3-4, the indicators are equal: the
order and the instability index are equal to two n =5, =2,
the degree rc=n—m =2 — 1 = 1, the indexes of aperiodic
and oscillatory neutrality are equal to zero s, = s, = 0, the
index of non-minimum phase s, = 1, the amplification
factor k = kokcg. The assignment of these indicators and
the amplification factor & reflects the essential features of
the TF W(s) and they can be used to characterize certain
properties of the system determined by this TF [22].

Transient characteristics (TC) for options 1, 3 are
shown in Fig. 2. Open systems are unstable s, = 2>0.
Nyquist diagrams for the considered options are shown in
Fig. 3. As shown in Fig. 3, the frequency response never
covers the point —1, jO, so closed systems are also
unstable.

The input resistance of the power part (PP)
according to the diagram in Fig. 1 in operator form

2
Sk pLC+5(=LIR 0 —15)~ Ry C)+1
—1es+1 ’

Zio(s) =~(Ryipro —15)

where ¢ = Ry;50C > 0 is the time constant of the circuit of the
output capacitor; R, = 75 || (=Rago); kr = Raigo / (Rago — 75)
is the transmission coefficient of the DC filter.

It is easy to show that its output resistance is
determined by the expression
sL+ry

LC+5(- LIRygo—15)+ RegC)+1

Zoo(s)=ky 2
s
!
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Step Response
T T

Amplitude

Time (sec)

x10°
Fig. 2. TC graphs of unstable systems: option 1 (1), option 3 (3)

Nyquist Diagram
T T

Imaginary Axis

Real Axis
Fig. 3. Nyquist diagrams for unstable systems:
option 1 (1), option 3 (3)

Since the losses resistance is quite small, then

s/C
Zyo(s) =—

. 1
N —S/(Rdlﬁr()C)-l-l/(LC) ( )

Noting that, in the general case, 1/ VLC = wy is the
frequency of natural oscillations of the circuit without
losses and & =-0,58;; /C=-0,50pQ 1is the damping
coefficient of the circuit, we rewrite the expression as

follows (here, the main conditions were chosen so that
instabilities could occur)

s/C
Zoo(s) = - (a>0).
s =205+ ay
In this case g :l/\/LC =

=(V/300-107%-3:107)7"=33.33-10° s ' or f; = 5.307 kHz.

Therefore, in the case of instability, the filling
frequency of self-oscillations occurring in the linear mode
is close to the frequency of natural oscillations of the
circuit f;.

If C=0, then

Zo0(5) = sL(~Tloaas +1) ', )
where Tj,00 = L / Ragipn > 0 is the load circuit time constant.

Options (Fig. 4) of the dependencies of the module and
the argument of the input resistance of the PP of the pulse
power supply with and without parallel capacitance to the
electric arc have frequency characteristics (FC) that coincide.

The closeness of FC indicates similarity and small
differences in transient processes according to the main

quality indicators. Thus, the circuit under consideration
with the initial data adopted in this article has a frequency
transfer coefficient of the same type as a first-order non-
minimum phase (phase-shifting) link

Z(jo)=k(zo-1),
where k= Rd,-//'(), t=L/ Rd,-f/() > 0.

Impedance
2000

1500

1000

500

Impedance {ohms)

10! 102 10% 104 10° 108
Frequency (Hz)
Phase

Phase (deg)

10 102 10° 104 10° 10°
Frequency (Hz)
Fig. 4. Frequency characteristics of the input impedance of the
PP of the power source loaded on an electric arc,

for C=0and C=3 pF

Frequency response graphs for the output impedance
of the PP, constructed according to expressions (1), (2),
are shown in Fig. 5. Note that for C # 0, this PP is a
broadband frequency-selective system (Bgro07 / fo >> 1)
with bandwidth BO,707 =100 kHz.

Impedance

=)
o

Impedance {ohms)
o ©
L] (5] -

=
o

=]

102 10° 104 108 108
Frequency (Hz)
Phase

-
=)

Phase (deg)

et 102 10° 10* 10° 108
Frequency (Hz)
Fig. 5. Graphs of frequency response (above) and phase

response (below) of the output circuit impedance

Logarithmic characteristics of the module and phase
of the input conductance of the PP of the PC for the case
of the absence of capacitance at the output of the pulse
current stabilizer — unstable with negative self-alignment
of the aperiodic link

Yio(s) =1/ Zio(s) = k(-1 + )" 3)
have been constructed in Fig. 6,a; the Nyquist diagram is
shown in Fig. 6,b. According to (3), the asymptotic
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characteristic has a break at the point w; = 1 / 7.
Bandwidth is 0 — 465 Hz.

Figure 7 shows the frequency response and phase
response of the «power source — arc» system in the open
state.

Bode Diagram
Gm=-6.33dB (at 0 Hz), Pm =613 deg (at 465 Hz)

Wagnitude (dB)

Phase (deg)

Frequency (Hz)

a
Nyquist Diagram

Imaginary Axis

Fig. 6. Modulus and argument of the input admittance of
the PP (a); Nyquist hodograph for this case (b)

Bode Diagram

Magnitude (dB)

Phase (deg)

Frequency (Hz)
Bode Diagram

Magnitude (d8)

Phase (deg)

-360

10’ 10 10 10 10° 10° 0

Frequency (Hz)

Fig. 7. Frequency response and phase response of the open
circuit of the pulse current stabilizer when controlled by the
output current i,,. (1-2) and the choke current 7; (3-4)

From graphs shown in Fig. 7 it can be seen that the
closed system for the considered options will be unstable
(L(a)) > O, ¢margin(w) < 09 L— 0, Pmargin = -51.9°+ 9020):
which introduces additional complications in the
construction of the converter control circuit [21].

From the nature of ¢(w) and A(w) (Fig. 7), it follows
that the construction of closed current stabilization
systems of the considered converter causes difficulties,
since it is very difficult to ensure a sufficient margin of
stability at a high amplification factor in a closed circuit
due to a very rapid increase in the phase shift (the angle
|p| exceeds 180°) with an almost unchanged frequency
response of the converter.

Thus, the considered continuous models can be used
in the process of designing devices based on pulse voltage
converters for loads with negative differential resistance:
sources of secondary power supply, etc., to conduct
research on the main properties of these converters.

Conclusions.

1. Expressions for the frequency transfer function,
input and output resistances of a pulse voltage converter
operating on an arc load with negative differential
resistance were obtained by the method of averaging and
linearization.

2. The transfer functions of the converter with
output by arc current and choke current are not minimally
in phase. This explains the nature of the phase
characteristics of the converter and the complexity of the
synthesis of current regulators for it.

3. The frequency response and phase response for
the pulse voltage converter by arc current and choke
current were studied.

4. The transfer functions of the continuous model by
arc current and choke current at the given parameters are
the same, which must be taken into account when
designing regulators.
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A maximum power point tracking of a photovoltaic system connected to a three-phase grid
using a variable step size perturb and observe algorithm

Purpose. The production of electricity from solar energy is necessary because of the global consumption of this energy. This article’s
study is based on increased energy extraction by improving maximum power point tracking (MPPT). From different MPPT techniques
proposed, the perturb and observe (P&Q) technique is developed because of its low implementation cost and ease of implementation.
Methods. A modified variable step-size P&O MPPT algorithm is investigated which uses fuzzy logic to automatically adjust step-size to
better track maximum power point, compared with the conventional fixed step-size method. The variable step P&O improves the speed
and the tracking accuracy. This controller is implemented on a boost DC-DC power converter to track the maximum power point. The
suggested controlled solar energy system includes a boost converter, a voltage-source inverter, and a grid filter. The control scheme of a
three-phase current-controlled pulse-width modulation inverter in rotating synchronous coordinate d-q with the proposed MPPT
algorithm and feed-forward compensation is studied. Results. The photovoltaic grid-connected system controller employs multi-loop
control with the filter inductor current of the inverter in the inner loop to achieve a fast dynamic response and the outer loop to control
bus voltage for MPPT, the modeling, and control of three phase grid connected to photovoltaic generator is implemented in the
MATLAB/Simulink environment and validated by simulation results. References 27, tables 5, figures 29.

Key words: photovoltaic generator, perturb and observe maximum power point tracking, modified perturb and observe
maximum power point tracking, fuzzy logic control, boost converter, pulse-width modulation inverter, three phase grid.

Mema. Bupobnuymeso enexmpoenepeii i3 consiunoi enepeii neobxione uepes 2nobanvhe cnodcusanns yici enepeii. Jocniodcenns yiei
cmammi IPYHMyEMbCsl HA 30LIbUUEHH] GUTYYEeH s eHepeii 3a PaxyHOK NOKPAWeHHsl 8IOCIMEICEHHSI MOYKU MAKCUMATLHOI NOMYHCHOCII
(MPPT). 3 pisnux 3anpononosanux memooie MPPT 6ye pospoonenuti memoo 30ypenns ma cnocmepedicennss (P&QO) uepes tioco nusvky
sapmicmy peanizayii ma npocmomy peanizayii. Memoou. [ocnioxcyemvca moougikosanuii aneopumm P&O MPPT 3i 3minnum posmipom
KPOKY, KU GUKOPUCHIOBYE HEHimKY JI02IKY ONld aGMOMAMU4HO20 HANAWMYEAHHA PO3MIpYy KPOKY Ol KpAujoeo GiOCMediCeHHs MOYKU
MAKCUMATLHOT NOMYHCHOCIT NOPIBHAHO 13 36UMAUHUM MEMOOOM (DIKCOBAH020 PO3MIPY KPOKY. 3minnuil Kpok P&O niosuwye weuoxicmo
ma moyHicmov giocmedcenns. Llell KoHmponep peanizo8anull Ha NEPemeoprosadi, wjo NiOGUUYE NOMYHCHOCHI NOCMILIHO20 CIPYMY O
8i0Ccmedicents MOYKU MAKCUMATbHOI nomyschocmi. TIpononoeana keposana COHAYHA eHepeemuuHad CUCmeMd 6KIOYAE NIOBUYIOUULL
nepemeoplosay, iHeepmop odicepena Hanpyau i mepedxcesuti Qinomp. JJocniodicyemocsa cxema ynpaguinHa mpughasnum cmpymMoKeposanum
iH8EPMOPOM 3 WUPOMHO-IMAYILCHOIO MOOYIAYIEIO 8 CUHXPOHHILL KOOPOUHAMI, wo 06epmacmocs, d-q i3 3anponoHOBAHUM ANCOPUMMOM
MPPT i nonepedocysanvhoio komnencayicto. Pesynemamu. Konmponep gomoenexmpuunol cucmemu, niOKTOYeHOi 00 Mepedic,
BUKOPUCIMOBYE Oa2AMOKOHMYPHE KEPYSAHHA 3i CMPYMOM THOYKmMopa Qinempa ineepmopa y SHYMpiuHboMy KOHMYPI 0Nl OOCASHEHHs
WBUOKO020 OUHAMIYHO20 GIO2YKY MaA 306HIUHIM KOHMYpOM Ol Kepyeanus nanpyeoio wiunu ons MPPT, mooemosanns ma Kepyeamms
mpughasHoro Mmepedxcero. NIOKIOUeHUll 00 omozanvéaniuHo2o ceHepamopa, peanizosanuti y cepeoosuwsi MATLAB/Simulink ma
niomeepoxcenuil pesyrsmamamu mooemosanns. biomn. 27, tadmn. 5, puc. 29.

Knrouoei crosa: ¢poToeneKTpUYHHI reHepaTop, 30ypeHHs Ta BiICTeKEHHS] TOUKM MAKCHMAJIbLHOI NOTY:XKHOCTI, MoaudikoBane
30ypeHHs Ta BiICTe:KeHHS] TOYKH MAKCUMAJIBHOI MOTYKHOCTi, HeUiTKe JIOTiYHe yNpaBJIiHHS, NiIBUILYIOYU NepeTBOPIOBAY,
IHBEpPTOP 3 INMPOTHO-IMITY/IbCHOI MOAYJISINI€I0, TPU(A3ZHA MepexKa.

Introduction. World energy consumption is mainly
covered by fossil fuels (oil, coal, natural gas, and nuclear)
which gives rise to greenhouse gas emissions and
therefore an increase in pollution. The additional danger
is that excessive consumption of the stock of natural
resources reduces the reserves of this type of energy
dangerously for future generations. In this sense, the
world converges toward using renewable energies, which
are available and inexhaustible and inhibit emitting CO,
gas. The development and integration of renewable
energies into electrical production and distribution
networks pose major technical challenges today. These
networks must support a high demand, react quickly and
safely to expected and unanticipated variations, and adapt
to the constraints of users and environmental constraints.
However, the major problem of this electrical energy
production technique lies in the design and the realization
of the photovoltaic (PV) systems, making it possible to
ensure the optimal operation of the PV modules in various
conditions. Since PV cells have electrical characteristics
(current-voltage) non-linear, which strongly depend on
climatic conditions, such as solar radiation and
temperature, these climatic variations lead to non-linear
and fluctuating power output. For this and with the
development of specific power electronics for PV

applications, several innovative conversion systems have
been designed, particularly inverters with input matching
stages that provide maximum power point (MPP)
tracking. Indeed, these devices make it possible to adapt
and optimize the production of PV through DC-DC power
converters inserted between PV modules and inverter
input. Usually, this equipment has electrical management
mechanisms that allow the maximum power to be
extracted from the PV generator output and ensure perfect
adaptation between the generator’s voltage and inverter
input voltage regardless of meteorological conditions.
These mechanisms are usually called maximum power
point tracking (MPPT). In recent years, many different
techniques or algorithms for automatically identifying and
producing operations at approximately the MPP have
been presented with practical implementations in the
literature. These methods vary in complexity, cost, range
of effectiveness, hardware implementation, popularity,
convergence speed, and other respects. MPPT methods
can be classified as incremental conductance [1-5],
fractional short-circuit current [2], fractional open-circuit
voltage [3], load current voltage maximization, ripple
correlation control, hill climbing or perturb and observe
(P&O) [4], neural network [6], fuzzy logic control and
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other MPPT methods [7, 8]. So far, the P&O method is
the most commonly used technique in practice, owing to
its ease of implementation in a low-cost controller. It has
relatively good MPPT performance compared to the other
techniques. Nevertheless, the P&O method fails to track
the MPP effectively when radiation and temperature
conditions change rapidly.

The conventional P&O is usually implemented with a
fixed step size by which the controlled parameter such as
reference voltage or duty cycle is adjusted; large step-size
values increase the losses in the steady state condition due to
large oscillation around the MPP, while small step-size
values slow down the tracking speed when the atmospheric
conditions quickly change. A trade-off between steady-state
accuracy and dynamic tracking should be performed to solve
this problem. In the literature, many improvements of the
P&O method have been proposed to reduce the oscillation
around the MPP in steady-state conditions. However, they
increase the complexity, slow the tracking speed when the
atmospheric conditions rapidly change and, degrade the
algorithm efficiency on cloudy days [9]. To solve this
problem, many authors have used P&O MPPT with variable
step sizes, each in her own way and they deduced results that
prove an improvement in tracking of maximum power. We
find in the reference [8] many MPPT methods are reviewed
and have been made to improve the conventional MPPT
methods. However, in [10-12] shows the performance with
the modified P&O algorithm which gives a faster response
than the traditional P&O algorithm under variable irradiance
conditions during peak power generation the impacts of
partial shading conditions and temperature led to a high
convergence rate with less overshoot and oscillation. On the
other hand, [11] proposes a modified hill-climbing algorithm
the proposed algorithm has good steady-state and dynamic
performances. In work [13] introduced MPPT with a P&O
algorithm with variable step size based on modified shuffled
frog leaping algorithm (MSFLA) and sliding mode control
(SMC) for PV power systems. The operation of the system
with various partial shading regimes was evaluated and it
was demonstrated that the developed MSFLA-SMC
combinatorial scheme gives good efficiency in output power
with significantly better response time and dynamic
behavior.

In this study, P&O MPPT with variable step size is
proposed. The step size is automatically tuned according
to the variation of the atmospheric conditions, using a
fuzzy logic controller.

To control active and reactive power for grid-
connected inverters, the most common method has been
used voltage-oriented control (VOC) which depends on
two cascaded loops. The outer loop or voltage loop is tied
to the DC link capacitor voltage, where a PI controller is
used to generate the reference current for the inner or
current loop. Then, two PI controllers are used to control
the currents, and hence active/reactive power control.

The goal of the paper is the extraction of the
maximum powers provided by the photovoltaic generator
using the perturb and observe algorithm with fixed step
size and variable step size adjusted by a fuzzy logic
controller, another objective is the control of this power to
be injected into a three-phase distribution network via a
two-stage conversion system. The schematic of the

proposed system is shown in Fig. 1, which illustrates the
three-phase grid-connected PV generation system. The
proposed system consists of two main parts; the first part
is a power scheme, which includes: a PV array supply,
DC link capacitor, boost converter, three-phase inverter,
RL filter, and the three-phase utility grid. The second is
the control scheme MPPT by using different MPPT
techniques and the inverter controller with a three-phase
PV grid-connected system.

Vabc and Iabe

Inverter Controller

Vde lPWM
BDBOO Vo 1oy
DC LI |pc/ || RL{
@DBOD o <BC| T | AACI gieq )
dc Link

Boost DC-DC DC-AC
Converter Inverter
PVArray
Fig. 1. Configuration of the proposed two-stage grid-connected
PV system

PV cell model. Figure 2 shows the PV model based
on a one-diode equivalent circuit. In the literature, an
ideal p-n junction PV cell is often modeled as an electric
current generator whose behavior is equivalent to an ideal
current source which models the photoelectric current
(,») associated with a parallel diode which models the p-n
junction. To take into account all the dissipative
phenomena present during the conversion of light energy
at the level of the cell, the circuit is completed by two
resistors, one in series (Ry) and the other in parallel (R;,).
The series resistance characterizes the losses by the Joule
effect and the parallel resistance characterizes the leakage
current at the level of the p-n junction.

% Rs

TS
D w %

Fig. 2. The equivalent circuit of a solar cell

—
G —b
—

Vpv

The PV cell output current /py (Fig. 2) is given as
[14, 15]:

_ q
I=1py, —[‘v[exp{m' (va + [pvRs)_ 1D -

c
_(va +1 R ]
Rsh

where V,, is the PV array output voltage; 1, is the PV array
output current; /1, is the PV cell photocurrent; /; is the PV
cell saturation current; g is the electron charge
(g = 1.602:10™" C); 4 is the p-n junction ideality factor;
K is the Boltzmann constant (K = 1.38-10% J/K); T, is the
absolute working temperature.

The photocurrent /,, is related to the cell’s operating
temperature and solar intensity as:

[ph =[Isc+Ki(Tc_Tref)]%’ (2)

)
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where I, is the short circuit current at standard
temperature and irradiance condition (G = 1000 W/m? and
T, = 25 °C); K; is the short circuit current temperature
coefficient; 7, is the PV cell reference temperature.
PV cell reverse saturation current /,, varies with the
cell temperature [16, 17] as:
Isc +Ki(Tc _Tref)

I, = ; (3)
" Voc+Ki(Tc_Tre )
exp v -1
t
KT
Vt:%’ (4)

where V. is the open-circuit voltage at reference temperature
T, V; is the junction thermal voltage; N, is the number of
solar cells connected in series (N, =1 for the solar cell).

The PV cell saturation current [/, varies with
temperature [18] as:

3
T. E
Is:Irs < €Xp it ! _i 5 (5)
Tref 4-K Tref Tc

where E, is the band energy of the semiconductor used in
the cell.

In this work, the studied PV field is composed of
two PV arrays, each comprising 2 series and 9 parallel
connected modules of type Canadian Solar CS6X-305P.
Each module contains a series of 72 polycrystalline
silicon cells; resulting in total peak power of 305 W.
Table 1 shows the specifications of the used PV modules
in standard conditions.

Table 1
Parameters of Canadian Solar CS6X-305P PV module
Parameters Value
Peak power, W 305.285
Peak power voltage, V 36.3
Peak power current, A 8.41
Short-circuit current, A 8.97
Open circuit voltage, V 44.8

The characteristics (I-V) and (P-V) of the studied PV
field, under standard conditions of solar irradiation and
temperature, is given in Fig. 3.

207 1000 Wir? Tref=25°C
<L O
= 800 W/m? @
S15¢ - | x3267
3 600 Win? RIS
510
2 400 Wi
=1
=]
> 5¢
o
0 50 100 150 200 250 300 350 400 450
PV output voltage (V)

6000 1000 Wim?
é‘ @
< 5000 X 326.7
8 Tref=25°C ¢ Y 5495
% 4000 Yo
(=%
F 3000 00 Vi
3 2000 \
> 400 W)
& 1000

0 ‘ ‘ : =
0 100 200 300 400 500

PV output voltage (V)
Fig. 3. (I-V) and (P-V)) characteristic curves of a solar module at
25 °C temperature and 1000 W/m? irradiance level

Boost converter model. DC-DC converters have
wide applications in PV systems. Whether it is a boost
converter [15-19], buck-boost converter [20, 21], or buck
converter [13]. DC-DC converters are considered the
main element in the MPPT process; without them, the
maximum power could not be achieved. In this study
boost converter is used to change the terminal voltage of
the PV array and from which MPPT can be obtained. The
boost converter presented in Fig. 4 is composed of an
inductance L,,, a diode D, capacitors C,,, Cy. and a switch
S. The converter has two modes (states) of operation
based on the switch action OFF and ON. The mathematic
expression of the voltage and current on the input and
output side of the DC-DC boost converter at duty cycle
(D) can be described as:

v
Vae =125 (6)
[dc:Ipv(l_D)‘ (7

Ipv Lpw o '
VY H
5
Cpv .
Vpv— cae Ve

MPPT

Fig. 4 Step-up boost converter

In the current source PV cell, the capacitor C,, is
evaluated by (8) and the standards of its elements:
D-v,,

va = 5 5 (®)
4'Ava'fs 'va
V
D=1--F", 9)
Vae
Vo Vi =V
va _py ( dc pv); (10)
AILPV S Vae
V
Ar =0.13-1,, —%; (11
pv
P
Cp P (12)

>— 2
AVo'fs 'Vdc

where V), is the converter input voltage; /,, is the array
maximum current; Ppy is the nominal power of PV; £ is
the converting frequency; C,, is the link capacitance of
PV; C, is the capacitance of DC-link; L, is the
inductance of boost converter; V. is the boost converter
output voltage; 4V, is the voltage variation; 41;,, is the
current ripple of boost inductance; A4V, is the ripple of
output voltage.

Modeling and control of DC/AC inverter. The
main inverter function is to interface the PV generator
with the network (Fig. 5). At the same time, the inverter is
used to transform the DC voltage on the output side of the
boost converter (the intermediate circuit of the inverter)
into an AC voltage at its output. Voltage-source converter
(VSC) is controlled in the rotating d-q frame to inject a
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controllable three-phase alternating current into the
network. Current is injected in phase with the grid voltage
to achieve unity power factor operation. The three-phase
VSC is made up of three arms of two switches each
reversible in current, they are made by controllable
semiconductors on opening and closing (of the IGBT type
in almost all cases). A recovery diode is mounted head to
tail with the controllable semiconductor for each switch.
A filter is placed between the network and the inverter,
connecting them to the common point of interconnection.

Dk ok lk

— o 1;
A l .
by
Vde B S \

@z%%z 5

Grid
DC/AC Inverter
Fig. 5. Three-phase grid-connected inverter

Filter (Rf,Lf)

The three-phase equations of the electrical network
can be established as [22, 23]:

. di
u, zRf-la+Lf-d—t“+va;

(13)

_ di
up = Rf 1 +Lf ‘E-i-vb; ,

u.=Ryp-ic+Ly ~%+vc;

where v,, v, v, are the grid voltages; i,, i, i. are the
injected currents; u,, u, u. are the inverter side voltages.

This type of inverter is known as an on two levels
because its output voltage has two voltage levels (+V,. and
—V4). Using the a-b-c to d-q transformations, the converter
3-phase currents and voltages are expressed in a 2-axis
d-q reference frame, synchronously rotating at a given AC
frequency w:

Uy ZRf 'id +Lf (Li—a)Lf 'iq +V4;
o (14)
i
uq =Rf lq +Lf d—;l—C()Lj ld +Vq.
The current controller and control equations of u,
and u, can be rewritten as:

{ud :P.I'(Idl’ef —Id)—a)~Lf ‘iq +Vy,

uy=P-1-(1 (1)

qref Iq)+ @-Lp-ig+vy.
The active and reactive power injected by the PV
generator in the grid can be defined for a balanced three-

phase system as follows [17]:
3 . . 3 . .
P:E'(vd'ld”wq"q); Q:E'(Vq'ld+vd"q)' (16)

Applying the voltage orientation technique to the
d-axis, the active and reactive power (16) can be rewritten as:

Q:—%-vd-iq. (17)

According to (17), the active power can be
controlled by the current i,, and the reactive power can be
controlled by the current i,,.

3
P:—’V l ;
D) d’'d

DC-link voltage control. The DC voltage controller
is discussed as the outer controller. Dimensioning of the
DC link voltage controller is determined by the function
between the current reference value to be given and the
DC link voltage [24]. The general model of the external
controller can thus be given in Fig. 6. For the PI controller
block of the function of K(s), the outer voltage control
can be implemented as:

. K;
ldref = (Udcref -Uge )(Kpu + ;u j . (18)

+ Idref
9 PIRegulator [—>
Quoo——>1-

Fig. 6. Model of the DC-voltage controller

The phase-locked loop (PLL) technique [25] has
been used to synthesize the electrical system’s phase and
frequency information, especially when interfacing with
power electronic devices. PLL block [26] measures the
system frequency and provides the phase synchronous
angle 6 (more precisely [sinf, cosf]) for the d-q
transformations block. In the steady state, sinf is in phase
with the fundamental (positive sequence) of a component
and phase A. In the three-phase system, the d-q transform
of the three-phase variables has the same characteristics
and the PLL system can be implemented using the d-q
transform. The block diagram of the PLL system is
described in Fig. 7.

d
Vabe 4 Vo | Kp+Kis

W Theta
. >
abe V0>

PI

Fig. 7. Schematic diagram of the PLL

Fixed step size P&O algorithm. The P&O method
compares the power of the previous step with the new
step’s power to increase or decrease the tension in search
of the MPP. According to [6-10, 13-26], the MPP value
is never definitively reached since the disturbances only
leave the system oscillating close to the MPP in a steady
state. The P&O method presents good results when the
irradiance or temperature does not change rapidly with
time. On the other hand, among the disadvantages of the
method, in addition to the error in steady state, the
dynamic response is considered slow when there are rapid
temperature and solar radiation changes. The flowchart of
this technique with the reference voltage variation is
shown in Fig. 8.

Generally, the P&O MPPT algorithm run with a
fixed step size. The P&O MPPT with fixed step size gives
a good dynamic performance, he converges faster to a
steady state but the oscillation is much higher. So, this
hurts the MPPT efficiency. A solution that remedies this
problem is the variable-step P&O algorithm which has
been developed [11, 12]. The proposed MPPT algorithm
is based on the conventional P&O algorithm; a fuzzy
logic controller block is used to provide variable step size
to overcome the limitation that exists in conventional
P&O algorithm implementations. The flow chart of the
proposed P&O algorithm with variable step size is
illustrated in Fig. 9.
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Fig .9. Block diagram of the proposed P&O with a variable step size

When the operating point is far from the MPP, the
fuzzy logic control (FLC) adjusts the step size to a large
value, and if the operating point is close to the MPP, the
step size value is set to a small value.

FLC used as the variable step size. Control by FLC
is a method that allows the construction of non-linear
controllers from heuristic information from the specialist’s
knowledge FLC consists of the variation of voltage (or
current) and power of the PV array, and according to these
variations, the algorithm acts on the converter, through a
pulse-width modulation, to correct the MPP voltage. Fuzzy
MPPT is a well-established technique, generally acting on
power variation (AP) and voltage variation (AV). In this
work, the variable AV was replaced by the current variation
(AD), because in this implemented arrangement the output
variable of the FLC is the variation of the step-size AD,
which is sent to the P&O algorithm. The input variables,
AP,, and Al,, of the proposed fuzzy logic variable step-
size can be calculated by the following equations, where
P, (k) and I,(k) are the PV array power and current
respectively and V),,(k) is the PV array voltage:

AV =V (k)= V(K =1); (19)
Al, :Ipv(k)—lpv(k—l); (20)
APy, = AV - AL, 1)

The MPPT fuzzy implemented consisted of input
variables AP and Al, and output variable AD. The
membership function of the input and the output variables
used in this model has the same shape and is shown in Fig.
10-12. All the membership functions are expressed with a
triangular function and they consist of 5 fuzzy subsets, which
are denoted by NB (negative big), NS (negative small), ZZ
(zero), PS (positive, small), and PB (positive big) curves.

ship plots ©°t Points: 181
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input variable "dp™

Fig. 10. Input variable AP
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Fig. 11. Input variable A/
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1
A
il W
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Fig. 12. Output variable AD

The fuzzy rule base is a collection of if-then rules
which all the information is available for the controlled
parameters. Since the number of membership function of
each input is 5, then the fuzzy inference rules of the FLC
consist of 25 rules as illustrated in Table 2. These rules
are used to determine the output of the controller (the
variable step-size for the P&O algorithm) to track the
MPP and stop iterating once this point is reached.

Table 2
Membership function rules
AP,

P | NB|NS| ZzZ | PS|PB
NB | NB|[NS| NS |ZZ|Z7ZZ
NS NS |ZZ | ZZ | ZZ | PS
727 | 727 |72 | ZZ | PS | PS
PS | ZZ | PS PS PS | PB
PB | PS | PS PB | PB | PB
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Mamdani’s method is used as a fuzzy interface
method with max-min operation combined with fuzzy law
in this work. After the rules have been evaluated, the
output of the fuzzy controller is still a fuzzy set. However,
the actual system usually requires a non-fuzzy value of a
control. Hence the process of defuzzification is required
to as the last step to calculate the crisp output of the
proposed fuzzy control. The output of the proposed FLC
is defuzzified using the center of gravity method to
calculate AD computed as:

iﬂm ()40, (6)

AD(k) = , (22)
2 u(aD; (k)
i=l
where 4D; is the center of max—min technique

composition at the output membership function. The FLC
output that is a variable step size 4D(k) is used to
compute the final duty cycle D(k) as:
D(k)= D(k 1)+ AD(k). (23)
Results and discussion. In this section, the
performances of the proposed system are analyzed by
simulation in the MATLAB/SimPowerSys environment.
Figure 13 shows the architecture of the three-phase two-
stage grid-connected PV system, in which the control of
injected current, DC link voltage, and MPPT is realized.
Also, the influence of variation in climatic conditions on
the output performance of the system is realized. After
that, a simulation of the P&O and variable step-size P&O
(VSP&O) MPPT algorithm with analysis covering
stability, time response, oscillation, and overshoot is
performed. The simulation parameters of the system are
shown in Table 3.

DCDC Converter  de-link bus Inverter

Lpv
Filter
T CPY § l \J;c ﬁ? # @ |Mf —0~ 00—
]’ (dT T %4@ Tabe | Ve(abe) |

1l +

PVArray
Vv
Tov MPPT
Vderef —f yie Voltage | 1dref
Vde i Controller
re

Fig. 13. Model of the three-phase two-stage grid-connected PV

system
Table 3
Simulation parameters of the system
Parameters Value
Input capacitor C,,,, F 5.10°°
Inductance L, H 31072
DC link capacitor Cy., F 12:107
Switching frequency f;,,, kHz 4
DC link voltage V., V 700
Grid frequency f, Hz 50
Utility grid voltage V,, V 220
Inductance filter Ly H 5107
Resistance filter R; Q 0.1

The simulation was performed for variable
irradiance, with a fixed ambient temperature (25 °C), to

test the performance of the two proposed algorithms. The
applied irradiance was with a range between 400 and
1000 W/m?, at the time step was 0.5 s. The results shown
in Fig. 14, 21 are limited to those for the PV array
respectively show the irradiance profile applied to the PV
array and the output power of the PV array with a
comparison between P&O MPPT and VSP&O MPPT
which clearly shows the stabilization of the power around
its maximum for all the variations of the irradiation in the
VSP&O, whereas it oscillates around the maximum
power and moves away from the maximum for the weak
irradiance in the P&O. In Fig. 15 we observe how the
increase in incident solar radiation causes an increase in
the current generated, at a constant temperature of 25 °C
thus increasing the power produced by the photovoltaic
generator as seen in Fig. 16. It is clear that the direct
component of the current represented in Fig. 23, coincides
perfectly with the reference direct component and that the
overshoot with VSP&O is less than in the case of P&O.

Table 4 provides a summary of tracking
performance for the VSP&O MPPT and P&O MPPT
methods with different levels of illumination.

Table 4
Tracking performance comparison between P&O MPPT
and VSP&O MPPT methods
Irradiance G, W/m? 1000 800 | 600 | 400
Prao W 5495| 4402 | 3302 | 2189
MPPT
Py, W 5413 | 4185 | 3178 | 2033
. Efficiency 7, % | 98.5 | 95.07 | 96.03 | 92.86
Iradiance PRO 1 o time, 5[0.153] 0.101 | 0.046 [0.0786
with fixed step-
. Steady-state
stz power high V- V- high
oscillation high | high
Py, W 5438 | 4365 | 3272 | 2175
Efficiency 7, % [98.95| 99.04 | 99.1 | 99.34

P&O with
variable step-size

Tracking time, $/0.149(0.0479(0.0556(0.0151

Steady-state
power

oscillation

non€ | non¢ | none¢ | none

From Fig. 17, 18 of PV current and voltage, it is clear
that large oscillations appear around the maximum values
when the irradiation is reduced, and they move away from
the maximum point when the irradiation becomes very low,
these problems disappear when using the VSP&O method,
as shown in Fig. 19, 20, where the PV output voltage and
current reach the maximum with a rapid time and almost
without oscillations. For the three-phase grid-connected
system, the phase current and voltage are shown in Fig. 24
which is obtained with a conventional PI controller for both
algorithms, to indicate the impact of irradiation variation on
the current and the voltage, we focus on the time range
[0 —0.04] s where the irradiation is at 1000 W/m®. Only the
peaks of the current for VSP&O are observed to be reduced
concerning P&O and the currents decrease when the
irradiation decreases while the amplitude of the voltage
remains constant. From Fig. 27 it can be observed that the
recorded overshoot of the DC bus voltage is 140 V with
P&O, while with VSPO the overshoot is 110 V. From these
parameters, the VSP&O performs very well in terms of
stability.
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To illustrate the impact of the MPPT method on the
power quality, a spectral analysis of the current obtained
with standard test conditions is performed and the
spectrum of the harmonic is shown in Fig. 28, 29. We
note that the total harmonic distortion (THD) obtained
with P&O is 8.42 % while a THD of 6.17 % was obtained
with VSP&O, which proves the effectiveness of the
VSP&O algorithm compared to P&O.

It is noticed in the interval [0 — 0.06] s that the transient
responses for VSP&O of the active and reactive powers are
characterized by a very small overshoot compared to the
P&O MPPT, while the steady-state error is close to zero as
shown in Fig. 25, 26. According to the results obtained, the
VOC strategy with classic PI in terms of speed, system
stability, and precision has led to satisfactory results.

From the simulation results, the proposed VSP&O
MPPT performs well compared to P&O MPPT.

Comparison with existing variable step size
MPPT methods. Table 5 summarizes and compares the
performances for each controller, the tracking error and
the tracking efficiency reveal at any point the proposed
controller is efficient and accurate with regards to
harvesting the maximum power from the PV system.
Also, Fig. 22 presents the average tracking efficiency of
the conventional and proposed techniques [27]:

Eff: va'loo%/PMpp. (23)
The error is calculated as:
Err= (PMPP —va)~100%/PMpp, (24)

where P,, is the power generated by the controller;
PMPP is the PV MPP.
Table 5
Comparison between the conventional and VSP&O MPPT
technique at 1000 W/m? and 25 °C

MPPT | Settling p];l:;;)rriglcal g::g’g Efficiency,|Error,
: : MPP> 0 0

Algorithm | time, s W Py W % %
Fixed step
P&O 0.078 5495 5413 93.04 6.95
Variable step
P&O [24] 0.025 13183.3 | 12576.8 95.4 4.6
Variable step
P&O [27] 0.0399 2563 2554 99.6 -
Variable
step P&O 0.068 5495 5438 98.95 1.02
proposed

Comparing our results with the two references [24]
and [27], we notice that the proposed P&O method has
also contributed to improving efficiency and reducing
oscillations around the MPP.
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Fig. 29. THD of grid current with VSP&O MPPT

Conclusions. This work presented two photovoltaic
generator power maximization algorithms applied to a two-
stage three-phase network. A boost converter is used to
increase the voltage at the output of the photovoltaic
generator by using the two cases of maximum power point
tracking, i.e. the perturb and observe method with fixed
step and the variable step method calculated by a fuzzy
logic block in such a way efficient and precise. The
maximum power point tracking variable step size perturb
and observe method was found to be more robust compared
to the fixed step size perturb and observe method, due to an
oscillation-free photovoltaic power response at the instant
of irradiance variations. In a steady state, the performance
of the maximum power point tracking fixed step size was
inferior to the maximum power point tracking variable step
size perturb and observe, as it had a larger error, due to the
relevance curves and the level of oscillation, especially at
the low irradiation.
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Method for control by orbital spacecraft magnetic cleanliness based on multiple magnetic
dipole models with consideration of their uncertainty

Aim. Development of method for control by orbital spacecraft magnetic cleanliness based on multiple magnetic dipole models using
compensation of the initial magnetic field with consideration of magnetic characteristics uncertainty. Methodology. Orbital spacecraft
multiple magnetic dipole models calculated as solution of nonlinear minimax optimization problem based on near field measurements
Jor prediction orbital spacecraft far magnetic field magnitude. Nonlinear objective function calculated as the weighted sum of squared
residuals between the measured and predicted magnetic field. Weight matrix calculated as inverse covariance matrix of random errors
vector. Values of magnetic moments and coordinates of placement of compensating magnetic dipoles for compensation of the orbital
spacecraft 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 orbital spacecraft multiple magnetic dipole models using near field measurements and
compensation of the initial magnetic field with consideration of orbital spacecraft magnetic characteristics uncertainty for ensuring the
orbital spacecraft magnetic cleanliness. Originality. The method for control by orbital spacecraft magnetic cleanliness based on multiple
magnetic dipole models using compensation of the initial magnetic field with consideration of magnetic characteristics uncertainty is
developed. Practical value. An important practical problem of ensuring orbital spacecraft magnetic cleanliness based on orbital
spacecraft multiple magnetic dipole models using near field measurements and compensation of the initial magnetic field with
consideration of orbital spacecraft magnetic characteristics uncertainty solved. References 50, figures 2.

Key words: orbital spacecraft, magnetic cleanliness, multiple magnetic dipole models, near magnetic field, far magnetic field,
magnitude prediction, measurements, uncertainty.

Mema. Po3pobra memoody ynpaguinus MA2HIMHOK0 YUCOMOIO OPOIMAnbHO20 KOCMINHO20 anapamy Ha 0CHOBI 6a2amoounonbHoi mooeini
MASHIMHO20 NONA 3 GUKOPUCIAHHAM KOMREHCAYii BUXIOHO020 MASHIMHO20 NOJNA MA 3 YPAXYBAHHAM HEGUSHAYEHOCMI MASHIMHUX
xapaxkmepucmuk. Memooonozia. bacamoounonvha mooenb MazHimHo2o nois opoimantbHo20 KOCMIYHO20 anapany po3paxosamd K
piwenns 3a0aui HeminiliHOI MIHIMAKCHOI OnmuMi3ayii Ha OCHOBI SUMIPIOBAHL OIUNCHLO2O MASHIMHOZ0 NOAA Ol NPOSHO3YEAHHS
BENUYUHU OAIbHLO2O MAHIMHO20 noJs. Heninitina yineoea gynxyis obuuciena y uensioi 36adcenoi cymu Kaopamie 3aIuuiKie Midic
BUMIDAHUM | NPOSHO308AHUM MACHIMHUM nonem. Bacosa mampuys pospaxosana y euenadi obeprenoi kosapiayiinoi mampuyi éexmopa
BUNAOKOBUX NOMUTIOK. SHAYUEHHS MACHIMHUX MOMEHMIE | KOOPOUHAMU POSMIUEHHS. KOMNEHCYIOUUX MASHIMHUX OUNOJI 051 KOMNEHCayii
NOYAMKOB020 MACHIMHO20 NOJIAL OPOIMANLHO20 KOCMIYHO20 ANapany mMakKolc po3pPaxo6aHi K PilieHHs HeTHIUHOT 3a0aui MIHIMAKCHOT
onmumizayii. Piuenns 060x 3a0au HemiHilHOI MIHIMAKCHOT onmumizayii po3paxoeawi Ha OCHOGI ANeOpUMMIE HeMIHIUHOT onmumizayii
poem yacmunox. Pesynomamu. Pe3ynomamu npocHO3Y6aHHA GeIUHUHU OQNbHLO2O MASHIMHO20 MO OpPOIMANLHO20 KOCMIUHO20
anapamy Ha OCHO8I 6a2amoOunoOIbHOI MOOENi MASHIMHO20 OUNOJIAL 3 GUKOPUCIAHHAM SUMIPIO8AHL OIUNCHLO2O NOJISL MA KOMNEHCAyii
BUXIOH020 MACHIMHO20 NOJA 3 YPAXYBAHHAM HEGUIHAYEHOCHI MASHIMHUX XAPAKMEPUCMUK O 3ab6e3nedents MAacHimHoi yucmomu
opbimanvrozo Kocmiuno2o anapamy. Opuzinanvhicms. Po3pobneno memoo ynpaseninmsa MA2HIMHOIO YUCOMOIO OpOIMAaNbHOO
KOCMIYHO20 anapamy Ha OCHO8I 0a2amoOunoIbHOi MOOeni MACHIMHO20 MO 3 BUKOPUCIMAHHAM KOMHEHCayii 6UXIOHO20 MAZHIMHO20
nonsA ma 3 ypaxy8aHHam nesusnavenocmi maenimmuux xapakmepucmux. Ipakmuuna yinnicms. Bupiweno éadxcnugy npakmuuny 3a0ady
3abe3nevens MazHimHOi yucmomu opoimanbHo20 KOCMIYHO20 anapamy Ha OCHO8I 6azamoounonbhoi Mooeni MAaeHimHO20 OUnos 3
BUKOPUCTIAHHAM BUMIPIOBAHL OIUIICHLO20 NOJSL MA KOMANEHCAyil SUXIOHO20 MACHIMHO20 RNOMSL 3 YPAXY8AHHAM HEGU3HAYEHOCMI
MASHIMHUX Xapakmepucmuk opoimansro2o kocmiunozo anapamy. bioin. 50, puc. 2.

Knrouosi cnosa: opbitanbHuii KOCMiYHMII anapaTt, MarHiTHa 4YMUCTOTa, 6AraToAMINOIbHA MOJE/]b MATHITHOIO IOJIsI, OJIMIKHE
MAarHiTHe moJie, AaJbHE MArHiTHe 10Jie, IPOrHO3yBAHHS, BUMiPIOBAHHSI, HEBU3ZHAYEHICTh.

Introduction. The problem of creating technical
objects with a given distribution of the generated
magnetic field is an urgent problem for many branches of
science and industry. The strictest requirements for the
accuracy of the spatial distribution of the magnetic field
imposed when ensuring the magnetic cleanliness of
orbital spacecraft [1, 2], the development of anti-mine
magnetic protection of ships [3], the creation of
magnetometry devices, including for medical diagnostic
devices. Modern trends in the reduction of spacecraft
mass set strictest requirements for magnetic systems by
control their orientation [4, 5]. The fulfillment of these
requirements requires the maximum minimization of the
spacecraft’s magnetic moment, which is one of the main
destabilizing factors during its movement in near-Earth
orbit and requires high accuracy of its experimental
measurements [6]. So the level of the magnetic moment
of a spacecraft weighing up to 100 kg should be within
0.1 A-m’, and its experimental determination should

preferably be performed with a resolution of less than
0.02 A-m’ [5]. The main result of the work on ensuring
the magnetic purity of the spacecraft is the reduction to a
predetermined level of the spacecraft magnetic moment
and the magnetic field induction at the location of the
onboard magnetometer [6].

NASA and ESA developed a regulatory framework
that summarizes their rich experience on this issue [5, 6].
Thus for «Pioneer-6» spacecraft magnetic field level at the
magnetometer installation point [4] did not exceed 0.3 nT.
On the Danish satellite «Oersted» for the Earth magnetic
field measuring a boom is 8 m. The modern level of
ensuring magnetic cleanliness considered the «Swarmy
spacecraft for researching the Earth magnetic field. Its

magnetometric equipment measurements the Earth
magnetic field with an error of £0.1 nT [5].
According to the requirements [2] for the

«MikroSAT» spacecraft the magnetic field level at the
place of installation of the scientific apparatus was limited
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to 1 nT with a length of the extension boom of —2.5 m.
During the development of the «Sich-2» spacecraft, a
limitation was set on the characteristics of the magnetic
field of its equipment — the magnetic field strength
magnitude of each of the nodes and blocks should not
exceed 20 A/m at 0.1 m distance from their surface. On a
later «EqyptSAT» spacecraft - this limitation was already
more «hard» — 10 A/m at 0.1 m distance from the surface
of his equipment [2].

Currently, the experimental measurements of the
magnetic characteristics of all Ukrainian spacecraft is
carried out exclusively at the magnetic measuring stand of
the Anatolii Pidhornyi Institute of Mechanical
Engineering Problems of the National Academy of
Sciences of Ukraine, which is a unique Magnetodynamic
Complex in Ukraine and included in the list of scientific
objects that constitute the national heritage of Ukraine.

Technologies for ensuring the magnetic cleanliness of
spacecraft managed by NASA, ESA and CAST include
interrelated works of an organizational, technical and
metrological nature [6]. The foundation of this technology is
the calculation models of the spacecraft, which allow
analytical or numerical prediction of the magnetic
characteristics of the spacecraft, based on the knowledge of
the magnetic field of its constituent parts [7—10]. The angular
displacement of the spacecraft occurs due to the interaction
of the magnetic moment of the included electromagnet of
magnetic spacecraft attitude control and stabilization systems
with the Earth magnetic field. The accuracy of this
movement determined by the reliability of current
measurements of the on-board magnetometer and the error
of calculating the magnetic moment of the spacecraft with its
correspondingly activated electromagnets [11].

Analytical description of the distribution of the
magnetic field of spacecraft traditionally carried out using
the multipole model proposed by K. Gauss in the study of
the Earth magnetism [12]. However to date the methods
that would allow in practice to use the integral
characteristics of the magnetic field — spatial harmonics,
and associate them with the parameters of the spacecraft —
remain insufficiently developed. The need to develop
such methods confirmed by one of the latest standards of
the European Space Agency ECSS-E-HB-20-07A [11],
which recommends using its spherical harmonics as
integral characteristics of the spatial distribution of the
magnetic field to ensure the spacecraft magnetic
cleanliness [12].

For most electrical equipment, the magnetic field at
distances is greater than three of its maximum overall
dimensions are determined mainly by members of the first
degree series, i.e. the first three multipole coefficients
[13—15]. Therefore, if the measurement of the magnetic
field of the technical object performed at a distance
greater than three of its maximum overall dimensions,
then it can be limited to the construction of the
mathematical model of the spacecraft in the form of a
multidipole model [16, 17].

The magnetic test requirements in accordance to
European cooperation for space standardization during
space engineering testing it is necessary to take into
account test conditions, input tolerances and measurement
uncertainties [18-21]. The main uncertainties of the

spacecraft magnetic cleanliness calculated are the
changing values of the magnetic moments of the
spacecraft elements when the spacecraft operating modes
changing [6, 11]. In particular, the magnetic moments
change most strongly when the polarization relays operate
in the «on» and «off» positions, when the battery operates
in the «charge» or «discharge» mode, during operation of
high-frequency valves etc. The values of these
uncertainties of the magnetic moments of the spacecraft
elements during the operation of the spacecraft change
within certain limits. In addition, strict restrictions are
imposed on these changes in the values of the magnetic
moments of the spacecraft elements to ensure the
magnetic cleanliness of the entire spacecraft.

Therefore, an urgent problem is the develop of
method for design of a model for predicting the far
spacecraft magnetic field from measurements of the near
magnetic field, which is robust to the spacecraft elements
magnetic moments uncertainties and based on this model
to calculate the parameters of compensating magnetic
dipoles to improve the spacecraft magnetic cleanliness
and its controllability in orbit.

The aim of the work is to develop the method for
control by orbital spacecraft magnetic cleanliness based on
multiple magnetic dipole models using compensation of the
initial magnetic field with consideration of magnetic
characteristics uncertainty to improve the spacecraft
magnetic cleanliness and its controllability in orbit.

Statement of the problem. Consider as an example
the general view of the «MicroSAT» spacecraft with the
«lonosat-Micro» instrumentation [2] shown in Fig. 1. On-
board magnetometer FGM and three wave probes WP are
fixed on the rods. Rod lengths are 2 m, the size of the
spacecraft side is about 1 m. For this spacecraft the
distance between the spacecraft and the installation point
of the onboard magnetometer is more than three times
greater than the size of the spacecraft, which makes it
possible to adequately describe the spacecraft magnetic
field using the multiple magnetic dipole models [11, 12].

Fig. 1. Spacecraft «MicroSAT» with «lonosat-Micro» instrumentation

The three-axis system of magnetic spacecraft attitude
control and stabilization systems in the Earth orbit includes a
three-component magnetic sensor (on-board magnetometer
for the orientation of the spacecraft according to the Earth
magnetic field and three special executive bodies —
electromagnets for the formation of magnetic moments of
the spacecraft of a certain magnitude and direction.

Magnetic orientation of spacecraft in the Earth orbit
performed by the position control of the spacecraft only
by the lines of force of the Earth magnetic field [1]

T=MB, 1)
where 7 is the mechanical torque; M is the magnetic
moment of the spacecraft; B is the Earth magnetic field.
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The spacecraft magnetic moment M include the
magnetic moment M of the actuator (electromagnet) of
the spacecraft and its own magnetic moment M of the
spacecraft

M= M+ M, 2)

The characteristics of the accuracy of
electromagnetic systems are negatively affected by
orientation magnetic moment My of the spacecraft itself
and the magnetic field generated by spacecraft at the on-
board magnetometer location point.

All technical objects elements undergo strict control
for magnetic cleanliness and, as a rule, their preliminary
demagnetization is performed. The components M,,, M,,,
M,, of the magnetic moment of all technical objects
elements are measured before installation and meet the
stringent requirements of magnetic cleanliness.

Then, the components By, Bgy, Bxz of technical object
magnetic field at any point P, of space with coordinates x;,
Vi, Zx In the form of the multiple magnetic dipole models of
the technical object with the magnetic moment M,,,, M,,,, M.
of N dipole located at the points of the space of the technical
object with coordinates (x,,, v,, z,), can be calculated [17]

Byy . 252~y 2
By |=#o ) — 3xy’
BKZ n=1 am 3XIZ,
®)

3xYy' 3x'z' M,,

2y72 _x/2 _272 3y/Zf . Mny .
' /2 /2 /2
3y’z 2z -y —x M,,

Here the designations are introduced
X =xp =Xy, V' =Yk~ Vns

i
Z =zp—2z,,

1
= G~ 0+ O~ )+ G =20 2.
Then, for the known magnetic moments M,,, M,,,
M, of the dipoles and the coordinates of their location (x,,
Vu, Zy) in the space of technical object, one can calculate
magnetic moment of the spacecraft [1]

N N N
Mx:ZMnsty:ZMnyst:Zan “)
I=1 I=1 I=1
and the magnetic field By, Bxy, Bgz at any point of space
with coordinates x;, i, z; including the installation point
of the technical object onboard magnetometer.

All Ukrainian spacecraft after installing all the elements
are examined for magnetic cleanliness at the magnetic
measuring stand Anatolii Pidhornyi Institute of Mechanical
Engineering Problems of the National Academy of Sciences
of Ukraine. According to real measurements, the spacecraft
magnetic moment and the magnetic field at the installation
point of the onboard magnetometer are calculated. For this
purpose, according to the data of measurements of the
magnetic field in the near zone of the spacecraft, the real
values of the moment vectors of the dipoles of the received
M, are restored. In this case, it is assumed that the
coordinates of the location of the dipoles in the space of the
spacecraft remain unchanged.

Let us introduce the vector X of the desired
parameters, the components of which are the components
M., M, M,. — of the magnetic moment vectors M, of

dipoles located at the given points P, of the technical
object with coordinates (x,, y,, z,)-

For the given coordinates (x,, y,, z,) of the location
of the N dipoles based on (3), we calculate the vector of
the Y prediction values of the magnetic field at the given
measurement points with the coordinates x;, y;, z; in the
form of the following linear dependence

Yo =A4X, 6)
where the elements of the matrix 4 are the elements of the
matrix from expression (3) calculated for the given
coordinates x,, y,, z, of the location of the dipoles in the
space of technical object and for the given coordinates x;,
Vi, 2 of the location of the measurement points.

Let us introduce the vector Y;, of measurements of
the magnetic field, the components of which are
measurements components Bxy, Bxy, Bgz at the given
points Py of the space with coordinates (x, yi, zx)-

The mathematical model (5) should predict the
magnetic field at the measurement points

Yy =4X. (6)

The number of unknown components of the vector X
in (6) is equal to three times the number of dipoles, and
the number of equations (dimension of vector Yj,) is equal
to three times the number of measurement points.
Usually, the number of equations in (6) exceeds the
number of unknowns. To calculate this over determined
system of linear equations, we use the generalized least
squares method. Let us introduce the E vector of the
discrepancy between the vector Y,, of the measured
magnetic field and the vector Y of the predicted by
model (5) magnetic field

E=Y, -Yc=Yy, -AX. @)
We write the objective function as the weighted sum

of squared residuals between the measured Y), and

predicted Y. by the model (5) values of the magnetic field

F(X)=EX)WEX)=(y, —4X)T ... ®
XWXy — AX).

The minimum of this quadratic objective function
(8), based on the necessary minimum condition

of(X)/oX =0 )
calculated based on the expression
X =ATway "t alwy,, . (10)

The weight matrix ¥ takes into account the different
importance of the error components between the
measured Y), and the predicted Y- model (5) magnetic
field values. If the inverse covariance matrix ¥ of random
errors vector £ use as weight matrix ¥ than generalized
least squares method is the most effective in the class of
linear unbiased estimates. If the components of the
magnetic field measurement vector Y, are not correlated
with each other, then the weight matrix /¥ diagonal. Then
the generalized least squares method becomes the
weighted least squares method.

If the technical object multiple magnetic dipole
model (5) obtained on the basis of the vector Y,, of
measured magnetic field is too rough, then on the basis of
the vector Y), of the measured magnetic field, not only the
magnetic moments M,,, M,,, M,. of the dipoles, but also
their position in the space of the technical object with
coordinates x,, y,, z, can be calculated.
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Let us consider the design of the technical object
multiple magnetic dipole models only on the basis of the
vector Y, of the measured magnetic field. Let us
introduce the vector of desired parameters X, the
components of which are the desired values magnetic
moments M,,, M,,, M,. of the dipoles and coordinates x,,
Y, z, 0f their position in the space of the spacecraft.

We also introduce the vector G of uncertainty
parameters of the magnetic moments of the technical
object the components of which are the deviations during
the operation of the technical object of the magnetic
moments of the technical object elements from their
central values, taken in the design of the control system
for the magnetic field of the technical object. Then, based
on (1), the initial nonlinear equation for the spacecraft
multiple magnetic dipole model can be obtained.

Yy =F(X,G). (11).

Here, the vector nonlinear function F(X, G) obtained
on the basis of expression (3) with respect to the vector X
of unknown variables, whose components are the desired
values magnetic moments M,,,, M,,, M,. of the dipoles and
coordinates x,, y,, z, of their position in the space of the
spacecraft and the vector G of the parameters of the
uncertainties of the magnetic moments of the elements of
the technical object.

In nonlinear equation (11) the number of unknown
components of the vector X equal to six times the number
N of dipoles, and the number of equations is equal to three
times the number K of measurement points.

Let us introduce the E vector of the discrepancy
between the vector Y, of the measured magnetic field and
the vector Y of the predicted by model (11) magnetic field

EX,G)=Yy - Y- (X,G)=yy —-F(X,G). (12)

We write the objective nonlinear function as the
weighted sum of squared residuals between the measured
and predicted by the model (12) values of the magnetic field

f(X,G)=(E(X,G) WE(X,G). (13)

The nonlinear objective function (13) is obtained on the
basis of expression (3) with respect to the vector X of
unknown variables, whose components are the desired
values magnetic moments M,,, M,,, M,. of the dipoles and
coordinates x,, y,, z, of their position in the space of the
spacecraft and the vector G of the parameters of the magnetic
moments uncertainties of the spacecraft elements.

As a rule, when optimizing the nonlinear objective
function (13),

X® =argmin f(X,G); (14)

G® =argmax f(X,G), (15)
it is necessary to take into account restrictions on the
values of magnetic moments M,,, M,,, M,. of the dipoles
and coordinates x,, y,, z, of their position in the space of
the spacecraft. These restrictions can usually be written as
vector inequalities

G(X,G)£G (16)

Let’s consider another approach to the design of
spacecraft multiple magnetic dipole models. Usually the
designer of the spacecraft knows the N of the elements of the
technical object, which are the main sources of the initial
magnetic field of the technical object. These are polarization

max *

relays, batteries and high-frequency valves. The technical
object designer knows the number N of these elements, the
coordinates x, y,, z, of their location in the spacecraft space,
as well as the nominal values M,,, M,,, M, of their magnetic
moments. Then the vector Y- of the magnetic field
components By, Bxy, Bxz at the given points P of the space
with coordinates x;, ), z; can be calculated based on
spacecraft multiple magnetic dipole model (3).

Note that the values M,,, M,,, M,. of the magnetic
moments of these N main elements of the spacecraft can
be refined on the basis of the vector Y, of the measured
magnetic field according to (2)—(6).

As a rule, the technical object multiple magnetic
dipole models obtained in this way is a rather rough
approximation to the actual magnetic range of the
technical object. To refine this model, consider the
following approach. Let’s introduce more M dipoles wits
magnetic moment M,,, M,,,, M, located at the points P,
of the technical object with coordinates x,,, ., z,. Let us
introduce the vector of desired parameters X, the
components of which are the desired values magnetic
moments M, M,,,, M,,. of the M dipoles and coordinates
Xms Vm> Zm Of their position in the space of the technical
object. We also introduce the vector G of uncertainty
parameters of the magnetic moments of the technical
object. Then, based on the spacecraft multiple magnetic
dipole models (1) can be calculated the vector Y (X, G) of
additional magnetic field, generated by only M additional
dipoles at the measurement points.

Y (X,G)=F4(X,G). 17).

We introduce the vector Y; of the initial magnetic field
of the technical object, the components of which are the
components of the magnetic field of the technical object
calculated in this way at the measurement points generated
by the main NV elements of the technical object with known
values of the magnetic moments and the coordinates of
their location in the space of the technical object.

Then one can calculate the vector Yz of resulting
magnetic field generated by N dipoles with known magnetic
moments nominal values M, M,,, M,. and coordinates x,,
Vs Zy Of their location in the technical object space and
generated by M additional dipoles with unknown magnetic
moments M,,, M,,,, M,,. and unknown coordinates X, Y,u, Zu
of their location in the technical object space

YR(X,G)=Y,+Y4(X,G). (18)

Then the problem (18) of calculated the vectors of
unknown parameters of additionally introduced M dipoles
can be solved similarly to the problem (13) of calculated
the vector of unknown parameters of N dipoles for design
of the technical object multiple magnetic dipole model.

Usually, the technical object magnetic cleanliness
requirements are presented in the form of restrictions on the
total magnetic moment of the technical object and the
magnitude of the magnetic field at the installation point of
the onboard magnetometer [6, 11]. If the magnetic
properties of the spacecraft do not satisfy the overall
magnetic cleanliness requirements magnetic compensation
tests shall be conducted. According to the technical object
multiple magnetic dipole model obtained in the form (13),
it is possible to calculate the spacecraft far magnetic field
components Bgy, By, Bz, and in particular, at the point of
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installation of the onboard magnetometer and technical
object magnetic moments M,. M,, M,. Let us now
consider the application of the developed technical object
multiple magnetic dipole model to ensure the spacecraft
magnetic cleanliness by introducing additional magnetic
dipoles to compensate for the far magnetic field of the
technical object, in particular, at the point of the onboard
magnetometer installation [22-25].

To compensate for the initial magnetic field of the
technical object, we introduce C magnetic dipoles with
unknown magnetic moments M., M,,, M.. located at C
points P, with unknown coordinates x., y., z..

Let us introduce the vector X of the desired
parameters for solving the problem of compensating the
initial magnetic field of the technical object, whose
components are the oblique values of the magnetic
moments M., M, M. and coordinates x., y., z. of the
location of the compensating magnetic dipoles in the
technical object space. Then, for a given value of the
vector X of the desired parameters of the compensating
dipoles, based on (1), the vector B(X) of the
compensating magnetic field generated by all
compensating dipoles at the installation point of the
onboard magnetometer and the vector Mc(X) of the
compensating magnetic moment generated by all
compensating dipoles can be calculated [26-30].

Then we calculated the vector M(X, G) of resulting
magnetic moment and vector Br(X, G) of resulting
magnetic field generated at the installation point of the
onboard magnetometer by the technical object elements
and all compensating dipoles

Mp(X,G)=M(G)+Mc(X); (19)
Br(X,G)=B(G)+ B (X). (20)

Then the problem of calculated the coordinates x.,
Ve Z. of spatial arrangement and magnetic moments M.,
M., M.. of the compensating dipoles can be reduced to
solving the problem of vector minimax optimization of
resulting magnetic moment of the technical object and the
resulting magnetic field at the installation point of the
onboard magnetometer

X* =argmin M z(X,G); (1)
X* =argmin Bx(X,G); (22)
G® =argmax M z(X,G); (23)
G*® =argmax Br(X,G). (24)

This six-criteria minimax problem (21)—(24) can be
reduced to a single-criteria problem by the following
linear trade-off scheme

[(X.G) = (Mg(X,G) Wi (Mg (X.G))+...

o+ (BR(X.G) Wy (BR(X,G)),
where W, and W, are weight matrices.

Note that this approach is standard when designing
of robust control, when the coordinates of the spatial
arrangement and the magnitudes of the magnetic
moments of the compensating dipoles are found from the
conditions for minimizing the modulus of technical object
magnetic field at the magnetometer installation point for
the «worsty values of the magnetic moments of the
elements of the technical object.

(25)

The developed technical object multiple magnetic
dipole model can be used to calculate the most
magnetically clean point at a given distance from the
technical object to onboard magnetometer point [31-37].
Let’s consider this approach. Let us set a limit on the
maximum distance of the technical object onboard
magnetometer in the form of a sphere of radius R

X2+Y2+2Z%<R%. (26)
Let’s solve the optimization problem
X*,Y*,Z* =argmin B(X,Y,Z). 27

With constraint (26) on the required variables. In
this case, the technical object multiple magnetic dipole
model in the objective function (27) calculated according
(10) or (14) — (15).

At present, in order to improve the magnetic
cleanliness, the onboard magnetometer is mounted on a
boom 1-10 m long. Naturally, the length of this rod must
be taken as small as possible [38—40]. Let us consider the
application of the developed spacecraft multiple magnetic
dipole models to calculate the minimum length of a boom,
at the end of which an onboard magnetometer installed.

Let us set the installation direction of the onboard
magnetometer in the spherical coordinate system in the
form of the length of the radius R and two angles @ and 6.
Then the X, Y, Z coordinates of the onboard
magnetometer location in the orthogonal coordinate
system associated with the spacecraft are calculated

Z =Rcos(d), X =Rcos(p)sin(0),
Y = Rsin(@)sin(e).

Then, in order to calculate the minimum boom
length R, at the end of which an on-board magnetometer
is installed, it is necessary to solve a one-parameter
optimization problem

R® =argmin B(R)R cos(p)
with restriction

(28)

29

B(R)< By » (30)
where B, is the maximum value of the magnetic field at
the installation point of the on-board magnetometer.

The method for problem solving. The problem (10)
is usually solved by finding the pseudo inverse matrix or
LU decomposition of a matrix or the very effective
Cholesky method [15]. If it is necessary to take into
account the restrictions type (16) on the values of the
magnetic moments of the dipoles, then this problem solved
[41-44] as an optimization problem (14) — (15) with
restrictions (16). A feature of this optimization problem is
the quadratic objective function (8) and linear constraints.
To solve such an optimization problem, an algorithm for
sequential quadratic programming developed.

Let us represent (8) in the following form

1= A

Gradient of this objective function represented as
follows

(€2))

Vf(x)=VF(x)F(x), (32)
where the Jacobian VF(x) = (Vfi(x), ..., Vfi(x)) of this

function is indicated and it is assumed that the
components of the objective function can be differentiated
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twice. Then the matrix of second derivatives of the
objective function — the Hesse matrix can be written in the
following form

V2 f(x)=VF(x)VF(x)" +B(x), (33)

where

/
2 2
B =3 A AV ).
i=1
Then the iterative procedure for choosing the
direction d,eR" of motion using the Newton method
reduced to solving the linear system

V2 g ) + V1 () =0, (35).
or to the solution of an equivalent system in the following
form

VF(x, WF(x, ) d + B(x; )d +VF(x; )F(x; )= 0. (36).

At the optimal solution point x* the following
condition is satisfied

F(x*):(fl(x*)...,fl(x*) =0, (37)
therefore, finding the motion step d can be reduced to
solving the normal equation of the least squares problem

VA, ) d+ F(xk)( , (38).

(34).

min

deR"

from which a recursive equation can be obtained for

iteratively finding the vector of desired parameters,

Xl = X + oy, (39)

in which d is the solution of the optimization problem,
and ¢ is an experimentally determined parameter.

This algorithm uses the Gauss—Newton method,
which is a traditional algorithm for solving the problem of
the nonlinear least squares method, to calculate the
direction of movement. In the general case, the Gauss—
Newton method allows one to obtain a solution to the
problem of sequential quadratic programming using only
first-order derivatives, but in real situations it often cannot
obtain a solution. Therefore, to improve convergence,
second-order methods are used, in which the matrix of
second derivatives of the objective function is used — the
Hesse matrix when solving optimization problems
without restrictions. Second-order algorithms, compared
to first-order methods, make it possible to effectively
obtain a solution in a region close to the optimal point,
when the components of the gradient vector have
sufficiently small values.

Recently, methods wusing Levenberg-Marquardt
algorithms have become widespread in quasi-Newtonian
methods. The idea of these methods is to replace the Hesse
matrix with some matrix A,/ with a positive coefficient A;.
Then we get the following linear equations system

VF(x WF(x ) d + A4d +VF(x )F(x,)=0.  (40)

One of the most promising methods of solving
problems of this class is the use of stochastic multi-agent
algorithms, which do not require the calculation of
derivatives of the objective function, and are also much
more effective than the simple multi-start method, since
they use special heuristic methods to search for the
optimum [45, 46]. Genetic algorithms, which are a
universal tool for finding an optimal solution close to the
global one, deserve special attention, and they work equally

well for both discrete and continuous parameter values. The
particle swarm optimization method, which simulates the
social behavior of individuals in a flock, has a higher speed
of convergence to the optimum, but when the number of
varied parameters increases, as practice shows, the
probability of stopping the search near one of the local
optima increases. To date, a large number of particle swarm
optimization algorithms have been developed — PSO
algorithms based on the basic ideas of the collective
intelligence of particle swarms, such as the gbest PSO and
lbest PSO algorithms. Practically all these algorithms
described by the following expression for changing the

position and speed of movement of that particle
Vij (t + l)z Vij (t)+ clrj(t)ly,-j (t)— Xij (t)J+ ...
* , (4D

Lot Cory (t)[yj (t)— Xjj (t) 5
x;(t+1) = (e)+ vy (e +1), (42)
where x;(1), v;() are the position and speed of the particle
[ in the swarm j; ¢; and ¢, are positive constants that
determine the weights of the cognitive and social
components of the speed of particle movement; r(¢) and
75(#) are random numbers from the range [0, 1], which
determine the stochastic component of the particle speed
component.

Here y;(f) and yj* the best local and global positions
of that particle i are found, respectively, by only one
particle and all swarm particles, which are analogs of the
local optimum determined by that particle and the global
optimum determined by all swarm particles.

In the standard particle swarm optimization algorithm
[45, 46] particle velocities change according to linear laws
[47, 48]. To increase the speed of finding a global solution,
special nonlinear stochastic multi-agent optimization
algorithms [49, 50], in which the movement of a particle i of
a swarmj is described by the following expressions

v,-j(t+1): wjvij(t)+._.
”'+Cl./'r1j(t)H(p1j _glj(t)lyij(t)_xi/(t)]-f-...

I Y (f)H(sz —&; (f)iy;; (6)-x; (f)]

Heaviside function H is used as an option for
switching the particle motion according to the local y;(¥)
and global yj*(t) optimum.

Parameters of switching the cognitive p; and social
D> components of the speed of particle movement in
accordance with the local and global optimum; &(f) and
& (?) random numbers and determine the parameters of
switching the particle motion according to the local and
global optimum. If p;; < g4(f) and py < &(f) then the
speed of movement of particle i of swarm j does not
change at a step and the particle moves in the same
direction as in the previous optimization step.

During their movement, the particles try to improve the
solution they found earlier and exchange information with
their neighbors, due to which they find the global optimum
in a smaller number of iterations. The advantage of these
methods over classical gradient optimization methods is also
that they do not require the calculation of the derivatives of
the objective function, they are practically insensitive to the
proximity of the initial approximation to the desired solution,
and allow for easier consideration of various restrictions
when finding global optimum.

(43)
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Note that the search algorithm for the vector G that
maximizes the objective function (15) is described by the
same expressions (42). However, in contrast to the search
for the vector X, which minimizes the objective function
(7), yi(?) and yj* are the best local and global positions,
which maximizes the objective function (15).

Optimization results. Let us consider the application
of the developed method for solving the problem of
ensuring the magnetic cleanliness of the «Sich-2-1»
spacecraft. Based on the experimental measured magnetic
field generated by «Sich-2-1» spacecraft, performed in
2021 by researchers Sergey Petrov and Anatoliy Erisov of
the Department of Magnetism of Technical Objects,
calculations of the characteristics of the spacecraft
magnetic cleanliness carried out.

The experimentally measured value of the total
magnetic moment of spacecraft is equal M = [0.24, 0.5, 0.4].
The dispersion of the magnetic field prediction error in
this case is D = 7560.6. The value of the experimentally
measured magnetic moment of the spacecraft implies the
presence of several dipoles located in the space of the
spacecraft. In the calculation it is assumed that the model
of the magnetic field of the spacecraft represents one
dipole located at the origin of the spacecraft.

Based on the experimental measured magnetic field at
first the spacecraft magnetic field model was presented as a
single dipole located in the center of the spacecraft. To
calculate the vector of moments of this dipole on the basis of
(6), the inverse matrix of 3x3 size was calculated. Based on
the vector of the measured magnetic field of the spacecraft
Y1, the moments of this single dipole M = [0.2400, 0.5000,
0.4000] were calculated. The dispersion of the magnetic field
prediction error in this case is D = 7272.7.

Then the magnitude of the magnetic moment of this
single dipole, located at the center of the spacecraft,
calculated by solving the problem of unconstrained
optimization (9) unlimited (12). The values of the magnetic
moments of the spacecraft, calculated by the expression (6)
using the inverse matrix, and those calculated in the course
of solving the optimization problem (9) coincide.

Note that when calculating the magnetic moment of
the spacecraft in the form of a solution to the optimization
problem (9), one can also take into account the
restrictions on the values of the components of the vector
of the magnetic moments of the spacecraft.

Let us now consider the mathematical model of the
magnetic field of the spacecraft in the form of a single
dipole, the location coordinates of which in the space of
the spacecraft also need to be calculated. For the
calculated value of the moment M = [0.2664, 0.1641,
0.1434] and coordinates P = [0.2158, —0.4136, 0.0859] of
the location of such a single dipole, the prediction error
variance is D = 3239.8. Note that the location of the only
dipole not at the origin of the coordinates, but at the point
with the optimal coordinates made it possible to reduce
the dispersion of the magnetic field prediction by a factor
of 2.3337.

If, when solving the problem of optimizing the
values of the magnetic moments and the coordinates of
the location of one dipole, we introduce restrictions on the
magnitude of the dipole moments in the form of
restrictions [-0.8, —0.8, —-0.8] < M < [0.8, 0.8, 0.8],
optimal values of the moments M = [0.2388, 0.1921,
0.1258] and coordinates P = [0.2056, —0.4146, 0] of the

location of such a single dipole, the prediction error
variance is D = 3325.1. Thus, under restrictions on the
magnitude of the dipole moments, the optimum values of
the magnetic moments are at the limits and, in this case,
the dispersion increases by a factor of 2.2738.

Let us now consider the model of the spacecraft
magnetic field in the form of two dipoles. If, when
solving the problem of optimizing the values of the
magnetic moments and the coordinates of the location of
two dipoles, we introduce restrictions on the magnitude of
the dipole moments in the form of restrictions [-0.8, —0.8,
-0.8] < M <0.8, 0.8, 0.8], optimal values of the moments
M1 = [0.3538, —0.0326, —0.0345] and M2 = [-0.6137,
0.6695, —0.2802] and the coordinates P1 = [0.3090, —0.3080,
0.0867] and P2 = [-0.0657, —0.0789, —0.3908] of the
location of two dipoles, the dispersion the prediction error
is D = 1203.4. Thus, under restrictions on the magnitude
of the two dipoles moments, the optimum values of the
magnetic moments are at the limits and, in this case, the
dispersion increases by a factor of 6.2827.

Let us now consider the design of the spacecraft
magnetic field model for the most common case, when the
coordinates and magnetic moments of the magnetic field
sources, which are the main sources of the initial spacecraft
magnetic field, are preliminarily set. In particular, consider
an example in the form of six dipoles,

M1=1[-0.6119, 0.6682, —0.2796],

M2 =10.0787,-0.0356,-0.0337],

M3 =10.0915,-0.0015,-0.0137],

M4 =10.0893,-0.0322, -0.0104],

M5 =10.0314, 0.0137,-0.0076],

M6 =1[0.0621, 0.0233, 0.0312],

P1=[-0.0664,—0.0790, —0.3903],

P2=10,0, 0],
P3=10,0, 0],
P4=10,0,0],
P5=10,0, 0],

P6=10.3092,-0.3083, 0.0870].

For these six dipoles, the dispersion of the prediction
error is D =1203.4.

Figure 2 shows the spatial arrangement of the
modules of the measured and predicted magnetic field and
the deviation between the measured and predicted
magnetic field for six dipoles.

Spatial arrangement of the modules values
of the vectors induction and deviation

90
120 250 1 |B| measure, nT
50 2 — |B calculate, nT
200
3 —— |E| deviations, nT

150
30

180

210 330

300

270

Fig. 2. The spatial arrangement of the modules of the measured,
predicted and deviation magnetic field
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Using the developed spacecraft magnetic field
model, the spacecraft magnetic moment M = [-0.2619,
0.6356, —0.3112] was calculated and the magnetic field
B = [5.0638, 13.7326, 2.5545] was predicted at the
installation point of the onboard magnetometer. As a result
of solving the problem of compensation for the initial
magnetic field of the spacecraft, the magnetic moments M1 =
=10.6119, —0.6682, 0.2796] and M2 = [-0.0621, —0.0233,
—0.0312] and coordinates P1 = [-0.0664, —0.0790, —0.3903]
and P2 = [0.3092, —0.3083, 0.0870] of two compensation
dipoles were calculated.

The calculated value of the resulting spacecraft
magnetic moment M = [0.0246, —0.0566, 0.0363] and the
predicted resulting magnetic field B = [1.3506, —3.702,
0.6872] at the installation point of the onboard
magnetometer show that due to the introduction of two
compensating dipoles, it was possible to reduce the
magnitude of the resulting spacecraft magnetic moment by
a factor of 6.21 and also to reduce the value of the
predicted resulting magnetic field at the point of installation
of the onboard magnetometer by a factor of 3.7.

Conclusions.

1. Method for control by orbital spacecraft magnetic
cleanliness based on multiple magnetic dipole models using
compensation of the initial magnetic field with consideration
of magnetic characteristics uncertainty developed.

2. Magnetic moments and coordinates values of orbital
spacecraft multiple magnetic dipole models calculated based
the solution of nonlinear minimax optimization problem.
Nonlinear objective function calculated as the weighted sum
of squared residuals between the measured and predicted
magnetic field. Values of magnetic moments and coordinates
of placement of compensating magnetic dipoles for
compensation of the orbital spacecraft initial magnetic field
also calculated as solution of nonlinear minimax
optimization problem. Solutions of this both nonlinear
minimax optimization problems calculated based on particle
swarm nonlinear optimization algorithms.

3. The developed method for control by orbital
spacecraft magnetic cleanliness allows at the design stage
to calculate the multiple magnetic dipole models and
based on its to calculate the parameters of compensating
magnetic dipoles to improve the spacecraft magnetic
cleanliness and its controllability in orbit.
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Determination of the probability of a lightning strike in the elements of the object
taking into account the statistical distribution of the current value

Problem. Modern international standards in the field of lightning protection, when assessing the probability of a lightning strike into an
object, do not take into account the statistical distribution of the lightning current. Goal. Justification of the expediency of taking into
account the statistical distribution of the lightning current with a determined probability of lightning striking the elements of the object,
and the effectiveness of the application of the improved «rolling sphere» method. Methodology. Method of mathematical modeling,
based on RSM with additional consideration of the probability distribution of lightning current. Results. The expediency of taking into
account the statistical distribution of lightning current at the determined probability of lightning striking the elements of the object has
been proven. The effectiveness of the improved «rolling sphere» method, implemented in the form of a computer program, which takes
into account the given probability distribution of lightning current in the range from 2 kA to 200 kA, has been proved. The expediency of
introducing the concept of «average value of the area of the collection area» is substantiated, taking into account the probability of
lightning with a current in a given range. It has been established that the application of the standardized formula leads to a significant
(many times) overestimation of the predicted number of lightning strikes to the object, if the height of the object exceeds 20 m. The
reasons for the difference, according to the author, are due to the following properties of the standardized methodology: usually, the real
shape of the object is not taken into account, statistical distribution of lightning current is not taken into account; it is based on the
results of experimental studies obtained mainly for mast or rod-type objects in laboratory conditions with a limited discharge interval.
Practical value. This approach will provide an opportunity to optimize the layout of lightning arresters during the restoration of objects,
taking into account green reconstruction. The obtained results are proposed for consideration by the Technical Committee TC 81 IEC
Jfor inclusion in the next editions of the standards. References 21, table 2, figure 1.

Key words: lightning protection, risk assessment, RSM - Rolling Sphere Method, object of arbitrary shape, probability
distribution of lightning current, collection area.

B pobomi posenanymo sacmocysanus memooy «cgepu wo Komumscay 00 06’ckmis inghpacmpykmypu y euenidi mepumopii, saxa
exmouac 6y0igni ma cnopyou 008inbHOI popmu. 3anponoHOBaHO aneopumMm ypaxye8aunHs CMamucmuyHo2o po3snooiny UMOGIipHOCHI
cuau cmpymy OIUCKaGKU 0N GUHAUEHHS UMOGIPHOCMI Glyuents 6auckasku y enemenmu o6 ’'exkmy. Busnaueno, wo ue ypaxyeamus
Yb020 Acnekmy y Cy4acHux HOPMAamusHUX OOKYMEeHmax, npusgooums 00 Cymmesux nomunok. Taxuii nioxio Had0acms MOHCIUBICTG
OnmuMizyeamu cxemy po3miujeHus OIUCKasKonpuumauie nio uyac iOHOGNeHHA 00 ’€KMie 3 Ypaxy8aHHAM 3eleHOi peKOHCPYKYi.
bi6n. 21, Taba. 2, puc. 1.

Kniouosi cnosa: 61MCKaBKO3aXUCT, OLiHKA pu3uKy, RSM — metoxa cepu mo KoTUTBCS, 00’€KT J0BIJIbHOI (hopMu, po3moai

HMOBIpHOCTI CHJIH CTPYMY OJIMCKAaBKH, IVIOINA CTATYBAHHS.

Problem definition. The widespread use in
production and everyday life of various technical means
equipped with electronic elements of control, decision-
making and control requires a more careful approach to
determining the need to equip objects with protection
systems (Lightning Protection System — LPS) against the
negative consequences of lightning strikes. Such systems
must provide a given probability of lightning interception
and reduction of voltage and current levels arising in the
object's galvanic connections as a result of a lightning
strike. International standards IEC series 62305 [1-3]
require the implementation of such an assessment, but the
methods proposed in them, based on the definition of
protection zones, do not allow to solve the problem in
full. These standards provide zones only for a limited
group of lightning arresters, and do not take into account
the probability distribution of lightning current, the
presence of other buildings and structures that are nearby.
The regulated Rolling Sphere Method (RSM) can
potentially be used to refine the calculated estimate of the
probability of lightning striking the elements of the
object.

Analysis of the latest research and publications.
The modern approach to determining requirements for
LPS of buildings and structures is regulated by
international standards [1-3]. The standard [2] defines the
algorithm for assessing the value of the risk due to a

possible lightning strike to a building or structure, etc.
(hereinafter referred to as the object). The risk R, defined
as the probable average annual loss at the facility due to
lightning flashes, depends on [2]:

o the annual number of lightning flashes affecting the
object;

o the probability of damage from the action of one of
these lightning strikes;

o the average number of indirect losses.

Based on the results of the risk assessment, a
decision is made about the necessity of setting up the LPS
system and the requirements for its level of protection.
Ground-level flashes of lightning acting on an object can
be divided into:

o flashes that hit the object;
o flashes that hit near the object, directly on the power
line, telecommunication line, or near the lines.

The number of lightning strikes affecting an object
depends on the density of ground-level lightning flashes
in the region where the object is located. In item 4.1.1 [2]
it is determined that the return current of lightning is the
primary source of damage. Among the factors that affect
the risk components is the number of dangerous events
[2]. The average annual number of dangerous events N
that affect an object due to lightning flashes depends on
the thunderstorm activity in the region where the object is

© V.V. Kniaziev
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located and on its geometric and physical characteristics.
To calculate the value of N, the density of ground-level
lightning flashes Ng is usually multiplied by the
equivalent area of the assembly of the building
(structure), taking into account the correcting coefficients.

The density of ground-level lightning flashes Ng is
the number of lightning flashes per 1 km” during the year.
This value is usually available from lightning location
networks and is adjusted annually. In the absence of data
on Ng values, for the middle latitudes of the northern
hemisphere of the Earth, this indicator can be estimated
as [2]:

Ng=0,1 Tp, (1)
where Tp is the number of thunderstorm days during the
year (which can be obtained from isokeraunic maps).

It should be noted that nowadays there are more
accurate methods for determining Ng, so the use of
thunderstorm days is proposed [4] to be changed to:

Ng=0,25-N,,
where N, is the total density of optically detected flashes
per km? during the year, obtained from [5].

The standard [3] regulates the possibility of using
the RSM method for the construction of LPS protection
zones. The radius of the sphere depends on the class of
the building. It is clear that class I requires the highest
level of protection, so the radius of the sphere is defined
as the smallest (equal to 20 m). Examples of the
application of this approach are presented in [6-11]. It is
noted that the calculated zones differ from the zones
determined by the protective angle method. This
contradiction requires an assessment of which method is
more correct. As a result of many years of discussion, the
possibility of using both methods has been determined,
and the choice is made by the designer. This happened
because none of these methods has evidence of
unconditional reliability. Protection zones based on the
protective angle method cannot be substantiated by
laboratory experiments, the results of which are
ambiguous. It was established that the results of model
tests strongly depend on the length of the spark discharge
used, on the polarity of the pulse voltage and its time
parameters. In addition, the protective properties of the
zone are not confirmed by the experience of operating
lightning arresters of different heights.

The RSM method has significant advantages
because it allows to calculate zones for objects of
arbitrary shape, to take into account the collective action
of lightning arresters, including natural ones. Calculations
confirm the higher efficiency of the system of lightning
arresters compared to a single one, due to the reduction of
the collection area. However, the method in its
standardized form does not take into account the presence
of opposing leaders from the object elements. Which
definitely affect the location of the lightning strike, but
also have a stochastic nature. Attempts to take into
account opposing leaders are presented in [12, 13]. The
obtained results have a certain value for the development
of methods, but have not yet been reflected in standards.
Therefore, the influence of opposing leaders cannot be
taken into account by LPS designers.

It should be additionally noted that the RSM method
allows taking into account any radius of the sphere, which

is determined by the lightning return current. It is this
nuance that is used in the work, which is described below.
For a clear understanding of the content of the work, let's
discuss a number of important points.

Up to the orientation height H,, lightning
trajectories are not deterministic and their heads fill the
orientation plane with a uniform density. Then everything
depends on the state of the earth's surface. Lightning is
most likely to go further down the shortest distance, but
even at laboratory intervals, the spread of long spark
trajectories and the spread of breakdown voltage are
clearly recorded. The lightning channels going to the
lightning arrester and to the undisturbed surface of the
earth are, as a rule, distant by a distance of tens of meters
or more. Therefore, the mutual influence of their electric
fields on each other is insignificant, and the development
of each of the channels should be considered independent
of the others. Probability theory is well developed for
such processes. According to its laws, the probability of
breakdown of one of the two discharge gaps — to the
lightning arrester and to the surface of the earth, in
addition to geometric dimensions, is determined by a
single parameter — the breakdown voltage standard o,
which is an orientation standard, it changes little with the
length of the multi-meter gap and therefore can be
borrowed from laboratory measurements, where its
relative value is close to 0.1. It is clear that the presence
of an orientation standard determines the well-known fact
of lightning striking the side surfaces of buildings and
structures. This aspect is not taken into account by the
standardized RSM method. However, this probability
should not be taken into account for structures with a
height of less than 60 m [3].

To design a lightning protection system, among
other characteristics, it is important to estimate the
expected number of strikes N; for a certain period (usually
1 year) to the territory of the object and to determine the
probabilistic statistical distributions of lightning strikes to
its elements. It is clear that the number of hits depends on
Ng and the collection area S,. For isolated buildings
(structures) on flat terrain, S, is the area defined by the
intersection between the ground surface and a straight line
with an inclination of 1/3, which is tangent to the highest
points of the building (structure) and which revolves
around them [2]. Determining the size of S,, can be done
graphically or mathematically. For the mathematical
definition of S,,, the empirical formula (2) is given in the
standard [2, formula A.2] for an isolated rectangular
structure with length L, width W, and height H, located on
a flat terrain:

Su=LW+6H(L+ W) +9nH. )

The use of (2) for real objects of critical
infrastructure is difficult and not sufficiently reliable. The
RSM method is based on the application of the lightning
strike distance (R) to the structure or to the ground, which
are related to the maximum value of the return current (/).
The dependence of the R value on the current is
determined by a number of formulas obtained by different
authors for different variants of the current polarity and
the shape of the structure based on experimental
observations. A comparison of such formulas is given in
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[14]. At this time, it is appropriate to apply formula (3)
given in the standard [1]:

R=10-1"%, (3)
where R is the lightning strike distance, m; / is the
maximum value of the lightning current, kA.

An important factor influencing the results of the
assessments is the probability distribution of the
maximum lightning current in the area where the object is
located. Variants of statistical current distributions are
differentiated depending on the height of structures, for
positive or negative lightning polarity, obtained on
supports and power lines or by remote methods in
lightning detection networks. This should be taken into
account when using statistical distributions. At this time,
it is appropriate to use the dependencies that are
summarized in the standard [1] and the CIGRE technical
report [15]. It should be understood that research on the
clarification of dependence continues [16]. However,
changing the dependency will not affect the applicability
of the proposed approach. The application of the concept
of the RSM method allows to estimate the probability of
lightning striking the elements of the object for any given
lightning current. In [14], the calculation results for 5
shapes of buildings (cylinder, parallelepiped, hangar in
the form of part of a cylindrical surface, round and
rectangular houses with internal deflection) and three
levels of probability of current (0.5 %, 50 % and 95 %)
are given. The results show that the number of lightnings
calculated by the RSM method is significantly different
from the estimation by the standard approach [2], due to
the use of the collection area.

Taking into account the probability distribution of
lightning current in a given range of currents, with an
arbitrary number of intervals, is proposed in [17-19].

The goal of the work is to substantiate the
expediency of taking into account the statistical
distribution of lightning current when determining the
probability of lightning striking the elements of the
object, and the effectiveness of using the improved
«rolling sphere» method.

Research methods: the method of mathematical
modeling, based on RSM with additional consideration of
the probability distribution of lightning current.

Mathematical model of the process. The research
object is the territory where the elements of the object
(buildings and structures) are arbitrarily placed. With a
certain step, a mesh is set on the surface of the earth. If
mesh nodes are indexed by the value i on the X axis, and
by the value j on the Y axis, then an arbitrary mesh node is
denoted as (7, j). In fact, the mesh nodes determine the
coordinates of the projection of the point from which the
lightning strikes the object onto the horizontal plane. The
density of mesh nodes should be set taking into account
the size of the object's elements. For each mesh node, the
maximum height at which the «rolling sphere» touches
the surface of any structure is determined. It is clear that
for the surface of the earth the height is zero. If there are
several such points (let's denote their number as k), then,
assuming that they will be struck with the same
probability from the given center of the «rolling sphere»,
it is concluded that the number of lightning strikes of any
of these points will be £ times less.

The lightning orientation process is considered
started when the radius R (discharge distance) reaches the
surface of the object’s element. Thus, the orientation
distance of each lightning depends on the lightning
current. This aspect significantly affects the determination
of the probable collection area, and as a result, the
probable number of lightning strikes to the object during
the year. The proposed process model leads to important
conclusions:

o the collection area is determined by the maximum
current from the range taken into account;

e the lightnings with minimum current have
probability of bypassing the system of lightning arresters.

It is obvious that such properties are not taken into
account when using (2), and defined protection zones by
the angle method. It is advisable to specify the geometric
parameters of the object’s elements directly in a
specialized PC code without using additional elements of
CAD software. Using the general plan of the object, the
optimal mesh step is determined. Research experience
[17-19] shows that arbitrary structures can be adequately
specified using a combination of vertical wires and cables
(horizontal or inclined). The distance between such
structural elements must be consistent with the mesh step
and be less than the minimum radius R of the current
range under consideration.

Object points — points of fragments of structures and
nodal points of the ground on the territory of the object
for which the statistical characteristics of their strike by
lightning with a given level of reverse current are
determined in the course of the software operation. The
discharge distance is determined by the given value of the
lightning current by (3). The implementation of the
calculation algorithm in the form of two specialized codes
[20, 21] for a personal computer was performed by
Docent of NTU «KhPI» V.M. Dronov. Codes [20, 21]
assume that the law of lightning current distribution is
described by the dependence under which the probability
P that the peak value of the lightning current will exceed
the value / is determined according to (4) [1]:

1

1+(1/ a)b ’
where P is the probability (0<P<1); / is the limit value of
lightning current, kA; a and b are the non-negative
parameters that, according to [1], have the following
values: a =31 kA, b=2.6.

The values of parameters a and b can have the above
default values, as well as other values at the request of the
software user.

The results of the calculation estimation. As an
example, consider the results of the application of the
code [20] to estimate the predicted number of lightning
strikes in the structure of the New Safe Confinement
(NSC) of the 4th power unit of the Chornobyl NPP. The
NSC has the shape of part of a cylindrical surface. In
order to estimate the number of expected lightning
discharges in the construction of the NSC, the following
dimensions of the NSC should be adopted: width 256 m,
length 163 m, height 110 m. The density of lightning
discharges in the Chernobyl NPP area is taken as
Ng = 4.69 discharges per 1 km® per year. The construction

P(1) @)
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of the NSC is modeled by 75 horizontal cables located
along the length with vertical descents, including:

¢ medium (along the crest);

e right and left on the ground;

¢ intermediate with a step of 3.4 m along the width.

The range of lightning current (2-200) kA is

considered. According to [1, Table A.3] the probability
that the lightning current will exceed the specified range
is no more than 2 %. The results of the calculations are
presented in the Table 1.

Table 1
The results of the calculation estimation
Current | Probability of a strike| Number of hits| Mesh
range, kA in the NSC per year step, m
2-200 0.2478 1.162 2.5
2-200 0.2481 1.164 0.31

Note: The calculations were made for two versions of the
calculation mesh step, which differ from each other by 8 times.
The results of both cases differ by less than 0.2 %.

The code [20], in addition to the integral value,
allows to determine the distribution of the probability of
lightning strikes by individual elements. As an example
Fig. 1 shows a screenshot of the probability distribution
over the ground around the NSC. Such information is also
useful for rational placement of additional NPP
equipment.

It should be noted that the determination of the
relative probability of the strike is carried out for each
object separately (in this case, it is the NSC and the
ground). Therefore, the maximum values (marked in red —
1) are found both on the shelter and on the ground far
from the shelter. As you approach the NSC, the
probability decreases, because part of the lightning with a
large current is oriented to the NSC.

According to the results of the calculation
estimation, it was determined that the predicted number of
lightning discharges in the NSC structure is 1.16 per year.
Therefore, for 100 years of operation, the number of
lightning strikes in the NSC will be 116. The error of the
estimation is within 3 %.

We compare with the results of the calculation
according to the standardized method [2]. The collection
area is determined by (2). After substituting the NSC
parameters, the obtained value of S,, = 0.66 km” per year.
Taking into account the average density of Ng; = 4.69
discharges/(year-km?), the number of lightning strikes in
the NSC is estimated at 3.095 per year. Therefore, 310
lightning strikes may occur within 100 years, which is
2.67 times more than the number of strikes calculated
according to the refined methodology.

The reasons for the difference are determined by the
following circumstances:

o the standardized method does not take into account
the real shape of the NSC, different from a parallelepiped;

¢ the standardized method does not take into account
the statistical distribution of the lightning current;

e the standardized method is based on the results of
experimental studies obtained mainly for mast or rod type
objects.

It should be noted that the presence of a significant
difference between the results of estimating the number of
lightning strikes in the NSC using a standardized method
and a method that takes into account statistical
distribution is also indicated in [14].

1
2
3
4
5
6
7

Color correspondence of the probability range P relative
to the maximum level:

L1
/-
-
I

1 —max [40% — 60%)

2 — [90% — 100%) [20% — 40%)

3 — [80% — 90%) [5% —20%)

8—-<5%

4 — [60% — 80%)

Fig. 1. Distribution of the probability of a lightning strike on the
ground around the NSC

Let's consider the features of the calculation model
of the code [21] for determining the collection area. For
the purpose of simplification and clarity, as a model we
will consider the most common variant of a lightning
arrester — a mast with a height of 4. The code takes into
account that for the mast 4 and the lightning current,
which corresponds to the lightning breakdown radius 7,
the radius of the collection area R, is determined as:

R, =r, r<h,

Ry =+h-2r—h), r>n’
It follows from (5), if r > 5h, R, is proportional to
h%3. Thus, the collection area is proportional to 4, not H,
as defined in (2), in which H=h. For the option when r<h,
the collection area approaches the proportionality to 77,
and does not depend on the height 4, that also differs from
the empirical formula (2). It is known that (2) is based on
the results of experimental studies under most laboratory
conditions, in which the height of the rod was
proportional to the length of the breakdown gap (R, = h).
The author assumes that this very fact caused the
appearance of formula (2).

(&)

at =
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Appropriate formulas for cables, both horizontal and
inclined, parallelepipeds, cylinders, etc., were defined
[19]. For a rectangular structure, the collection area is
calculated as:

Su=mR*+LW+2R(L + W), (6)
where R is the radius of the collection area of the mast
of the same height as the height of the building H. The
value of R is determined by (5); other notations are the
same as (2).

Another aspect, from the point of view of the
developed approach, is that the values of the lightning
currents are stochastic in nature. Each of these random
values corresponds to its lightning breakdown radius
value and defines the collection area. Thus, it is necessary
to talk about the value of the area S,, as a random value,
and therefore it is advisable to calculate the average value
of the collection area for a specific composition of
buildings. Then, knowing the dependence of the values of
S, for a specific structure with the specified parameters of
its geometry on the radius of the lightning breakdown,
and therefore, according to (3), on the value of the
lightning current, it is possible to determine the average

value of the collection area S,,:
200

Sw=[SWF(I)I> ()

where the lower and upper values determine the current
range under consideration; S(/) is the object's collection
area for a given value of the lightning current; F(/) is the
function of the density of lightning current values, which
is defined as:

b-a’- 1P
Fr)=—ba ®)
1.(a” +1° )2
where a and b are defined in (4).

The code uses a simplified formula:
n

S0 =D (7). ©)
i=1

where n is the number of numerical integration intervals;
S; is the value of the desired characteristic when the
lightning current is equal to the average value of the
current within the i-th integration interval, F; is the
probability that the value of the lightning current will be
within the i-th integration interval.

The results of the comparison of two methods of
estimating the collection area for masts of different
heights are given in Table 2. Calculations of S, are made
for the range of current from 2 kA to 200 kA. Calculation
according to (2) does not take this range into account.

Table 2
Comparison of the results of the collection area calculation
by RSM and standard [2]

I—}Iflriht Current range, kA S’fﬁiz S km? | S, /S,
20 2-100 0.012 0.011 0.92
40 2-100 0.020 0.045 2.25
60 2-100 0.027 0.102 3.78
80 2-200 0.031 0.181 5.86

Note: S, is calculated by (2) for a mast of height /.

The results given in Table 2 unequivocally indicate a
significant overestimation of the value of the collection

area of lightning, as a result of which the result of
estimating the number of hits to the object has
overestimated values. From the point of view of risk
assessment, this fact is unacceptable.

Conclusions.

1. The expediency of taking into account the statistical
distribution of the lightning current at the determination
of probability of lightning striking the elements of the
object, which is determined by the dependence of the
breakdown distance of the air gap between lightning and
the object on the potential of the head of the lightning
leader, which is related to the lightning current, has been
proven. Increasing the reliability of estimating the number
of strikes on an object affects the quality of decision-
making regarding the risks associated with the
consequences of a lightning strike.

2. The effectiveness of the improved «rolling sphere»
method, implemented in the form of a computer code,
which takes into account the given probability distribution
of lightning current in the range from 2 kA to 200 kA, has
been proven. Setting the real configuration of the object
elements is provided by a combination of vertical wires
and cables.

3. The expediency of introducing the concept of
«average value of the collection area» is substantiated
taking into account the probability of lightning with
current in a given range, for example 2 — 200 KA.
Examples of the difference of the obtained results from
the evaluation according to standardized formulas in the
direction of decreasing probability are given. For a
hangar-type object with dimensions: width 256 m, length
163 m, height 110 m, the probability of lightning strikes
is 2.67 times lower.

4.1t has been established that the application of the
standardized formula leads to a significant (many times)
overestimation of the predicted number of lightning
strikes to the object, if the height of the object exceeds
20 m. The reasons for the difference, according to the
author, are due to the following properties of the
standardized methodology:

o usually, the real shape of the object is not taken into
account;

e statistical distribution of lightning current is not
taken into account;

e it is based on the results of experimental studies
obtained mainly for objects of the mast or rod type in
laboratory conditions with a limited discharge gap.
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Determination of the electric field strength of high-voltage substations

The electric field strength is one of the main factors influencing sensitive microprocessor equipment and personnel on power stations
and substations, power lines. Determining its level is an important applied task for ensuring the safe operation of electrical installations.
The aim is to develop calculation relationships for determining the electric field strength created by the busbar of high-voltage
substations in the working areas of personnel. The solution of the problem was based on the use of the method of equivalent charges to
determine the strength of the electric field created by the complex busbar of high-voltage substations. Methodology. The development
was based on solving the problem of the potential of the electric field of a point charge located in a dielectric half-space for a cylindrical
coordinate system. By representing the electrode in the form of a set of point charges and subsequent integration, an expression for
calculating the potential is obtained, created by a busbar of arbitrary orientation of finite length in an analytical form. Using the
principle of superposition of fields and the definition of the derivative, expressions were obtained for calculating the vertical component
of the electric field strength at given heights. Results. Based on the obtained expressions, using Visual Basic, the simulation of the
distribution of the electric field strength under a three-phase power line with a voltage of 150 kV was performed. Comparison with the
known calculation results obtained on the basis of analytical expressions for infinitely long conductors showed that the obtained
expressions have an error of no more than 7%. The scientific novelty lies in the fact that for the first time expressions were obtained for
determining the electric field strength created by a system of electrodes of finite length, based on the analytical method for solving
differential equations. Practical significance. The proposed technique is implemented as a test module of the LiGro specialized software
package, which allows modeling complex busbar systems typical for power stations and substations and power lines. A test calculation
was carried out for an operating substation of regional electric networks with a voltage class of 110 kV. By comparing the duration of
the calculation of switchgears with a diagonal of about 500 m, it was found that the calculation time in the LiGro complex based on the
analytical method is several tens of times less than the calculation based on the finite element method. In addition, a more powerful
computer was used for the end element simulation. References 14, tables 1, figures 5.

Key words: substation, power line, electric field, method of equivalent charges.

B enexmpuunux cmanyisix ma niocmanyisx, aiHisx enekmponepeoayi HanpyjiCeHicmy eNeKmpUYHO20 NOJisi € OOHUM 3 20JI06HUX (PAKMOPIE
6NIUGY HA uYymMIUGe MikponpoyecopHe 001a0Hanus ma nepconan. Busmauenns ii pieHa € 6adciugor0 npukiadHolo 3aoaueio O
3abe3neuenns besneunoi excniyamayii enekmpoycmanogok. Mema pobomu — po3pooka po3paxyHKo8ux cnieioHouiens 0 GUIHAYEHHS
HANPYJICEHOCMI  eNeKMPULHO20 NOJA, WO CMBOPIOEMbCS OWUHOBKOI BUCOKOBOIGMHUX NIOCMAHYIL 8 pOOOYUX 30HAX NEPCOHATY.
Pose'sazanns 3aoaui 6azysanocs na ukopucmanui memooy exgieaneHmHux 3apsoie 05l BUSHAYEHHs HANPYIHCEHOCI eeKMPUIHO20 NOIA,
CMBOPIBAHO20 CKIAOHOIO OUUHOBKOIO BUCOKOGOIbIMHUX niocmanyii. Memoouka. B ochogy pospobku noxknadeno pos3e asanns 3a0aui
npo Nnomenyian enreKmpuyHo20 NOJsA MOUKOBO20 3apAdy, PO3MAUIOBAHO20 6 OleIeKMPUYHOMY HANNIGNPOCMOPL, ONA YUNIHOPUUHOT
cucmemu koopounam. Llnsaxom npeocmasnenns enekmpooy y 6uensioi MHOJMCUHU MOYKOGUX 3aps0ie ma NOOANbUIO20 [HmMe2py6aHHs
OMpUMano upaz O PO3PAXYHKY NOMEHYIATY, W0 CMEOPeHULl OUWUHOBKOI 008iNbHOI OpicHmayii KiHyegoi 00BICUHU 8 aHATIMUYHOMY
6unA0i. Bukopucmosyrouu npuHyun cynepnosuyii nonie i eusHaueHHs NOXiOHOI, OMPUMAHO 6UPA3U Ol PO3PAXYHKY 6EPMUKATbHOT
CKNIA0060I HANPYICEHOCMI eleKmPUIHO20 Nouad Ha 3a0anux eucomax. Pesynemamu. Ha ocnosi ompumanux eupazie 3a 0onomozoio
Visual Basic euxonano mooOenio8anHs po3nooily HANPYICEHOCMI eNeKmpuuHo20 noas nio mpu@asnolo niHiclo erekmponepeoayi
nanpyeoio 150 kB. Ilopignamnns 3 gioomumu pe3yrbmamamiu po3paxyHKie, OMPUMAHUMU HA OCHOGI AHANIMUYHUX GUPA3I6 O/isl
HeCKIHYEHHO 0062UX NPOGIOHUKIB, NOKA3AN0, WO OMPUMAHT 6Upa3u Maioms noxudbky e dinvue 7%. HayKkoea Hosu3Ha noiseae 6 momy,
Wo enepuie OMpUManO Upa3iL ONisl BUSHAYEHHS HANPYIHCEHOCMI eNeKMPUYHO20 NOA, CBOPIOBAHO20 CUCMEMOIO eNeKmpPOOdi8 CKiHYeHHOT
006IICUHU, HA OCHOGI GHANIMUYHO2O0 MEMOoOy po38 s3yeants Jupepenyiansnux pieHsans. Ilpakmuuna 3nauumicme. 3anpononosanuii
cnocib peanizosano y 6uenadi mecmogozo MOOYNIO cneyianizogano2o npozpamuo2o xomnaexcy LiGro, wjo 0osgonse euxonyeamu
MOO€NI0BAHHA CKIAOHUX CUCEM OWUHOBOK, XAPAKMEPHUX Ol eleKMPUYHUX cmauyiti ma niocmawnyin i JiHill enekmponepeoadi.
Buxonano mecmosuii pospaxynox 0na Oitouoi niocmanyii pe2ioHanvHux erekmpuynux mepexc xiacom Hanpyeu 110 kB. [llisxom
NOPIGHAHHA MPUBANIOCHI] PO3PAXYHKY PO3NOOINbUUX Npucmpois 3 odiazonannto 6auzbko 500 m ecmanoeneno, wjo 4ac po3paxyHky 6
xomnnexci LiGro na ocnogi ananimuuno2o memooy 6 0eKinbka 0ecsmKié pazie MeHuull, Hidc PO3PAXYHOK HA OCHOBI Memooy KiHyeaux
enemenmis. Kpim moeo, 01 MOOenoeanns mMemooom KiHYeux eleMenmie GUKOPUCHIOBY8ABCSA KOMN lomep 3 Oibl NOMYNCHUMU
xapaxmepucmuxamu. bion. 14, Tabn. 1, puc. 5.

Kniouosi cnosa: migcranuis, JiHis e1ekTponepenayi, eJJleKTpUYHe 110JIe, METO eKBiBaJeHTHUX 3apsaiB.

Analysis of the problem. Ensuring the resistance of
technical objects to the action of powerful
electromagnetic fields of natural and artificial origin is an
important technical problem, without solving which the
reliable and safe use of modern equipment, objects of
military equipment and critical infrastructure is
impossible.

Distribution devices of electrical stations and
substations represent a complex technical system that
combines power and measuring equipment of various
voltage classes, control and telemechanics devices,
including those based on microprocessor technology,
cable products and busbars, as well as grounding and
lightning protection devices. In such systems, the electric

field strength E is one of the main factors affecting
sensitive microprocessor equipment and personnel.
Therefore, its permissible value is regulated in a number
of normative documents [1-3]. For personnel, this is 5
kV/m for the vertical component of the electric field
strength at height of 1.8 m above ground level. If this
value is exceeded, the duration of staff stay at the
workplace is limited. For example, in electric field with
strength of 20 to 25 kV/m, the working time should not
exceed 10 minutes, and at 25 kV/m and above, special
personal protective equipment should be used. The
boundaries of sanitary protection zones for active power
transmission lines are determined at the level of 1 kV/m.
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Limitations regarding the value of the electric field
strength for microprocessor equipment are regulated in
the relevant documentation regarding the conditions of its
operation.

Determination of the electric field strength level is
carried out experimentally [4, 5] and/or by calculation
[4-101].

Experimental determination is performed with the
help of electric field strength meters, unidirectional or
tridirectional. The specified devices when used at power
stations and substations should have a wide range of
measurements (approximately from 1 to 50 kV/m), not
distort the field lines, be insensitive to electromagnetic
interference, be resistant to vibration and shocks and be
able to work in difficult weather conditions, etc. This
leads to a significant complication of the design and an
increase in the cost of the specified devices. In addition,
measurement in the field is quite time-consuming and
does not allow to build detailed plans of strength zones on
the territory of switchgear. In addition, there are zones in
which it is practically impossible to carry out
measurements (the presence of an internal fence,
proximity to current-carrying parts, etc.).

In the conditions of targeted strikes by the Russian
army on energy facilities of Ukraine and the prompt
restoration of critical infrastructure, including by
installing new power transmission line supports, the
express assessment of field strength and boundaries of
sanitary protection zones becomes even more relevant.
Operationally, such an assessment can be performed only
with the help of calculation methods. Here, it is enough to
know the voltage class of the line and its geometric
parameters.

The listed factors increase the relevance of the
calculation way of determining the electric field strength
for both planned and operating electrical stations and
substations. As a rule, calculations for electric power
facilities with a wvoltage class of 35-1000 kV are
performed using numerical methods, among which the
finite volume method has become the most common [9,
10]. By finite we mean a small volume around each grid
mesh. In this method, volume integrals that contain
expressions with divergence are transformed into surface
integrals using the Ostrogradsky formula. Finite
difference and finite element methods are also used [4—6].
The application of such methods is quite complicated,
requires significant computing resources and is
characterized by a long calculation time for large objects,
which is explained by the iterative process and the size of
the mesh cell. The calculation step should be comparable
to the diameter of the busbar, which is tens of millimeters
with object sizes up to several hundreds of meters. Thus,
with a uniform mesh step, we have a large number of
calculation points. Reducing their number is possible
thanks to the use of special algorithms for irregular
dividing of the computational volume [9, 10], which
significantly complicates the modelling of objects with
arbitrary orientation of busbars. In addition, in [11] it is
stated that these methods are highly dependent on «human
experience and trial and error.»

Analytical formulas for determining the electric field
strength are given in a number of works, in particular in

[6, 8]. They are, as a rule, easier to use, the mathematical
expression shows the dependence of the field on all
parameters of the line [6], they do not require significant
computer resources. Traditionally, in such calculations,
the busbar is replaced by a charged axle, and the method
of equivalent charges is used to take into account the
diameter. However, the main drawback of the existing
expressions is that they consider infinitely long
conductors (busbars). This leads to the limitation of the
use of analytical formulas only for the simplest cases of
the location of busbars of power transmission line
supports. Here, expressions for determining the equivalent
bus radius are usually used to take into account phase
splitting. Taking into account that in the distribution
devices of electrical stations and substations, the busbar is
arbitrarily oriented in space, there are several voltage
classes, split phases of different diameters, etc., the use of
existing analytical expressions for them is practically
impossible. In [4, 11], the implementation of the charge
simulation method is proposed, which is actually a
combination of numerical and analytical solutions for
modelling the field of a substation with a voltage class of
500/220 kV, but in these works it is noted that the given
method has similar disadvantages to numerical calculation
methods.

Taking into account the perspective of using
analytical expressions, their potentially higher accuracy
and acceleration of calculation for complex objects of the
electric power industry, the solution of the problem of the
electric field of an arbitrarily oriented conductor of finite
size (electrode) located above the earth's surface is
relevant.

The goal of the work is to develop calculation
relationships for determining the electric field strength
created by the busbar of high-voltage substations in the
working areas of the personnel.

Research materials. When using analytical
methods to calculate the electric field strength of energy
objects, the following assumptions are accepted [9, 10]:

» the electric field of the power frequency is quasi-
static, which is explained by the propagation speed of the
electromagnetic field in the air of 3-10% m/s at frequency
of 50 Hz, so the expressions for the instantaneous value of
the electric potential or strength will be valid for lines of
size << 6000 km;

* busbars are long cylinders, the charge of which is
regularly distributed along their axes;

* the voltage on the busbar changes according to the
sinusoidal law with constant power frequency;

* the time shift between the busbar voltage phases is
120°;

 the earth's surface is flat, and it is an infinite
electrical conductor compared to air and, accordingly, has
zero potential;

» the air-ground separation boundary is plane-
parallel;

« the influence of buildings and structures of electric
stations and substations is not taken into account;

* the relative dielectric permittivity of air is assumed
tobees. = 1.

Taking into account the above assumptions for
solving the problem of the electric field strength of an
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arbitrarily oriented electrode, consider the electric field of
a point charge located above a conductive surface.

The electric field of a point charge has axial
symmetry. Therefore, it is advisable to use a curvilinear
orthogonal cylindrical coordinate system (7, z, ) with an
axis perpendicular to the boundary of the half-space with
dielectric permittivity ¢ and passing through the point
charge itself (see Fig. 1).

The formulation of the problem under consideration
consists of the Laplace equation and additional
conditions. The potential does not depend on the
coordinate i, so the Laplace equation takes the form [12]:

82(/) 1og %0 O
a? o o
Additional conditions are as follows:
e the condition at the air-ground boundary looks like
this:

?._,=0; 2

e when the coordinate z increases, the potential ¢ goes
to zero:

P = 0. 3)

\\ =
MUESSZ NS

TN

Fig. 1. A point charge located in the dielectric half-space

The solution of such a problem for the observation
point P(rp, zp) according to the method of mirror images
and the principle of superposition is the sum of potentials
from an electric dipole [6]:

1 3 1

= Vi +p=2)7 it +(p+z)
where z; is the coordinate of the point charge along the
axis z; ¢ is the static dielectric permittivity, which is equal
to & = g,60 = 8.8541878176-10 " F/m.

We denote the two fractions in the brackets of
expression (4) as a; and ay, respectively.

To obtain relationships for calculating the total
potential of a system of arbitrary configuration, consider a
separated electrode, uniformly charged with length L;, in the
form of a set of point charges located along its axis (Fig. 2).
In fact, the electrode is an infinitely thin rod. Here, the linear
charge density of such a source, located on the axis of the
i-th electrode, has the form:

L
7= qui/Li : %)
=0

p(r,z) = (4

/ \\
\Wq end( end d’ Z’_end)

\
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0/////////////////////‘=
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Fig. 2. An electrode in the form of a set of point charges located
in a dielectric half-space

When moving from the cylindrical to the Cartesian
coordinate system, the distance between the point charge
located on the axis of the electrode and the observation
point P can be rewritten as:

S S ©6)

where xp, yp are the Cartesian coordinates of the
observation point P; x4 Vs 2z are the Cartesian
coordinates of the point charge of the i-th electrode.

In turn, the coordinates of a point charge (Fig. 2) can
be given in the form:

beg + (x beg) ’
=y ™
_ beg +(Z _ beg) ,

where x,¢, y, ¢ 2z and x9, y,- 4 229 are the Cartesian
coordinates of the beginning and end nodes of the i-th
electrode, respectively; /; is the current distance of the
point charge from the beginning of the electrode.

Taking into account (6) and (7), the two fractions in
expression (4) can be represented in the general form:

o, = ! : ®)

' A B,
\/L’ZZZ +L—’“Z,. +C,

where £ = 1 or 2 to account for positive or negative
charge (Fig. 1)

A = (xlend _xbeg)2 ( lend y[beg)z ( beg _ Ziend )2;
By; = 2[( beg -x, )(xend beg) ( lbeg v )><
( lend ybeg )+ (Zbeg —Zp )(Ziend - Z;Mg )],
( beg )2 ()/beg _yp)z ( beé )2;
P PR IS NV
( lend ybeg ) +( beg +z, e )( end _ lbeg )]’

Czi:(x[beg x)z ([beg yp)2+(zlbeg+zp)z.

When integrating (4) along the electrode and taking
into account the transition to the cylindrical coordinate
system, we obtain:
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With a known value of the voltage on the electrode,
we can determine the value of the linear density of the i-th
electrode using the principle of «replacing the electrode
surface with an equipotential» (method of equivalent
charges):

.= 4rep; ' (10)
(Gl - Ga:)

Here, the observation point P is located on the
surface of the electrode in the middle of its length.

The total potential from the system of electrodes
(busbars) is determined by the principle of superposition
of fields:

QCOU
o= 0
i=1
where Q,,, is the number of electrodes in busbar system.

The electric field strength is a vector equal to the
gradient of the electric field potential with a minus sign.
When determining the distribution of the electric field
strength, the vertical component of the vector is used to
control its impact on the personnel, i.e. the projection of E
on the z axis, which is numerically equal to the derivative
of the potential along the applicate axis. According to the
definition of the derivative, this can be represented as a
limit:

(11

op
S (12)

Thus, having set the calculation step along the
applicate axis Az << zp, we can determine the modulus of
the vertical component of the electric field strength at the
height zp.

The obtained expressions (9)—(12) allow to calculate
the electric field strength of busbar systems when they are
replaced by electrodes of arbitrary orientation in space.

To determine the electric field strength, which is
created by a three-phase bus system, the equivalent linear
charge density of one of the phases is calculated
according to (10), and for the other two, it is taken
according to the sinusoidal distribution of the
instantaneous value of the voltage at a fixed moment in
time. For example, for phases B and C it is assumed that
75,c =+0.57, at the time corresponding to 210°.

On the basis of the obtained expressions (9) — (12) in
the MS Excel software product using the Visual Basic
application, the busbar of a three-phase power
transmission line was modelled with the following
parameters: busbar suspension height 10 m, length 1000
m, radius 0.04 m, voltage class 150 kV, interphase
distance 6.2 m. The calculation was performed along an

lim 22
A—0 Az

E. =

z

axis perpendicular to the busbar at distance of 500 m from
the beginning of the span. The analysis was carried out at
height of 1 m and 3 m, respectively (see Fig. 3,a,b).
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Fig. 3. Comparison of the results of calculating the field strength
under the busbar of the power transmission line portal according
(9)—(12) for height: @ — 1 m; b — 3 m and according to [6]
for height: c— 1 m;d—3m
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The use of the presented initial data allows to
compare the calculation results with the known ones [6],
which were obtained for a three-phase line based on
analytical expressions for infinitely long conductors (see
Fig. 3,c,d).

Figures 3,c,d show the curves according to the
calculation data [6]: the dashed line is for the approximate
expression, and the solid line is for the exact expression.
To assess the correspondence of the results obtained by
the authors Table 1 summarizes the characteristic values
of the vertical component of the electric field strength E,
at the given heights of the analysis zp and the relative
error of the calculation 4.

Table 1
Data for comparative calculation analysis
E., kV/m
X, m zp=1m zp=3m
developed | exact [6] |0, % | developed | exact [6] | J, %
0,7481132 | 0,7461 | 0,3 | 1,2135346 | 1,2913 | 6,0
5 11,2347961 | 1,1997 | 2,9 | 1,4629176 | 1,5576 | 6,1
6,2 | 1,4413401 | 1,4195 | 1,5 | 1,6597963 | 1,6518 | 0,5
10 | 1,3458512 | 1,3254 | 1,5 | 1,4358176 | 1,4423 | 0,4
15 10,8472474 | 0,8584 | 1,3 | 0,8140060 | 0,8733 | 6,8
20 | 0,4807888 | 0,4853 | 0,9 | 0,4532538 | 0,4823 | 6,0
25 10,2822402 | 0,2901 | 2,7 | 0,2679740 | 0,2833 | 5,4
30 [ 0,1756019 | 0,1778 | 1,2 | 0,1684291 | 0,1785 | 5,6
40 | 0,0794274 | 0,0789 | 0,7 | 0,0773403 | 0,0822 | 6,0
50 |0,0419541 | 0,0426 | 1,4 | 0,0412079 | 0,0441 | 6,6

Comparisons with the results obtained by the authors
show that the shape of the curves is practically identical,
the maximum is observed in all cases under the extreme
phases of the busbar at distance of £6.2 m. The maximum
deviation at height of 1 m is 2.9%, and at height of 3 m
is 6.8%.

The increase in error when approaching the busbar
can be explained by the effect of the geometric size of the
conductor (the authors assumed 0.04 m, but it was not
specified in [6]). Thus, the validity of the obtained
expressions compared to the known calculation results
was confirmed.

The proposed calculation method was implemented
as a test module for the LiGro software complex [13]. The
choice of the specified complex is due to the availability
of the necessary palette of modelled objects (busbars,
portals, supports, equipment, buildings and
communications of arbitrary location and complexity,
etc.), as well as 2D and 3D visualization modules. For the
convenience of displaying the calculation results, a
gradient form of representation is used.

Figure 4 shows fragments of 2D and 3D models of
an operating distribution device of the 110/6 kV voltage
class of a substation of one of the regional energy
companies in the east of Ukraine. The substation plan,
heights and geometric parameters of the busbar, which
were determined during the diagnosis of the lightning
protection system according to the method [14], were
used as initial data. The voltage class of each bus system
and phasing, set in the parameters of each electrode
(busbar) separately, were also taken into account. This

allows to take into account all voltage classes that are
present on the object.
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Fig. 4. Fragments of 2D (@) and 3D (b) models of a functioning
substation of voltage class 110/6 kV in the LiGro complex

The simulation results for an operating distribution
device with voltage class of 110/6 kV are shown in Fig. 5.
The calculation was carried out at standardized height of
1.8 m, with a mesh with a step of 0.1 m. The calculation
did not take into account the sagging of the busbar. But, if
necessary, this can be solved by dividing it into parts at
the appropriate angle of inclination.

Fig. 5. Distribution of the electric field strength for an operating
electric power facility of voltage class of 110/6 kV, obtained in
the LiGro software complex

The calculation results show that there are areas at
the substation where the field strength exceeds the
permissible value of 5 kV/m, and the presence of
personnel in these areas should be limited. In addition, it
can be noted that the quality of the display of calculation
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results corresponds to the world level, namely to such
software as [4, 5]. Here, in [5], where the simulation was
performed on the basis of the finite element method using
ANSYS and SolidWorks codes, the calculation time for a
substation with voltage class of 1000 kV with a diagonal
of approximately 500 m was 7 hours when using a
powerful computer with the following parameters: an
Intel processor Xeon 8x2.50 GHz and 32 GB RAM. For
comparison, the calculation time in the LiGro complex of
a similar distribution device with a diagonal of 540 m and
voltage class of 750 kV of one of the nuclear power plants
of Ukraine with a calculation mesh step of 0.2 m was only
6 minutes when using a computer with significantly worse
parameters: an Intel processor Pentium G2020 2x2.90
GHz and 4 GB RAM. Therefore, the model developed by
the authors based on the analytical method allows to
significantly reduce the time spent and technical
requirements for the computer when modeling the electric
field strength of complex objects.

Conclusions.

1. On the basis of the method of equivalent charges,
for the first time calculation relationships were developed
for determining the intensity of the electric field created
by the complex busbar of high-voltage substations in the
working areas of the personnel.

2. The developed calculation relationships were used
to create a computer code that allows to calculate the
electric field strength at high-voltage substations and
other high-voltage energy facilities taking into account
the voltage class of each bus system, and at the design
stage of these facilities to determine safe working areas
for personnel by electric field.
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Electromechanical and thermophysical processes in the pulse induction accelerator of plasma
formation

Introduction. Work on the creation and throwing of plasma formations is carried out in the world's leading scientific centers in
various ways. The creation of a plasma formation with duration of several milliseconds and its acceleration in an open atmospheric
environment to a distance of 0.5-0.6 m was achieved. To create plasma, the energy of the primary discharge circuit is used, followed
by the acceleration of the gas-plasma formation with the help of the energy of the secondary circuit. Plasma formation is also
obtained due to the electric explosion of a conductor in a rapidly decreasing strong magnetic field, etc. The purpose of the article is
a theoretical and experimental study of electromechanical and thermophysical processes in a pulse induction accelerator, which
ensures the creation of plasma formation due to thermal ionization as a result of the electric explosion of the conductor and its
throwing in the atmospheric environment relative to the inductor. Method. For the analysis of electromechanical and thermophysical
processes in the pulse induction accelerator of plasma formation (PIAPF), a mathematical model of the accelerator was developed
and implemented in the Comsol Multiphysics software package, in which the armature does not change its shape and aggregate state
during operation and takes into account the parameters of the accelerator distributed in space. Results. Calculated
electromechanical and thermal characteristics of the accelerator. It is shown that the temperature rise in the aluminum foil armature
is significantly nonuniform. The maximum temperature value occurs in the middle part of the foil closer to the outer edge, and this
temperature is significantly higher than the boiling point of aluminum. Scientific novelty. Experimental studies of the PIAPF were
carried out, in which the armature is made of aluminum and copper foil, and the inductor connected to the high-voltage capacitive
energy storage device is made in the form of a flat disk spiral. It was established that during the operation of the PIAPF, the
armature goes into a plasma state and moves vertically upwards, turning into a volumetric wad or a pile of small particles that rose
to a considerable height relative to the inductor. Experimentally, the characteristic circular circuit of thermal heating of the copper
foil of the armature, which is fixed on a glass-textolite sheet, is shown, which indicates a similar nature of plasma formation.
Practical value. The results of experimental studies with an accuracy of up to 15 % coincide with the calculated ones and show the
validity of the PIAPF concept, in which, due to the high density of the induced current in the armature, thermal ionization occurs as
a result of an electric explosion of the conductor with its transition to the plasma state. And the interaction of the plasma formation
with the magnetic field of the inductor leads to the appearance of an electrodynamic force that ensures its movement in the open
atmospheric environment. References 17, figures 9.

Key words: pulse induction accelerator of plasma formation, mathematical model, electromechanical and thermal processes,
experimental studies.

Bcmyn. Pobomu no cmeopennio ma Memanuio n1azmoeux ymeopehb pisHuMu cnocobami 6e0ymucs 6 npoGioHUX HAYKOGUX YeHMPax
ceimy. Jlocaenymo ¢popmyeanns niazmo8o20 YmeopeHHs MpPueanicmio OeKilbKa MINiceKyHO ma 1020 MemauHsA Y GiOKpUmomy
ammocghepromy cepedosuwi Ha giocmans 0,5-0,6 m. [{na cmeopenHs niasmu UKOPUCTHOBYIOMb eHepeiio NePEUHHO20 PO3PAOHO20
KOG 3 NOOANbUWUM NPUCKOPEHHAM 2a30NIA3M08020 YMEOPEHHs 34 OONOMO2010 eHepeii emopunno2o koaa. Ilnasmose ymeopenms
ompumyloms i 3a paxyHox enekmpuuno2o eubyxy npogionuxa. Memoio cmammi € meopemuyne mMa eKChepuUMeHmanibHe
O00CTIONHCEHHA eNeKMPOMEXAHIUHUX ma MeNnioQi3udHUX Npoyecié 8 iMNYIbCHOMY IHOYKYIUHOMY NPUCKOPIO8AYl, AKull 3abe3neyye
Gopmyeanns n1azmMo6020 ymeopenHs 3a paxyHok mepmiyHoi ionizayii 6 pe3yrbmami enekmpuiHo2o 6ubyxy npogioHuKa ma Memanms
tioco y ammocghepHomy cepedosuwyi 6IOHOCHO IHOYKmopa. Memoouka. [[na auanizy enekmpoMexawiyHux ma menioQisudHux
npoyecie 6 iMNYIbCHOMY THOVKYIIHOMY NpUCKOprogayi naazmogozo ymeopenus (IIII1) pospobnena i peanizosana 6 npoepamHomy
naxemi Comsol Multiphysics mamemamuuna modenv npuckopiosaya, 8 AKil AKIp He 3MIHIOE CBO€EI hopmu i azpecamuo2o cmawuy 6
npoyeci pobomu ma 8paxosye po3noodiieni y npocmopi napamempu. Pesynemamu. Pospaxosani enexmpomexaniymi i mennosi
Xapaxkmepucmuku npuckopiogaua. Iloxasano, wo nepesuujenHs memnepamypu 6 AKOpi, w0 BUKOHAHUN Y 6UNAODI ATIOMIHIEEOT
Gonveu, cymmeeo nepisnomipno. Makcumanvhe 3nauenns memnepamypu mdae micye 8 cepeowini uacmuHi ghonveu Oaudicie 00
308HIUNBLO2O KPAIO, NPUHOMY Y MeMnepamypa 3Ha4Ho nepesuyyc memnepamypy kuninus anominiro. Haykoea nosusna. Ilpogeoeni
excnepumenmanvii docnioxcenns I, y saxoeo AKip GUKOHAHUL 3 ANOMIHIEEOT Ma MIOHOT (horbeu, a THOYKMOp, wo NIOKIYAEMbCS
00 BUCOKOBONILIMHO20 EMHICHO20 HAKONUYY8AYA eHepeii, 6UKOHAHULl y 6uenadi niockoi ouckosoi cnipani. B npoyeci pobomu I
SAKIP nepexooumy 8 NAA3MOBUL CIAH | NePeMilyEmMbCsl BePMUKATLHO 68EPX, NEPEMBOPIOIOUUCH 8 00 EMHUIL KOMOK, a0 HA CKYNYeHHs.
MANeHbKUX YACMUHOK, SKI 30iManuct Ha OeKilbka mempig 6iOHOCHO iHOykmopa. Excnepumenmanvno nokazano xapaxmephuii
Kpy208ull KOHMYp MepMiuHo20 HacpieanHs MIiOHOI ¢horveu skopsa, sAka 3akpiniena na aucmi ckromexcmonimy. Ilpakmuuna
yinnicme. Pezynemamu excnepumenmanvHux 0ocniodcenv 3 mounicmio 0o 15 % cnisnadaiomv 3 po3paxyHKogumu i noKasyoms
cnpaseonusicmo konyenyii II1I1, 6 skomy 3a paxyHoK 8UCOKOT 2ycmuHu IHOYKOBAHO20 CMPyMYy 8 AKOpi 8i00ysacmvcs mepMmiuna
ioni3ayis 6 pe3yibmami eleKmpuiHo2o 8ubYXy NPoGIOHUKA 3 NEPEX00OM U020 8 NAA3MO8Ull cmaH. Bzaemodis niazmoeoeo ymeopenns
3 MacHIMHUM noAeM IHOYKMOPA NPU3Bo0uUms 00 Nosi8U e1eKmpoOUHAMIYHOT Cunu, AKa 3a0e3neyye 1io2o nepemiujeHHs y GIOKpUmomy
ammocgepromy cepedosuwyi na dexinbka mempis. biomn. 17, puc. 9.

Knrouoei crosa: iMmyabCHUH IHAYKIIHNI IPHCKOPIOBAY IJIa3MOBOI0 YTBOPEHHS, MATEMATHYHA MOJeJlb, eJIeKTPOMeXaHiuHi
Ta TEIJIOBi mMpouecH, eKCepUMEHTAIbHI 10C/TiIzKeHHS.

Introduction. Plasma technologies are used in research is the formation of plasma formations and
various structural and technological systems and devices, throwing them at a certain distance from the source of
in scientific research, etc. One of the directions of such  formation. Such work is carried out in the leading
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scientific centers of the world, primarily in the USA:
Princeton Laboratory of Plasma Physics, Los Alamos
National Laboratory, University of New Hampshire,
Swarthmore Laboratory of Magnetodynamics, etc. [1-4].
The University of Missouri, USA is investigating the
acceleration of plasma formation in an open atmospheric
environment [5]. The duration of existence of a plasma
formation is a few milliseconds, and it moves in the air
for a small distance of 0.5-0.6 m.

For the formation of plasma, the energy of the
primary discharge circuit is used [6]. The formation of
plasma in the form of a ring occurs due to the gas-
dynamic process of turbulation of the gas-plasma jet.
Acceleration of gas-plasma formation is carried out using
the energy of the secondary circuit. The output of thermal
plasma from the forechamber is provided by gas-dynamic,
not electrodynamic forces.

Plasma formation is also formed due to the electrical
explosion of a conductor in a rapidly decreasing magnetic
field [7]. The magnetic field is formed due to the current
flowing through the plasma, which is formed in the form
of a spiral in the wake of the explosion of the conductor.
To create conditions for the stability of the ring due to the
energy of the magnetic field, it is assumed that the
process of returning the energy of the magnetic field to
the electric energy of the capacitor charge is interrupted.

In induction plasmatrons, for the formation of a
plasma ring, the method of inducing a discharge in a low-
pressure gas environment with subsequent increase to
atmospheric pressure, or plasma formation in the area
near the inductor due to an arc discharge is used [8-10].
Plasmatrons provide induction of eddy current in the
plasma formation in atmospheric conditions, but do not
solve the problem of magnetic field energy accumulation
in the plasma formation.

Analysis of accelerators of plasma formations. A
known pulse plasma accelerator is containing electrodes,
one of which is made in the form of a copper rod, and the
other in the form of a plate. Ablation occurs under the
action of an electric discharge between the electrodes in a
solid dielectric substance [11]. The accelerator operates
under low gas pressure in the accelerator channel. A pulse
plasma accelerator is also known, which contains an
accelerating channel formed by two electrodes with a
Teflon insulator located between them, which is the
working substance [12].

These accelerators have low efficiency and specific
power, due to the use of only the energy stored by the
electric field for acceleration. The effectiveness of these
accelerators is limited by the long process of creating the
working substance due to the limited speed and
nonuniformity of its evaporation.

There is a well-known plasma accelerator, which
contains electrodes connected through an ohmic and
inductive load to a capacitive energy storage (CES), an
end ceramic insulator that separates the electrodes and
dielectric checkers installed between the electrodes, made
of the material in which the ablation takes place [13].
When a high-voltage pulse is applied to the electrodes, as
a result of a surface breakdown, a plasma formation is

formed, which short-circuits the electrodes of the
accelerator. The working substance that evaporates from
the surface of the dielectric checkers is ionized and
accelerated under the influence of electromagnetic forces
and gas-dynamic pressure. In this accelerator, the
efficiency of acceleration is increased due to the use of
both electromagnetic forces and gas-dynamic pressure.
However, it has a low specific power due to the use of
only electrical energy to create electromagnetic and gas-
dynamic forces.

There is a known plasma accelerator consists of a
cylindrical guide tube, an external hollow cylindrical
magnet and a system of thermal ionization of matter to the
plasma state [14]. One end of the pipe is in the air
environment, and on the other end there is a gas flow
formation system using a gas turbine engine. The system
of thermal ionization of matter consists of discharge
electrodes located inside the guide tube and an induction
plasma heater. The electromagnetic coil of the heater,
which covers the guide tube, ensures the formation of
plasma inside the guide tube. Due to the gas turbine
engine, a heated gas flow is formed, which is directed into
the cylindrical pipe. Gas heated above 1000 °C is sent to
the thermal ionization system, where it is heated by arc
discharges to a high temperature (5000-10000 °C). The
gas enters the region of the induction heater, where a ring-
shaped plasma is formed. Under the action of pulse
magnetic fields alternately created by magnets located
along the cylindrical guide tube, plasma formation is
accelerated.

This device achieves a high specific power due to
the combined use of the chemical energy of fuel
combustion and the energy of the electromagnetic field.
But the well-known accelerator has a too complicated
design.

An inductive accelerator is known, which ensures
the creation and acceleration of plasma in an air
environment [15]. The accelerator consists of a coaxially
installed fixed disk inductor excited by CES, and a
working substance located opposite the inductor, which
during thermal ionization due to the induced current
passes into a plasma state with further acceleration along
the coaxial axis under the action of electrodynamic forces.
This accelerator has a simple design, but the plasma in the
form of a ring cannot move a long distance relative to the
inductor. Radially directed electrodynamic forces arise in
the plasma ring, which «tear» the ring, and thus interrupt
the flow path of the induced current.

Thus, the task of creating an accelerator of plasma
formation, which ensures its movement in the air medium
for a considerable distance, is urgent.

The goal of the article is a theoretical and
experimental  study of electromechanical and
thermophysical processes in a pulse induction accelerator,
which ensures the formation of a plasma formation due to
thermal ionization as a result of an electric explosion of a
conductor and throwing it in the atmospheric environment
relative to the inductor.

Mathematical model of the accelerator. The
difficulties of calculating the pulse inductive accelerator
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of plasma formation (PIAPF) are primarily caused by the
uncertainty of the plasma formation parameters, which
change dynamically. To determine the general
characteristics of electromechanical and thermal
processes, we will assume that the armature is made solid
and does not change its shape and aggregate state during
the operation of the accelerator. To implement a
mathematical model with spatially distributed parameters,
we will use a system of partial differential equations with
respect to spatial and temporal variables [16].

The mathematical model of electromagnetic
processes in PIAPF, which includes a fixed inductor and a
moving conductive armature, is presented in a cylindrical
coordinate system in terms of a magnetic vector potential

;1,- , which has a ¢ component.

The differential equations with respect to the ¢
component of the magnetic vector potential in the region
of the inductor Q, give the form:
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where ji(f) is the tangential component of the current
density in the inductor; i;(¢) is the instantaneous value of
the current in the inductor; y;, y, is the specific
conductivity of the inductor and armature, respectively;
Ho 1s the magnetic constant; v,,(z) is the speed of the
armature; N, is the number of turns of the inductor; S; is
the cross-sectional area of the inductor; ki, is the inductor
filling factor.

Differential equations (1) — (3) are supplemented by
the corresponding boundary and initial conditions:

1 1
—rotd) -n = ——rotd, - n;
Ho Ho
rotd; -n = —rot4, - n; “

41(0)= 3, 0) =0,

where A; is the magnetic vector potential of the magnetic
field of the i-th region; # is the unit normal vector.

The axial component of the force acting on the
accelerator armature is determined using the corresponding
component of the Maxwell tension tensor 7

fo=§2mT.ds = L§2;zr(B,, ‘B,)ds,  (5)
s Ho'
where B,, B, are the radial and axial component of the
magnetic flux density.

The electrical state of the accelerator can be
described by equations:

dr4 :
2nﬂderdz+(LO+L1)ﬁ+i1(R0+Rl)+uC=0, (6)
Sl S dt dt

2;[L J- drd,,

2 S,
where Lo, R, are the inductance and active resistance of
the excitation circuit, respectively; R, R, are the active
resistances of the inductor and armature, respectively;
Ly, L, are the inductances of the inductor and the
armature, respectively; 7, is the instantaneous value of the
current in the armature; S, is the cross-sectional area of
the armature; uc is the CES voltage, which is
supplemented by the appropriate initial conditions.

Thermal processes in the PIAPF are described using
the equation:

drdz+L2%2+i2R2 =0, (7
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+ R @) (D),
where ci(7T) is the average specific heat capacity of the
k-th active element (inductor and armature); y; is the
average material density of the &-th active element; j(?) is
the current density of the -th active element; 14(7) is the
thermal conductivity of the i-th active element; pi(7) is
the resistivity of the k-th active element; 7, is the
temperature distribution in space and time of the k-th
active element.

On the cooled surfaces of the active elements, the
system of equations (8) is supplemented by boundary
conditions of the third kind, which takes into account
convective and radiative heat exchange, and on the axis of
symmetry by boundary conditions of the second kind.

The mathematical model of the PIAPF with
nonuniform distribution of currents in the inductor and
armature is implemented in the Comsol Multiphysics
software package using the Finite Element Method when
taking into account all relationships between physical
processes [17]. Here, data is exchanged between
processes, calculation regions are allocated for each
physical problem, provided that the mesh division is
consistent for all problems. Modeling is performed in the
following sequence:

e physics modules («Magnetic fields», «Electrical
circuity, «Heat transfer in solid», «Fluid structure
interaction») are selected, which implement the
corresponding tasks, dimensions (2D), model type (time-
dependent) and calculation methods;

e the geometry of the accelerator is formed and the
calculation regions for the selected physical problems are
determined,;

e output data are set in the form of constant values and
functions that describe the relationship between
parameters, for example, the dependence of specific
resistance on temperature;

e initial and boundary conditions of the considered
physical problems are set;
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e discretization of calculation reguions is carried out
taking into account the geometric model of the
electrodynamic accelerator;

e methods of solving the considered problems
MUMPS, PARDISO are chosen and numerical
calculations are carried out.

The calculation area of the model was a cylinder
with radius whose value was more than 5 times greater
than the radius of the farthest element of the accelerator in
the radial direction from the z axis. The height of the
calculated cylinder was more than 10 times higher than
the largest height of the accelerator elements. This made it
possible to achieve the required accuracy with acceptable
calculation time, considering the calculation boundary to
be conditionally infinite.

The model used the «Free triangular» mesh with
«Extra fine» element sizes (the maximum meshelement
size for remote areas of the environment was 5 mm, and
for the accelerator, the mesh element size was chosen in
the interval from (0.001 to 1 mm)). Relative displacement
of elements of the accelerator was determined by the use
of Automatic remeshing (criterion
modl.fsi.minqual>0.2). Spatial discretization consists in
dividing a limited area into separate piecewise continuous
subareas. The set of such elements is defined as a mesh or
triangulation, which is a model of the calculation area.
Moreover, for each of the physical modules («Magnetic
fields», «Electrical circuit», «Heat transfer in solid»), the
interpolation of the solution for individual finite elements,
determined by quadratic or cubic discretization, was used.
The main variables are approximated by nodal values
multiplied by base vector that is required for interpolation
within the element. An implicit finite-difference scheme
of the fifth order is used for time approximation.

Electromechanical and thermal processes of the
accelerator. Consider the PIAPF, in which the fixed
inductor is made in the form of a flat spiral made of steel,
and the armature is made in the form of a disk-shaped
aluminum foil, located coaxially with respect to the
inductor. PIAPF parameters are as follows: CES: voltage
Uy = 25 kV, capacity Cy = 360 pF; inductor: number of
turns N; = 7, inner diameter D,, = 10 mm, outer diameter
D,, = 600 mm, cross-sectional area of the turn S} = 5x25 =
= 125 mmz; armature: thickness 4, = 8 um; outer
diameter D,, = 600 mm, distance from the inductor
zp = 0.5 mm; excitation circuit: L, = 1.5 pH, Ry, = 50 mQ.

Figure 1 presents the calculated characteristics of the
PIAPF, namely, the change in the CES voltage uc, the
current density in the inductor j; and in the armature
J2 (a), the current density in the armature distributed along
its radius at the moment of maximum current (b).

There is a non-simultaneous increase in the
maximum values of the currents in the inductor and the
armature. The armature current reaches its maximum
value after about 0.15 ms, while the inductor current
reaches its maximum value after about 0.75 ms.
Moreover, the density of the induced current in the
armature is nonuniform across the cross-section in the
radial direction: in the middle part, closer to the outer
edge, it reaches a maximum value of j, = 118 kA/mmz,
and on the outer edge it decreases to j, = 76 kA/mm?.
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Fig. 1. Calculated characteristics of the PIAPF: a — change in the
CES voltage and current density in the inductor and armature;
b — current density distribution in the armature at the moment of
maximum induced current

Figure 2 shows the electrodynamic force f,, the
speed v, and the displacement /. of the armature. The
maximum value of the electrodynamic force of repulsion
reaches about f, = 185 kN. But due to the phase shift
between the currents in the inductor and the armature in
the interval of 0.9 — 2.1 ms, the electrodynamic force of
attraction acts on the armature, which is much smaller
than the force of repulsion. As a result of this nature of
the force, the speed of the armature reaches a maximum
value of approx. v, = 113 m/s at 0.08 ms, after which the
speed decreases to 66 m/s at 0.2 ms after the start of the
work process with a slight increase later.

Figure 3 shows the change and radial distribution at
the moment of the maximum current of exceeding the
temperature of the armature #,. The change in 6, over
time is determined by the nature of the change in the
current density in the armature j,. The temperature rise
increases to a value of about 8, = 4200 °C at the moment
of 0.6 ms from the start of the work process. After that,
there is a slight decrease to ¢, = 4000 °C with a gradual
increase to 6, = 6300 °C and higher after 0.25 ms.

But the temperature excess is distributed over the
cross-section of the armature (aluminum foil) in the radial
direction significantly nonuniformly. In the center of the
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foil 8, = 0. The maximum value of 8, = 7900 °C occurs in
the middle part of the armature closer to the outer edge.
Note that the boiling point of aluminum is 2519 °C, and
that of copper is 2580 °C.

fzz LkN; hz,mm; v, ,m/s

200
175 :
fZZ
150
125 \
N
100 4— v,
. \ |
75 41 N T S B S B B R e
; [ 1--
50 - h, =
i

- --F
25 -

I \"'//\
0 =\r

-50

\V4

0.0 0.2 0.4 06 08 fms 1.0
Fig. 2. Electrodynamic force f,,, speed v, and displacement 4,
of the armature in PIAPF
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Fig. 3. Armature temperature rise: change in temperature rise
over time (), radial distribution of temperature rise at the
moment of maximum current ()

In order to validate the mathematical and computer
models, the energy balance of the PIAPF was checked.
Figure 4 presents: W — CES energy; W, — heat losses in
the armature; W; — heat losses in the inductor; W, —
magnetic field energy; Ws, — heat losses on the limiting

resistor and lead wires; Wg,, — magnetic energy on
underwater wires; Wy, — kinetic energy. Since the energy
balance is fulfilled, this indicates the reliability of the
obtained results.
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Fig. 4. Distribution of energy in the PIAPF

During the work process, the magnetic energy W,,.,
and the CES energy W. have an oscillatory-damping
character, and they change almost in antiphase. All other
energy components in the accelerator grow to different
levels, going to a certain constant value. As follows from
the results of the calculation, the main part of the CES
energy is transformed into thermal energy in the active
elements and elements of the PIAPF excitation circuit.

Experimental studies of PIAPF. Experimental
studies of the PIAPF of plasma formation were conducted
on the basis of the Research and Design Institute
«Molniya» using the methodology presented in [16]. The
experimental setup includes the CES of the GITM-10/350
current generator, which consists of 120 parallel-connected
IK503Y4 type capacitors, each of which has capacity of
3 uF. The middle output of each capacitor is connected to
the common bus through 4 TVO-60 resistors connected in
parallel with resistance of 24 Ohms. Switching of CES is
carried out through a high-voltage arrester.

Parameters of the experimental setup: the total
capacity of the CES —-360 pF, the maximum voltage of the
CES — 50 kV, the measured active resistance of the
inductor — 9 mQ, the total resistance of the excitation
circuit — 50 mQ, the inductance of the inductor — 15 mH.

Experimental studies of the PIAPF with armature of
various shapes and materials, made of conductive foil,
were carried out. During the research, the inductor was
horizontally attached to the insulating base, and an
armature was installed on top of it through the insulating
plate. This design of the accelerator ensured vertical
movement of the armature under the action of
electrodynamic forces.

The inductor was made in the form of a flat disc
spiral made of steel with outer diameter of 600 mm. A
gap is made between turns of the spiral, which ensures the
impossibility of inter-turn electrical breakdown. The turns
of the spiral are attached to the insulating plate with the
help of steel screws (Fig. 5). The cross-section of the
spiral turn was 5x25= 125 mm’. Two variants of the
inductor were used in the experiments. In the first version

Electrical Engineering & Electromechanics, 2023, no. 5

73



(7 turns), the inner turn of the inductor was placed in the
center and the inductance of the inductor L, = 12 pH. In the
second version, the two inner turns of the inductor were
removed and the diameter of the inner hole was 230 mm.

nnnnn

Fig. 5. External view of the PIAPF inductor:
the first version (a), the second version (b)

Figure 6 shows the results of the operation of the
PIAPF, in which the armature is made as an aluminum
foil with thickness of 18 um in the form of a disc with
outer diameter D,, = 600 mm (Fig. 6,a), and the inductor
of the first variant is connected to the CES with voltage
Uy, =20 kV. After the tests, the disk armature is aluminum
foil compressed into a volumetric wad (Fig. 6,b). During
the operation of the accelerator, the armature enters the
plasma state and moves vertically upwards for several meters
(in Fig. 6,c,d, the armature is shown by a straight line).
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Fig. 6. Disk armature before (@) and after (b) tests, the position
of the armature at the initial (¢) and next (d) moments of
operation and the oscillogram of the CES voltage (e)
of the PIAPF
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Figure 7 shows the results of the PIAPF operation,
in which the armature is made in the form of a torus of
aluminum foil with thickness of 10 pm, and the inductor
of the second variant is connected to the CES with voltage
Uy =23 kV. The average diameter of the torus is 300 mm
(Fig. 7,a). When the accelerator was working, the toroidal
armature, after transitioning into the plasma state, turned
into a cluster of small particles that rose to a considerable
height relative to the inductor (Fig. 7,0). The

transformation of the armature, made of thinner foil than
in the previous experiment, into a cluster of small
particles can be explained both by the action of
electrodynamic forces in the armature and by nonuniform
thermal damage to its individual sections.

Fig. 7. Toroidal armature before (@) and after (b) tests;
position of the armature at the initial (c¢) and next (d) moments
of the PIAPF operation

Figure 8 shows the results of the PIAPF operation,
in which the inductor of the second variant is excited at
voltage Uy = 20 kV, and the armature is made of copper
foil, 9 mm thick, which is fixed on a sheet of fiberglass
with dimensions of 900x900x1 mm. Since the fiberglass
sheet was curved, an insulating support with a load was
used to press it evenly to the inductor (Fig. 8,a).

Fig. 8. Armature made of copper foil, which is fixed on a sheet
from fiberglass, after PIAPF tests

After the operation of the accelerator, an area of
thermal combustion (Fig. 8,b) appeared in the place where
the glass-textolite sheet was pressed against the copper
foil, the particles of which flew up. Here, the
characteristic circular contour of the heating of the copper
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foil is clearly visible, which indicates the similar nature of
the induced current in the armature. Since the melting
temperature of copper is higher than that of aluminum,
thermal ionization of the copper foil did not occur even in
the zone of induced current flow. In other areas, thermal
heating of the foil is practically absent.

When using a more compact inductor (outer
diameter 280 mm, coil width 9.4 mm, distance between
coils 5 mm) on CES with higher voltage U, = 35 kV and
with smaller capacity Cy = 18.5 pF (total resistance of the
excitation circuit Ry = 0.1 Q, total inductance of the
excitation circuit Ly = 1.5 pH) a plasma formation is
formed, which moves relative to the inductor. Figure 9
shows an oscillogram of the current in the inductor, the
external view of the inductor and the plasma formation
that has moved away from the inductor. The armature is
made of copper foil, 9 mm thick, which is fixed on a
fiberglass sheet with dimensions of 900x900x1 mm.
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Fig. 9. External view of the inductor (@), the plasma formation (b)
of the accelerator, and the oscillogram of the inductor current (c)

The oscillogram of the inductor current has an
oscillatory-damping character with amplitude of the first
half-wave of 51.6 kA. In Fig. 9,b, it can be seen that the
plasma formation under the action of electrodynamic
forces detaches from the sheet of copper foil and moves
several meters vertically upwards.

Thus, if the CES voltage does not exceed certain
values, then the induced current in the armature is
relatively small and during the heating process does not
form a thermally ionized plasma formation of a certain
part of the copper foil. And with an increase in the CES
voltage, there is an increase in the induced current in the
armature, which carries out thermal ionization of the
corresponding part of the armature with the transition into
a plasma formation, which, under the action of
electrodynamic forces, moves vertically upwards for
several meters.

The results of experimental studies, namely, the
shape, voltage and current in the inductor coincide with
the calculated ones with accuracy of up to 15 %, which
indicates the reliability of the mathematical model of the
accelerator.

Thus, experimental and theoretical studies show the
validity of the concept of a pulse induction accelerator, in
which, due to the high density of the induced current in
the armature made of electrically conductive foil, thermal
ionization occurs as a result of an electric explosion of the
conductor with its transition into a plasma state. The
interaction of this plasma formation with the magnetic
field of the inductor leads to the appearance of the
electrodynamic force, which ensures its movement in the
open atmospheric environment by several meters relative
to the stationary inductor.

Conclusions.

1. Work on the creation and throwing of plasma
formations is relevant and is carried out in leading
scientific centers of the world using gas-dynamic and
electromagnetic forces.

2. A mathematical model of a pulse induction
accelerator was developed and implemented in the
Comsol Multiphysics software package, in which the
armature does not change its shape and aggregate state
during operation. The mathematical model, which takes
into account the parameters of the accelerator distributed
in space, uses a system of partial differential equations
with respect to spatial and temporal variables.

3. Electromechanical and thermal characteristics of the
accelerator have been calculated. It is shown that the
temperature rise in the aluminum foil armature is
significantly nonuniform. The maximum temperature
value occurs in the middle part of the foil closer to the
outer edge, and this temperature significantly exceeds the
boiling point of aluminum.

4. Experimental research was carried out on an
accelerator in which the armature is made of aluminum
and copper foil, and the inductor connected to the high-
voltage CES is made of steel in the form of a flat disk
spiral. It was established that during the operation of the
accelerator, the armature enters a plasma state and moves
vertically upwards for several meters, turning into a
volumetric wad or a cluster of small particles that rose to
a considerable height relative to the inductor.

5. The characteristic circular contour of the thermal
heating of the copper foil of the armature, which is fixed
on a glass-textolite sheet, is experimentally shown, which
indicates a similar nature of plasma formation.
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Computational analysis method of the electromagnetic field propagation and deformation of
conductive bodies

Introduction. The electromagnetic field is an integral attribute of the operation of many technical and technological systems. The action
of an electromagnetic field leads to deformation, a change in temperature, a change in the physical properties of the materials. Problem.
High-intensity electromagnetic fields can cause such a strong deformation of conductive bodies that it can lead to irreversible shape
change or destruction. This fact is used in a class of technological operations: electromagnetic forming. Here, both the workpiece and
the equipment are subjected to intense force action. As a result, equipment elements may become inoperable. Goal. Creation of a
computational analysis method of the electromagnetic field propagation in systems of conductive bodies and subsequent analysis of
deformation. Application of this method to the study of processes in electromagnetic forming systems in order to determine rational
operational parameters that provide the result of a technological operation. Methodology. A variational formulation of the problems of
an electromagnetic field propagation and deformation of conductive bodies systems is used. Numerical modeling and analysis are
performed using the finite element method. Results. In a general form, a system of resolving equations for the values of the vector
magnetic potential and displacements is obtained. The influence of the electromagnetic field is taken into account by introducing
electromagnetic forces. The results of calculations for a technological system designed for electromagnetic forming of curved thin-
walled workpieces are presented. Originality. For the first time, a method of computational analysis is presented, which involves
modeling within the framework of one design scheme both the process of electromagnetic field propagation and the process of
deformation. Practical significance. The proposed method of computational analysis can be used for various technological systems of
electromagnetic forming in order to determine the rational parameters that ensure both the operability of the equipment and the purpose
of the technological operation - the necessary shaping of the workpiece. References 18, table 1, figures 3.

Key words: computational analysis, electromagnetic field, electromagnetic forming, deformation, finite element method.

Bcemyn. Enexmpomacnimne none € Hegio'emHum ampubymom pobomu 6a2amvox mexuiyHux i mexuonociynux cucmem. Jis
ENeKMPOMACHIMHO20 NOAA Npu3eooums 0o Oegopmayii, 3MiHU Memnepamypu, 3MiHU @QI3UYHUX GIACMUBOCMEN MAMepiaiie.
Ilpobnema. Enexmpomacnimui noas 6UCOKoi iHmMeHCUBHOCHI MOICYMb GUKAUKATNU HACMITbKY CUTLHY Oehopmayiio nposioHux mix,
Wo ye Mooice npuzsecmi 00 He360pOMHOI 3Minu hopmu abo pyinyeanns. Lleti pakm 6uKOpUCMOBYEMbCA 6 KNACT MEXHON02IUHUX
onepayiu: enekmpomacHimua oopooxka. Tym sk 3aeomoeka, max i 061a0HAHHA NIOOAIOMbCA IHMEHCUBHIN cunogiil Oii. B pesynomami
enemMeHmuy  0ONAOHAHHA MOdCymb  euxooumu 3 naady. Mema. Cmeopenns memody pO3PAXYHKOB020 AHANIZY HNOWUPEHHS
ENeKMPOMASHIMHO20 NOJIA 8 CUCMEMAX NPOGIOHUX MiN i NOOANbUI020 AHANIZY Oedhopmysants. 3acmocy8ants ybo2o memody 0/a
00ciodicents npoyecie 6 cucmemax eiekmpoMAazHimHoi 0OpoOKu 3 Memor GUHAYEHHSI PAYIOHATLHUX pOOOYUX napamempis, ujo
3abe3neyyioms pe3yiomam mexHono2iuHoi onepayii. Memoodonozia. Buxopucmano eapiayiiiny nocmanosKky 3a0ay npo noulupeHHs.
eNIeKMPOMAZHIMHO20 NONA MA OehopMYBanHs cucmem nposionux min. Hucenvne MOOen08aHHA MA AHANI3 BUKOHAHO MEMOOOM
cKinvennux enremenmis. Pesynomamu. Y 3a2anvnomy uensioi ompumano cucmemy GU3HAYANbHUX DIBHAHb O 3HAYEHb BEKIMOPHO20
MazcHimHO20 nomenyiany ma nepemiwjensb. Bnaug enekmpomazHimHnoz2o nois 6paxo8yemuCsi 86e0€HHAM eNeKMPOMACHIMHUX CUIL.
Hasedeno pesynomamu po3paxynkie O MeXHONOIYHOL Cucmemu eleKmpoMacHimiol 00pOOKU GUSHYMUX MOHKOCMIHHUX
3azomogok. Opuzinansuicme. Bnepuie npeocmasneno memoo po3paxyHko6o2o ananisy, AKuili nepeodaiac Mooento8anHs 6 pamkax
€0UNOI pO3PAXYHKOBOI cxeMu AK Npoyecy NOWUPEHHS eleKmpoMacHimHo20 noas, mak i npoyecy oegopmysanns. Ilpakmuune
3HauenHnA. 3anponoHosanull Memoo pO3PAXYHKOBO20 AHANIZY MOJiCe Oymu GUKOPUCHMAHUL ONs DI3HUX MEXHOAOIYHUX CUCmeM
e1eKMpOMACHIMHO20 (OPMYBAHHA 3 MEMOI0 BUIHAYEHHS DAYIOHANbHUX NApamempis, wo 3abe3neuyioms 5K RPAYe30amuicms
00AOHAHHS, MAK | Menmy MmexHOI02IuHOT onepayii — HeoOxione hopmoymeopents 3acomogku. bion. 18, Tabmn. 1, puc. 3.

Kniouoei cnosa: po3paxyHKOBMil aHaJi3, eJeKTPOMArHiTHe I0Jie, eJeKTPOMATrHiTHa 00po0ka, xedopMyBaHHS, MeTOJ
CKiHYEHHHX eJIeMeHTIB.

Introduction. A large number of technical and
technological facilities are exploited under conditions of
intense electromagnetic fields (EM-fields). Technologies
that use EM-fields cause a variety of power, thermal
effects on materials, influence on magnetic properties,
and so on. The most important is the power effect that
occurs when the EM-field acts on the conductive body
and causes its motion or deformation. The above-stated
facts indicate the necessity of using the computational
methods analysis of EM-field propagation and
deformation process of technological devices equipment
elements of the electromagnetic forming (EMF) at the
design and proofing stage. Thus, the scientific and applied
problem, which consists in the creation of new
computational methods for evaluating the EM-fields
effect on elastic-plastic deformation of workpieces and
equipment, taking into account the association of EM-
field propagation and deformation processes, as well as
computational investigations of the EM-field distribution
and deformation processes under the conditions of
specific technological operations is relevant, which
determines the direction of this article.

The creation of computational methods for the
analysis of any processes is based on an appropriate
theoretical basis. Theoretical fundamentals describing
models of continuum mechanics, which take into account
the effect of the coupled fields of different physical nature
(including electromagnetic) presents in classical works of
Maugin, Nowacki, Eringen and others [1-4]. Within the
framework of these models, the influence of an external
EM-field on the thermomechanical state of the body is
taken into account by introducing electromagnetic forces
into the equilibrium equations. The presented model is
based on Maxwell's equations, describing the nature of
the electromagnetic field in vacuum and in moving
deformed body, in accordance with its electromagnetic
properties. For tasks in which the main objective is the
analysis of the structural strength can be used the theory
of magnetoelasticity. Fundamentals of the theory of
magnetoelasticity with consideration of the coupling
effects EM-field and mechanical stresses and strains in a
moving conductive body (in the general case, the body is
polarized or magnetized), were founded by Knopoff [5].
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Force influence is used in the class of technological
operations, called EMF. The technological equipment of
EMF is deformed together with the workpieces under the
influence of EM-field, which can lead to a reduction in
durability and inoperability.

Modeling of forming and stamping workpieces
processes dedicated [6, 7], in which, using the finite
element method (FEM), highlights the solutions features of
the coupled problems of magneto-thermo-elastic with
regard to high-strain-rate deformation. The current state of
issues related to the classification of EMF technological
operations and descriptions of the corresponding equipment
is comprehensively presented in review articles [8, 9]. It
should be noted that non-traditional directions of the EMF
are currently being developed. The basic questions of some
modern trends in the development of EMF technologies are
presented in articles [10-12].

The development of technological equipment for
any EMF operation requires scrupulous computational
studies. For example, works [13, 14] are devoted to these
issues. An analysis of modern sources of information
allows us to conclude that the most effective calculation
tool in this case is the FEM. FEM allows in this case,
within the framework of a single design scheme, to
analyze the distribution of the main components of both
the EM-field and the stress-strain state (SSS).

The goal of the paper is the theoretical
substantiation and creation of a computational analysis
method of the EM-field propagation and the process of
conductive bodies deformation.

Mathematical formulation of the calculation
analysis problem. For real technical and technological
systems, which have a rather complex geometry and the
deformation process is characterized by nonlinearities of
various nature the solution process should be based on the
use of appropriate numerical methods. FEM at the current
stage of the computational mechanics development is the
most suitable for solving the problems of the deformable
body mechanics. Also, FEM has proven itself well for
solving problems of various physical nature fields
determine, including electromagnetic and thermal.

The construction of the FEM algorithm is based on
weak formulations of the corresponding initial boundary
value problems and is reduced to finding the stationary
values of the corresponding functionals. Functionals can be
obtained in various ways, for example, provided that the
original differential equation is the FEuler-Ostrogradsky
equation for a certain functional, or the functional is
constructed according to some general physical principle.

Certain difficulties arise when taking into account
the nonlinearity of the process and the procedure of using
functionals requires linearization of the original problem
in one way or another, most often, an iterative process is
built in which the original nonlinear problem is presented
as a series of linearized problems.

The complete system of differential equations of the
EM-field propagation initial-boundary problem and
deformation of conductive bodies systems is presented in
the articles [15, 16].

To construct functionals that correspond to the
initial-boundary problem of EM-field propagation, we

will consider the vector magnetic 4 and scalar electric @
potentials:

Bz@x?l; V-4=0; A_g

=——-Vop, 1
o Ve (M
here B is the magnetic induction vector; E is the vector
of electric field intensity.
Initial and boundary conditions are formulated for
vector magnetic and scalar electric potentials:

o1

4(0)=0; p(0)=0. @)
ZLO =0; ¢|_=0. 3)
0 - g =123
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Boundary conditions (3) are applied when the body
is considered together with the surrounding environment
and model the attenuation of the EM-field at a distance. In
the case when the EM-field components are specified at
some boundary of the body, then (in the quasi-stationary
case) the boundary conditions (4) are applied. Here, the
symbol I” means that the corresponding quantity belongs
to the boundary of the body.

In the case of elastic deformation of the conductive
bodies system, the solution is sought from the condition
of minimum total energy Eror:

SETOT = 0, ETOT =U+W, (5)
where U is the energy of elastic deformation; W is the
EM-field energy. The energy of elastic deformation is
determined as follows:

U :ljg--(“)é.-gdv-jp-ﬁds;
2V S

vE

e - “(trv)i-2v)

I®+ (6)
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where ¢ is the tensor of deformations; p is the vector of
surface mechanical loads; u is the vector of
displacements; v is the Poisson’s ratio; E is the Young’s
modulus; [ is the unit tensor; V is the body volume; S is
the body surface on which mechanical loads and

displacements are known.
The EM-field energy is generally defined as follows:

B D
W= J’{ j HdéJdV + j [JEdf)]dV, 7
V\0 '\ 0

where H is the vector of magnetic field intensity; D is
the induction vector of electric field.

In the case of a linear relationship between the
vectors that characterize the EM-field (or in the case of a
linearized problem), the expression for the EM-field
energy is simplified to the form:

W= [ -Bav + [E-Dav -

vV vV
:%jﬂL(E)de+%jgc(E)2dV,
yie 14
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where 4. and & are the magnetic and electrical
permeability of the material.

Let's carry out the substitution through the potentials
and get the following expression:

sz[i‘@le‘z—szqdl/+

{55

Formula (8) takes into account the possibility of

®)
peq)jdV

EM-field sources — currents ; and electric charges p,

distributed over the volume.

If we use formal mathematical approaches, then in
the variational equation (5) we have three independent
variables — scalar electric potential, vector magnetic
potential and displacement, therefore the equality of zero
of the total energy variation leads to three equalities:

%Eror _
op ’
Eror =0=>1 1oL~ ©)
%Eror _
ou

If we present the expressions for the elastic
deformation energy and the EM-field energy in matrix-
vector form:

:—j uldv - j S (10)
S
=—j Ajav - [{f{ajay +
g (1
—j = Netar - [ Hlar,
V

where [K] is the stiffness matrix; [M] is the «magneticy
matrix; [2] is the «dielectric» matrix; {u}, {p}, {4}, {¢},
{J}, {p.} are the column vectors of displacements, surface
distributed forces, vector magnetic potential, electric
potential, specified current densities and electric charge.
Then condition (9) leads to such a system of

algebraic equations:
[“Hot+ [z K} + (2 Ju} = e
[MRAj+[M S+ M = {7
+lk, Nol+ [k, )= o)

the additional matrices that arose after the variation are
defined as follows:

(12)
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)= o 2ZL
rd- 2 2. (- Lo 22
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where the matrices [2,,], [M,] characterize the changes in the
magnetic field due to the presence of an electric one, and
vice versa, the matrices [ %], [M,] characterize the changes in
the electric and magnetic fields due to deformation (i.e, piezo
effects). When considering traditional structural materials,
such changes are either absent or insignificant and these
components can be neglected.

In order to find out the nature of the second and third
components from the third equation, we will use the
principle of virtual work, with the help of which we will
determine the forces by which the EM-field acts on a
conductive body. At the same time, we believe that the
EM-field energy is completely spent on body
deformation. In the general case of dependence between
EM-field vectors, we obtain the following expression:

- ow

feom === i[{HdB]dV -
ol %, - _ 0B

-— I‘[L[EdDJdV =—jH6—§dV—

(13)
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In the case of considering a linear relationship
between the vectors characterizing the EM-field
distribution, we obtain the following expression for
electromagnetic forces:

T P )

2 (14)

[K ]{40

So, we see that the expression for electromagnetic
forces is exactly the same as the sum of the second and
third components of (12), i.e. in conditions of a conductive
body elastic deformation under the action of EM-field; its
influence is limited to electromagnetic forces distributed
over the volume of the body. Elastic deformation, in turn,
for the selected model does not affect the distribution of
EM-field, therefore the analysis of the distribution of EM-
field and the analysis of SSS taking into account
electromagnetic forces in the case of quasi-stationary
approximation can be carried out separately.

The first and second equations in the system (12)
become independent (based on the results of their
solution, we obtain the EM-field distribution), and on this
basis, it is possible to solve the third equation taking into
account the electromagnetic forces (12) for the purpose of
SSS analysis. Thus, the system of defining equations of
the problem takes the form:
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In the resultmg equations (15), electromagnetic
forces are a consequence of the both magnetic and
electrostatic fields’ action; however, it is known that the
force effect of an electrostatic field is many times smaller
than that of a magnetic field. Based on this, the
contribution of the electrostatic field can be neglected for
the analysis of systems deformation that takes place in
technologies based on strong magnetic fields. Moreover,
in the quasi-stationary setting, the electrostatic field does
not affect the magnetic field (independence of the first
and second equations in (13)).

So, to analyze the deformation of conductive bodies
systems under the action of large magnetic fields in the
quasi-stationary approximation, the defining system of
equations takes the form:

{[M Jta}=1{7;

ﬁ:

(15)
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2 ou

Calculation example. Let us consider the application
of the proposed approach to the analysis of EM-field
distribution and subsequent deformation for the case of
EMF of thin-walled curved workpieces. In many cases,
curved thin-walled metal workpieces are the basis for the
manufacture of structural elements for various purposes.

Usually, the necessary curved structural elements are
manufactured in two stages: in the first stage, they reach
the required general (overall) dimensions and shape, in
the second stage they achieve the required quality directly
in the corner zone.

Part of the EMF technological operations is aimed at
creating conditions for the occurrence of residual
deformations in curved thin-walled metal workpieces
directly in the bending zone. This group of technological
operations was named technological operations of «filling
corners». This term is known from the field of «traditional»
pressure metal processing, and, in practice, it means the
reduction of rounding radii to acceptable values in the
bending zones of thin-walled workpieces. From the point
of view of the technological operation conditions, it is
necessary to exert the maximum force around the corner.

In works [17, 18], it is proposed to use an inductor
with two turns, which have one common current line
directed along the bend, to «fill the corners» on thin-walled
curved workpieces, each of the turns is a plane that makes
an angle of up to 15° with the wall of the workpiece.

Consider the results of EM-field calculations and
deformation analysis for the design diagram shown in Fig. 1.

An electric current evenly distributed over the cross-
section of the current conductor turns was considered as a
source of EM-field. The magnitude of the non-zero
component of the current density vector varied over time
according to the law:

(€)= jime”

(16)

sm(27rvt) a7

4I,, . . .
where j,, =—2 is the current density amplitude; 7,, = 40 kA
d

2
is the amplitude of the current in the pulse; v = 2 kHz is the
current frequency in the pulse; @ = 2zv is the cyclic
frequency; & = 0.3 is the attenuation coefficient; d is the

diameter of the coil of the current conductor.
I

L
Fig. 1. Design diagram of a curved workpiece together with a
two-turn inductor and a dielectric mold: 1 — workpiece; 2 — coils
of the current conductor of the inductor; 3 — inductor insulation;
4 — dielectric mold

The solution was performed for zero initial
conditions for one current pulse, in the time range from 0
to 3 ms, which guaranteed complete decay of the current
in the pulse.

During calculations, the following values of geometric
dimensions were considered: d = 10 mm, L = 100 mm,
h =2 mm, o = 15°. Finite element modeling was carried out
using three nodal finite elements with a linear approximation
of the corresponding (z) component of the vector magnetic
potential and displacements (Fig. 2).

Fig. 2. Permanent lines of vector magnetic potential

The physical and mechanical parameters of the
system elements, which were used in all subsequent
calculations, are given in Table 1 (where o, is the yield
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strength of the material, o is the tensile strength limit,

op is the compressive strength limit.)

Table 1
Physic-mechanical parameters of system elements
Current Workpiece, . Dielectric
: Insulation,
conductor, aluminum mold,
kaprolon
copper alloy fiberglass
A 1 1 1 1
s 107 107
@m)’ 7-10 4.6-10 0 0
E, GPa 120 71 2.5 200
v 0.33 0.29 0,3 0.27
Oy _ _
MPa 380 190
T
OB - - 70 100
MPa
OB - - 90 120
MPa

For the considered value of the current in the
inductor, the maximum value of the stress intensity in the
workpiece, which is observed on the workpiece surface, is
227 MPa (Fig. 3), which is greater than the yield strength
of the aluminum alloy, thus it can be stated that from the
point of view of the plastic deformations possibility in the
workpiece, the technological operation is efficient.
opg (106222 ]2

270

2043

1816

1583

1.362

1135

0.908

0681

0.454

0227

0.000

-Li‘

Fig. 3. Distribution of stress intensity

Note that the maximum values of normal stresses
also occur on the workpiece surface. The largest
displacement values are observed in the middle part of the
workpiece rounding, i.e. directly opposite the current
conductor of the inductor. Their maximum value is 5.4
mm, that is, under the operating conditions considered, the
initial rounding of the workpiece is reduced by
approximately 50 %. Note that the maximum intensity of
stress in the current conductor of the inductor is
approximately 60 MPa, which does not exceed the yield
strength of the material, the maximum value of the
equivalent stress according to Mohr's criterion in the
insulation of the inductor is 52 MPa, which also does not

exceed the limit of the tensile strength of the material. So,
it can be concluded that in this case the inductor remains
operational.

Conclusions. The prerequisites are considered and
the necessity of creating computational methods for
analyzing the propagation of an electromagnetic field and
the further process of technological systems elements
deformation of electromagnetic forming is substantiated.

To create an appropriate method of computational
analysis, the main variational relations based on the
principle of minimum total energy of the system are given.
For a correct and convenient description of the
electromagnetic field propagation processes, the concepts of
scalar electric and vector magnetic potentials are introduced.
Formulas for the energy of the electromagnetic field and the
energy of elastic deformation are presented. For the case of
elastic deformation of conductive bodies subjected to the
action of an electromagnetic field, a system of resolving
algebraic equations for the values of the vector magnetic
potential and displacements is obtained in general form. The
influence of the electromagnetic field is taken into account
by introducing electromagnetic forces, the expression for
which is also obtained.

As an illustration of the computational analysis
proposed method application, the computational analyzing of
a technological system for electromagnetic forming of thin-
walled curved workpieces is considered.

The further development of this work consists in
extending the proposed method of computational analysis
to the cases of various nature nonlinearities and carrying
out calculations for complex technological systems of
electromagnetic forming.
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Transmission line planning using global best artificial bee colony method

Introduction. Network expansion, substation planning, generating expansion planning, and load forecasting are all aspects of modern
power system planning. The aim of this work is to solve network planning considering both future demand and all equality and
inequality constraints. The transmission network design problem for the 6-bus system is considered and addressed using the Global Best
Artificial Bee Colony (GABC) method in this research. The program is written in the Matrix Laboratory in MATLAB environment using
the proposed methodology. Novelty of the work consist in considering the behavior of bees to find food source in most optimized way in
nature with feature of user based accuracy selection and speed of execution selection on any scale of the system to solve Transmission
Lines Expansion Problem (TLEP). The proposed method is implemented on nonlinear mathematical function and TLEP function. When
demand grows, the program output optimally distributes new links between new generation buses and old buses, determines the overall
minimum cost of those links, and determines if those linkages should meet power system limits. Originality of the proposed method is
that it eliminated the need of load shedding while planning the future demand with GABC method. Results are validated using load flow
analysis in electrical transient analyzer program, demonstrating that artificial intelligence approaches are accurate and particularly
effective in non-linear transmission network planning challenges. Practical value of the program is that it can use to execute cost
oriented complex transmission planning decision. References 15, table 4, figures 3.

Key words: artificial intelligence, artificial bee colony, transmission line network planning, load flow analysis.

Bemyn. Poswupennsa mepedici, nianysants nioCmanyil, NIaHy8arts po3uupents 6upooHUYmea ma npoeHo3y6aHHs. HA8AHMANCEHHS -
6ce ye acnekmu NIAHY8anHs cyuacHoi enepeocucmemu. Mema yici pobomu nonsieae 6 momy, woo eupiuumu mepesxicese NAaHy8anHs 3
VPAxy8aHHaM AK MauOymHb020 nonumy, maxk i 8Cix obmedcenv pigHocmi ma Hepienocmi. Y ybomy Oocuiodcenni npobnema
NpoeKmy8ants mepexci nepedai Osl cucmemu 3 WiCmbMa WUHAMU PO32TAOAEMbCS | GUpTuLyemuves 3 gukopucmanuam memooy Global
Best Artificial Bee Colony (GABC). Ilpoepama manucana y Matrix Laboratory y cepedosuwsi MATLAB 3a 3anpononosatoio
memoouxoio. Hosuszna pobomu nonsieac y po3ensoi nogedinku 602icin 01 nouwyky odicepend ivici Haubinbly ONMuManibHumM cnocooom y
npupooi 3 MONCIUBICTIO BUOOPY KOPUCMYBAUeM MOYHOCHI ma 8UOOPY WEUOKOCHI 6UKOHAHHS Y 0)0b-iKoMY Macumaobi cucmemuy 07is
supiuients npobremu pozuupenns ninii enekmponepedayi (TLEP). IIpononosarnuii Memoo peanizo8anuli Ha HeliHIHIL MameMamuyHil
¢ynryii ma @ynxyii TLEP. Konu nonum 3pocmae, 8uxioni 0ami npoepamu onmuMaibHO po3noOLIsionyb HOGI 3 €OHAHHS MIJC WUHAMU
H08020 NOKOMIHHA MA CMAPUMU WIUHAMU, BUSHAYAIOMb 3A2ANbHY MIHIMANLHY 6apmicmb Yux 3 €OHAHb MA GUHAYAIOMY, YU Yi 3 COHAHHA
NOBUHHI 8i0nogioamu obmedcenHAM eHepeocucmemu. OpuziHanbHicmy 3anPONOHO8AHO20 MemOdy NOAA2AE 8 MOMY, WO 6iH YCYHY8
HeOOXIOHICMb  CKUOAHHA HABAHMAdICEHHs Ni0 uac NAAHY8AHHA Mmaudymuvoco nonumy memooom GABC. Pesynomamu
niomeepoCyIomsvCsl 3a 00NOMO2010 AHANIZY NOMOKY HABAHMAIICEHHA ) NPOSPaMi ananizy nepexionux npoyecie, 0eMOHCMpYIOuU, o
niOXo0u WNyyHo2o iHmMeneKmy moyHi ma 0cooIUB0 epeKmueHi nio 4ac eupiuleHHs 3a80aHb NAAHYBAHHA HEMIHIIHOT Mepedci nepedayi.
Ilpakmuuna yinnicme npozpamu noiseae 8 Momy, wo 60HA Modice OGYMU SUKOPUCIIAHA Ol BUKOHAHHA eKOHOMIUHO OPIEHMOBAHO20
KOMNIEKCHO20 PiuieHHs w000 nianysants nepedadi. biomn. 15, tabin. 4, puc. 3.

Knrouoei cnosa: IITy4HUH IHTEJEKT, IITYy4Ha 0:K0/IMHA POANHA, NIaHyBaHHsA Mepe:xki JIEIL, ananis 1oToky HaBaHTasKeHHS.

Transmission Lines Expansion Problem (TLEP).
However, Monte-Carlo method required considerable
amount of time to solve the problem. The location of the

Introduction. Electrical power system is a very ancient
system that has transitioned from serving a small local load
with a local generator to serving a big system load with a

massive power system grid over many years. It is now one of
the most powerful real-time operating systems. The artificial
intelligence algorithm is extremely beneficial for power
system expansion and protection. Power system expansion
includes planning from 1 to 10 years from now [1].

Static planning entails making decisions from the current
year to the next 5 years. One way is to analyze the system for
each year separately, regardless of subsequent years. The study
described above is known as static planning [2].

The Attificial Bee Colony (ABC) approach is based on
actual bees obtaining nectar in the field and sharing
information about the food sources with bees in the hive [3].
Power management optimization problem has been solved in
[4], which support the use of metaheuristic approach for multi
constrained cost optimization problem. The whale
optimization is used in [5] to solve dynamic economic
emission dispatch problem for the efficient operation of
generators in a power network. The cost involved in
establishment of new transmission line links is high due to
rising real estate price and right of way issues [6]. The
problem of rising real estate price and right of way issues
necessitates the solution to deal the planning in cost optimized
way with maintaining technical standard of the grid.

Load uncertainty is major concern of existing
transformation of bidirectional power grid due to
unknown photovoltaic generation behind meter by
distribution company [7]. Generally Monte-Carlo method
is conventionally used for such load uncertainty based

bus where the capacity shortage is happened is found
using linear programming method [8]. Once the bus has
been selected than next step is to estimate how many
number of links to be required between old bus to new
bus and what should be its cost of planning. The later
problem is considered in this work using heuristic
approach. ABC method has one of the limitations that it is
poor at poor at exploitation [9, 10]. In order to improve
the exploitation the proposed method used Global Best
Artificial Bee Colony (GABC), which focus more on
global best solution. Active power and reactive power
mismatch result in to a power system stability problem
[11, 12]. So, the TLEP problem is solve in this research
by considering all equality and inequality constraint.
The goal of this paper is as follows:

e fast programming computation oriented Global Best
Artificial Bee Colony based Transmission Lines
Expansion Problem algorithm using MATLAB;

o ecfficient method for validation result of algorithm using
Electrical Transient Analyzer Program to insure inaccuracy
of software and filter it by manual intervention if needed;

e minimization of Transmission Lines Expansion
Problem cost considering equality and inequality constraint.

The paper starts with introduction, where problem
statement and need of solution is described with recent
literature survey. The next section is focused on
behavioral studies and mathematical formulation of
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problem. GABC based proposed algorithm is explained in
the middle of the paper. In the end of the paper results of
MATLAB program and Electrical Transient Analyzer
Program (ETAP) analysis is described. Finally,
conclusion section ends the paper.

Global Best Artificial Bee Colony Method.

A. Classification of bees:

1) The employed bee: It works in the field and stays
close to the food source, gathering and memorizing
information about the local food supply.

2) The bystander bee: It attempts to obtain
information about food sources from employed bees who
come or stay in the hive to gather nectar. As a result, they
are seeking for work.

3) The scout bee: As the name implies, they are in
charge of finding new sources of nectar nourishment.

B. Behavior of the bees. The GABC model’s main
components include employed bees, spectator bees (or
unemployed bees), food sources, and dance places.
Working bees are dancing and selecting food sources in a
multidimensional search area based on their previous
experience. When the search 1is completed, the
information exchange procedure will begin with the
bystander bee that are staying and waiting in a hive. The
waggle dance may be used to share information. By
performing the art of dance to observer bees, employed
bees may exchange information such as path, distance to
patches of flowers, and superiority of food sources [13].
A waggle dance performance in the hive provides
information about the angle between the sun’s location
and the track of food sources. The initial time interval of
the waggle dance represents the distance. The length of
time they do the same waggle dance up to reflects the
distance of the food sources from their current position. If
the waggle dance interval is 1 s, the bee must travel 1 km
to reach the food source from the hive. Importantly,
alkenes secreted from the stomachs of employed bees
communicate the quality of the food supply [14].

The shake dancers are dancing in response to the
sun’s shifting path. As a result, bees that perform the
waggle dance are left at food sources without mistake.
The likelihood may be calculated analytically using (1),
the information provided by the working bee:

0.9-
p= (—fpj ; (1
max(/)+0.1
where p is the probability of food; £, is the fitness value of
the answer number p, which is directly relative to the nectar
amount of the food source in the position number p.
Using (1), the unemployed bee now causes a shift in

the location. It uses this to compute the nectar amount of
the novel source [3]:

Xab:Xab+¢ab(Xab_be)’ (2)
where ae{l, 2 ... n} and b €{l, 2...D} are the arbitrarily
chosen indexes. Although «f» variable is chosen at random,
it must be distinct from «a» variable, and «D» represents
the number of parameters to be optimized. «ab» is merely
an arbitrary integer between 0 and 1. «ab» is in charge of
the production of neighborhood food supplies.

If the new source nectar food amount is more than
the previous one, observers remember this new position;
otherwise, they recall the prior one, which was previously
determined. In other words, when the choice operation
between old and new food sources is accessible, the

hungry selection approach is performed. If the rejected
source is X, where, b = 1, 2 ... D. The scout uses
equation to discover a new food source X, using (3):

Xap :Xbmin+rand(0’l)'(Xbmax_Xbmin)a (3)
where Xpmin, Xpmax are the minimum and maximum
restrictions of the constraint to be optimized.

To balance exploration and exploitation procedures,
the GABC method combines the working bee’s search
with the observer bee’s search and the observer bee’s
search with the scout bee’s search [3].

C. Program development for graver’s 6 bus system.
The test system is used to design and simulate the proposed
GABC-based transmission line planning algorithm is
depicted in Fig. 1 based on graver’s test system [15].

149.297 MW

311.345 MW
A

3,171.95MW 68.037MW 1

ey

280 MW [
ao7tomw  BOMW
Y 139.450MW

240 MW

99.383MW
—————————— >

40 MW

6 299.356 MW

G2 299.356 MW 160 MW

Fig. 1. Graver’s 6 bus test system

The system contains 3 sources and 5 loads, each
with 10 lines. The planning need is to link lines from the
new generation bus 6 to the older buses 1 to 5 (Fig. 1).
The objective function of transmission network expansion
planning is to minimize the cost of investment through
optimum value of line connection from existing bus to
new bus. Minimize

k

Cir = 2 (COy - my)» @)
i,k,c
Subjected to

Jik =Fei —Ppi» %)
=l e +nt M et e )=0, )
ik < gy +nfi | 02, %)
PE™ < PG <PE™, (®)
OB < QG <0B™, ©9)

n max
0< Nk < nig

(10)
where C,-/§ is the total cost of investment in Indian rupees
at new bus k; CO; is the construction cost of one
transmission line per km at i-k bus; n; is the number of

circuits added at each right of way; f; is the power flow

between line i to k; fiF®™ is the maximum value of

thermal reach of the line; Pg;, Qg are real and reactive
power generation at i bus; PG, Po"

and minimum possible real power generation at i bus;

are the maximum

O&# , O&™ are the maximum and minimum possible

4 are the

reactive power generation at i bus; nj;, njp
number of existing line and maximum possible line to be

added; Sy is the susceptance value between i and k& bus.
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Proposed algorithm. Figure 2 depicts the suggested
algorithm’s flowchart, which employs (1) — (3) to
compute an optimum link from new bus 6 to the current

system’s old buses.

| Initialize all parameter of the existing system & deicide field population |
1
| Define an objective function to be minimized with its limits of the variable |
1
| Generate fitness function and check the fitness conditions |

!

| Set all the equality and equality constraints of the power system to be achieved. |

| Set cycle counter value as per user requirement. |
!

| Set accuracy desired. |

13
| Iteration count starts |

¥

| For each worker bee |

3

Calculate Xab, Calculate fitness value using Eq.(2) and selection process applied |

]

| Calculate probability using Eq.(1) |

| For each observer bee |

I

| Construct new set of ¢ab and selection process applied |

[

| Discarded solution of scout bee has been replaced with new with Eq.(3) |

1

| commit to memory the best solution till so far |
L]

| Calculate the cost of expansion ‘

Fig. 2. Flowchart of proposed algorithm

Initially proposed program asked system data from
users. It also gives option of desired speed by selecting
number of iteration and desired accuracy. GABC is program
such way that it improves the global minimum after each
iteration. Once the global minimum achieve considering all
the constrained from (5)—(10). The algorithm calculates the
minimized cost using (4) once 7y is calculated.

Prior to developing the TNP software for the 6-bus
system. It is necessary to use a fundamental mathematical

Gen3d
165 MW Bus5

Bus3 126

function with a known value to evaluate the accuracy of
the developed programmed [12].

Consider an example equation with a known
minimum solution and constrained of it. Initially, program
was ran for 2000 colonies and 1000 iterations for the
function below, minimize,

an

) =x".
(12)

-1<x<1.

For function of (11) and constrained of (12), the

minimum is known as x = 0 and program achieves the
same results, which is shown in Table 1.

Subject to,

Table 1
Accuracy of developed program

Function f{x): x> = 0, where -1 <x < |

Function is to be Actual Program give the
minimize minima minima
0 2.3762:10™

Results of program of TNP of 6-bus system. The 6-
bus data is input to program (Fig. 1). The line power
constraints are taken into account. Table 2 displays the
results, which suggests that from bus 6 to 1, one line and from
bus 6 to bus 2, two lines are recommended as per program. It
also suggests 2 lines from bus 6 to bus 5 in order to get
optimized cost. It is obvious that as the number of iterations
increases, the accuracy falls, meaning that the more you
iterate, the better the accuracy. It is also critical to recognize

that the outcome includes more of the no colony [10].
Table 2
Final program results

From new Toold Optimal line is to be
generation bus bus connected
6 1 1.2085~ 1
6 2 2
6 3 0
6 4 0
6 5 2
6 6 0
Total new cost of planning will 7
b addo e R,=6.2501-10 (approx.)

Load flow results. Figure 3 shows that the newly
built system based on program results is valid with power

flow analysis.
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Fig. 3. Power flow results of 6-bus systems after planning
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Bus voltages are within the limit. Following plans
according to program, no buses are in a critical condition.
Load flow also ensures that power flow from the lines is
limited and that all inequality and equality restrictions are
met after planning using the load flow summary presented
in Table 3. The overall mismatch is 0, indicating that
limitations have been met and load flow has been
successful.

Table 3

Summary of total generation, loading and demand of load flow
analysis
Bus MW | MVAr | MVA | Power factor, %

Swing bus 760 | 0.08 760 100 lagging
Generators 0 0.109 | 0.109 0 lagging
Total demand 760 760 760 100 lagging
Total mismatch =0 MW

Comparison with other PSO methods In this
section, the comparison of the proposed GABC based
method is compared with ABC method for same problem.
Table 4 shows the comparison in terms of computation
time consumed, accuracy, exploration of new line,
exploitation of achieve results and minimized cost
achieve through ABC and GABC.

Table 4
GABC compare with ABC for TLEP problem solution
Parameters Conventional ABC GABC
Computational time, s 1 0.8
Accuracy Less accurate More accurate
Exploration of results Good Good
Exploitation Poor Improved
Minimized cost 10.5 % cost more | 10.5 % less cost
than GABC than ABC
Conclusions. When the system’s issues are

nonlinear and depend on more than one parameter,
artificial intelligence approaches come in handy. The
planning problem taken in this work can be handled using
the Global Best Artificial Bee Colony approach, and load
flow results in decision-making can be done with less
effort under load uncertainty. The adoption of program
and load flow analysis can improve power engineering
capability, save planning time, and increase planning
accuracy. The nonlinear issue of transmission line
planning is not only addressed, but can also be tested and
implemented in a real power system using a combined
method of artificial intelligence and load flow analysis.

Conflict of interest. The author declares no conflict
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V.Yu. Rozov, D.Ye. Pelevin, K.D. Kundius

Simulation of the magnetic field in residential buildings with built-in substations based on a
two-phase multi-dipole model of a three-phase current conductor

Problem. Substations 10(6)/0.4 kV built into residential buildings create a magnetic field with magnetic flux density of more than
10 uT in nearby residential premises, which is a danger to the health of the population and makes the study of this magnetic field
relevant for the development of methods for its protection. The main source of the substations external magnetic field is their low-
voltage current conductor, the contribution of which to the total level of the magnetic field is more than 90 %. Multi-dipole
mathematical models, which have a clear physical interpretation, are a promising method of modeling the substations magnetic
field, which is important for the further development of methods of population protection. The purpose of the work is to modify
the well-known multi-dipole model for calculation based on it with a limited error of the external magnetic field of current
conductors of built-in substations that are close to residential buildings at a distance of up to one meter. Methodology. A
modified two-phase multi-dipole mathematical model of the main source of the external magnetic field of substation — its three-
phase low-voltage current conductors — is proposed, which, unlike the existing model, is based on a two- you to halve the
distance to the area of calculation without increasing the error. Verification. An experimental verification of the modified two-
phase multi-dipole model of the magnetic field of a three-phase 100 kVA transformer substation on its full-scale physical model
was carried out, and the results of the experiment were presented, confirming the coincidence of the calculation and the
experiment with a spread of no more than 7 %. References 37, tables 1, figures 10.

Key words: built-in substation, residential building, current conductor, external magnetic field, multi-dipole mode.

Béyoosani y oicumnosi 6younxu mpancgopmamopni niocmanyii (TI1) 10(6)/0,4 kB cmeopioloms y CYCIOHIX HCUMIOBUX
npumiweHHAX masuimue none 3 inoykyiero 6invw 10 mxTn, wo cknadae nebesnexky 014 300p08’si HACeNeHHA | pOOUMb AKMYATbHUM
00CNIOMNCEHHA YbO2O MASHIMHO20 NOJIS OJi PO3POOKU Memo0i6 6i0 1020 3axucny. OCHOBHUM 0HcePeNoM 308HIUHLO2O MAZHIMHOZ0
nons Tl € ix HU3bKOGONLMMI CMPYMONPOBOOU, GKNAO AKUX 6 3A2ANbHUL piéeHb MacHimHo20 noas ckaadae Oinvur 90 %.
Tlepcnexmugnum memooom mooenosanus macHimuoeo noas TII € Mynromuounonvbui mamemamuyni Mooeni, wo Marms YimKy
Gizuuny inmepnpemayito, 6axciugy 0 noOAIbWOL po3podKu mMemoodie 3axucmy Haceienus. Memoio pobomu € mooupirayisn
8i00MOI MYTLMUOUNONILHOT MOOeni O PO3PAXYHKY HA il OCHOBI 3 00MeNCEeHON NOXUOKOK 306HIUHBLO2O MASHIMHO20 NOAA
CMpyMonposooie 60y008aHUX MpPAHCHOPMAMOPHUX NIOCMAHYIN, WO HAOIUdNCEHi 00 JCUMNOBUX NpuMijenb Ha iocmanb 00
00H020 Mempa. 3anponoHOBaHO MOOUPIKO8aHY 060¢Qa3zHy MYIbMUOUNOLLHY MAMEMAMUYHY MOO0elb OCHOGHO20 Odicepena
308HIUHBLO20 MAZHIMHO20 NOJIA MPAHCHOPMAMOPHOT niocmanyii — 1020 MpupasHo2o HU3bKO8OIbMHO20 CHMPYMONPOBOOY, AKA HA
GIOMIHY 610 ICHYIOUOT MOOENT IPYHMYEMbCS HA 080 aA3HIll OUNONbHIL MOOENE MPUPAZHO20 ELeKMPULHO20 KOAA | 00380715€ 808IUI
HabIu3UMU  po3paxynkogy obiacme 6e3 30inbuienns NoXubKku. 30iliCHEHO eKCnepuMeHmanbly NepesipKy MoOuPiKosanoi
060aznoi myabmuounonvroi mooeni macHimnoz2o noas mpugasnozo cmpymonpogody TI1 100 kBA na iioeo nosnomacuma6bmii
Gizuunii mooeni ma HasedeHi pe3yibmamu eKCnepuUMenmy, wo niomeepodlcyioms CHienadiHHsA PO3PAXYHKY | eKCHepUMeHmy i3
po3kuoom ne oinouwt 7 %. bi6m. 37. Tabn. 1, puc. 10.

Knrouoei crosa: BOynoBana TpancopMaTopHa MiACTAHIIA, ;KUT/I0Be NPUMIllICHHs, CTPYMOIIPOBiJ, 30BHIllIHE MarHiTHe 1oJIe,
MYJILTHAHIIOIBHA MOJEIb.

Introduction. One of the main sources of magnetic
field (MF) of power frequency, which pose a danger to
the population, are transformer substations (TSs)

10(6)/0.4 kV (Fig. 1) built into residential buildings,
which have power from 100 to 1260 kVA, and the study
of MFs of which is receiving more and more attention in
the world [1-26].

10kV

/Cabel 10 kV
Current conductor 10 kV
| Transformer
0,4 kV

Current conductor 0,4kV

/
( vr %CabelOAkV
04kV
a b

Fig. 1. Built-in TS10/0.4 kV (a)
and its simplified electrical circuit (b)

The magnetic flux density created by built-in TSs
with power of 100 to 1260 kVA in neighboring residential
premises located at a distance of 1-2 m above the TS can
exceed 10 pT, which is confirmed as foreign (Fig. 2)
[2, 3, 5, 21, 25, 26], as well as domestic (Fig. 3) studies
[27]. This is more than an order of magnitude higher than
the maximum permissible level of the magnetic flux
density (0.5 uT) adopted in Ukraine [28], which requires
its reduction. Therefore, the problem of modeling the MF
of built-in TSs to determine their real level is relevant for
the further development of means of its calculation and
shielding on this basis [1, 4-15, 18, 27-31].

Justification of the topic of the article. As shown by
the results of research by European scientists [2, 4, 6, 9],
as well as research by authors [27], the main source of
TSs MF is a low-voltage current conductor of 0.4 kV
(Fig. 1,b), the external magnetic field (EMF) of which at a
distance of 2 m is more than 90 % of the total TS’s MF
(Fig. 4). Therefore, for engineering calculations, the EMF
of built-in TSs can be replaced by the EMF of their low-
voltage current conductors.

© V.Yu. Rozov, D.Ye. Pelevin, K.D. Kundius

Electrical Engineering & Electromechanics, 2023, no. 5

87



1 2 3 4 5 6
Fig. 2. Experimentally determined MFs in residential premises
of buildings with built-in TSs of power of up to 1000 kVA
in Europe (1 — Finland [21], 2 — Serbia [2],
3 — Hungary [3], 4 — Spain [25], 5 — Sweden [5],
6 — Switzerland [26])

1B, uT

1

0 2 3 4 5 6
Fig. 3. Experimentally determined MFs in residential
premises of houses with built-in TSs in the city of Kharkiv
(1-360kVA,2-440kVA, 3-630kVA, 4-715kVA,

5-565kVA, 6 - 640kVA)
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Fig. 4. The influence of individual sources of the TS’s MF on
the general level of the EMF at a distance of 2 m of them

(1 — the total TS’s MF; 2 — the MF of the low-voltage current

conductor; 3 — the MF of the transformer; 4 — the MF of the
low-voltage cable; 5 — the MF of the high-voltage current

conductor; 6 — the MF of the high-voltage cable)

Three-phase current conductors of built-in TSs
10/04 kV 100 — 1260 kVA have straight sections located
in horizontal (vertical) planes and are made of rigid
aluminum (copper) busbars [28] with an interphase
distance of up to 0.3 m.

A feature of the location of built-in TSs is the small
distance between the surface of their current conductors
and neighboring residential premises, which is from 1 to
2 m.

It is expedient to perform the modeling of the MF of
the current conductors of the built-in TSs on the basis of
the multi-dipole model (1) [27]. This model was
developed to calculate the MF of power transmission lines
(PTLs) [32]. It is suitable for modeling the three-
dimensional MF of current conductors of any shape and
has a clear physical interpretation, which simplifies the
development of means of MF reduction based on it.

The multi-dipole model (1) is built on the basis of a
system of dipole sources of the MF, which are

characterized by magnetic moments n; located in the

geometric
microcircuits

centers of  independent
dixa with interphase
fAB,fBC,fCAand areas EAB,S’BC,ECA into which all

rectangular
current

circuits of the interphase current of the current conductor
are conventionally divided with length a:

]_:[(P):—i i z ivl[’%laci’ﬁlaci )]’ 0

3
47[Rlaci

1=l a=1 ¢ i=l

”;’laci = jla 'glaci =1y e /e 'a'dlaci 'ﬁlaci»
where N is the number of microcircuits in each PTL
circuit; 5,- is the area vector of the i-th microcircuit; #; is

the unit vector normal to S;; ﬁi is the radius vector from

the geometric center of the i-th microcircuit to the
observation point P; ¢ are the parts of the PTL under
investigation; « is the number of phases of the PTL; G is
the number of split wires of each phase; dj,; is the current
distance between the wires of different phases.

The error when using the multi-dipole model (1)
also, like the dipole model [33], depends on the ratio of
the maximum geometric size L of the object
(microcircuit) and the distance R from its surface to the
area of application, and is less than 10 % at R/L >3.
Therefore, for a guaranteed limitation of the error of
model (1) at the level of 10 %, where L = d., the
following conditions must be met:

R2>3d.x at a; <2d , 2)
where d,x is the maximum interphase distance between
the current conductors of the phases in the case of their
location on the plane.

However, the use of the multi-dipole model (1) for
the simulation of the TS’s EMF has limitations.
For example, this model with typical values of d = 0.3 m,
dnax = 0.6 m allows to perform the calculation of the TS’s
EMF only at distances R > 1.8 m, since the interphase
distance between the extreme phases, which determines
the area Sy, is 2d (Fig. 5,a). But the minimum value of R
for built-in TSs is about 1 m, which limits the application
of this model.

Fig. 5. Multi-dipole representation of an elementary three-phase
circuit as a source of the MF: a) — traditional three-phase model;
b) — two-phase model
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Thus, the well-known multi-dipole model (1), which
was developed for PTLs, needs modification to expand
the scope of its application to built-in TSs with their
typical minimum distances (from 1 m) from current
conductors to residential premises.

The goal of the work is to modify the well-known
multi-dipole model for calculation based on it with a
limited error of the external magnetic field of current
conductors of built-in transformer substations that are
close to residential premises at a distance of up to 1 m.

A modified multi-dipole model of the current
conductor of the built-in TS. When building a modified
multi-dipole model of the TS’s EMF, we believe that the
walls of the TS, as well as the walls of buildings,
practically do not shield the MF at frequency of 50 Hz
[34, 35], and we accept the following assumptions:

o the premises of TS (except active elements of TS)
and residential buildings do not have conductive and
ferromagnetic elements and sources of MF;

e the currents of the current conductors are
represented in the form of current filaments;

o the TS’s MF is potential;

o all rectilinear parts of TS current conductors are flat
and located either in a horizontal or in a vertical plane;

e the voltage of the TS power supply network is
symmetrical and sinusoidal.

Let’s transform the known multi-dipole model (1)
for use on the TS, isolating the MF created by its
interphase circuits with current:

és ( P) __ ﬂoi %{V{ (’;’ABliaﬁABli )1 .

3
I=1i=1 AnRy ;i 3)
N V{ (’7130/5 s Rpcii )} . V{ (’71&11[ s Reaii )}
3 3
ArRpcy; ArRE 5

Mg =1 apii*Sapii> Mpci =i Spcii» Mcai =Icai Scan-
The condition for using model (3), which limits its
error to 10 %, is relationship (2), which is not fulfilled at
R =1 m, since dp,x = 0.6 m for it.
We will modify the known model (3). For this, we
will use the two-phase model of the MF of the three-phase
electric circuit (Fig. 5,b) proposed in [36], which is

AT d=09m | d=09m

equivalent to the known three-phase model (Fig. 5,a) in
terms of the space-time structure of the MF, but has half
the maximum interphase distance. According to [36], the
MF of an elementary three-phase current conductor with
symmetry of the supply network voltages can be
represented as a superposition of the MFs from 2

magnetic moments m'yp , mpc , instead of three ones:
A(P)=—v (’ﬁhBafAB)_v(’%c»ch)’ @)
47Z'RAB 47Z'RBC

myp =145 45, mpc=—IcSpc-

Here, the maximum overall size of the elementary
microcircuit decreases from 2d (Fig. 5,a) to d (Fig. 5,b),
which makes it possible to halve the distance to the area
of application of the model — from 6d to 3d (up to 0.9 m
atd=0.3 m).

Then, on the basis of (4), we will obtain a modified
two-phase multi-dipole mathematical model of the MF of
the three-phase TS current conductor, consisting of K

rectilinear  circuits, which have N two-phase
microcircuits:
n S (r:’;lABl' RABI')
Bs(P)=-mp ). D |V A ;;3 ik
i 7R Bl
l—l;l—l L ABli (5)
Ly (chzi’chzi) ’
47RpC;

mypri =1 g3+ S qpii =L gt~ @ -y -y

mpcyi =—Icii - Spci ==Ly - a; - dp-ny; 5

where / is the number of the rectilinear circuit of the TS
(I =1,..., K); N is the number of elementary microcircuits
in the rectilinear contour /.

The condition for using model (5) with a limited
error of 10 % is

R23d at a;2d ; dpa =d . (6)

Figure 6,0 presents a diagram of the distribution of
magnetic moments of a low-voltage current conductor of
a TS 100 kVA (Fig. 6,a) when implementing the
proposed modified two-phase multi-dipole model (5).

L
b 5o X b 13 X010 010 10 1000 10 50 12 20 X0 10 10 B

x,m

b
Fig. 6. Low-voltage current conductor of the TS 10/0,4 kV, 100 kVA
(U,=150A(04xB); I, =L =1,; 5=2/31,; I,=Is=1s =1, = 1/31,) (a)
and the distribution of magnetic moments of microcircuits when using the two-phase multi-dipole mathematical model of the MF (b)
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Thus, the modified two-phase multi-dipole
mathematical model of the TS’s MF proposed by the
authors (5) allows to zoom in twice as close the
calculation area due to the reduction of the minimum
overall size of its microcircuit — from double the
interphase distance 2d to the interphase distance d, which
makes it possible to model the EMF for all built-in TSs at
distances from 1 m to their current conductors. In
addition, the modified model (5) allows to reduce the
volume of calculations due to the corresponding decrease
in the number of magnetic moments in comparison with
the known model (3).

Verification of the modified multi-dipole model of
the TS current conductor. We perform experimental
verification of the proposed model of the TS’s EMF (5)
on the basis of a comparison of the results of the
calculation of the EMF magnetic flux density of the
100 kVA TS -current conductor (Fig. 6) and the
measurements of the magnetic flux density of a full-scale
laboratory model of this current conductor (Fig. 9).

The results of calculating the magnetic flux density
of the current conductor in the horizontal plane, located at
a height of 1.85 m above the current conductor of the TS
(at a height of 0.5 m above the floor of the premise), were
performed in accordance with (5) on the basis of the
original computer code of the authors in the MATLAB
software package and presented in Fig. 7,a and Fig. 8.

Experimental studies of the TS’s EMF were
performed on a full-scale laboratory model of the TS
100 kVA (Fig. 9) with nominal current of 150 A, where
a low-voltage current conductor is a source of the MF
(Fig. 6,b).

The layout of the current conductor (Fig. 9) is made
of wooden rails and a PVC wire with a cross-section of
30 mm’ and is mounted on the working site of the
magnetic measuring stand of the unique magnetodynamic
complex of the IPMach of the National Academy of
Sciences of Ukraine [37]. The laboratory installation
(Fig. 10) includes a layout of the current conductor
(Fig. 9), which is fed through an induction regulator of the
IR 59/32 type with the ability to adjust the three-phase
current in the range of 0-220 A. Measurements of the
current values of the magnetic flux density were
performed at the nodes of the coordinate mesh with a step
025 m by EMF-828, Magnetoscop 1.069 type
magnetometers on a control plane 1.85 m away from the
current conductor.

To simplify measurements, the TS layout (Fig. 9) is
placed on its side. Here, the measurements were
performed on a vertical plane 1.85 m away from the
current conductor, which is similar to the conditions of
the performed calculation.

The results of the measurements are presented in
Fig. 7,b and Table 1. A comparison of the calculation
results with the experimental results shows that the
calculated value of the magnetic flux density of the TS’s
EMF with a spread of less than 7 % coincides with the
experimental results. This confirms the correctness of the
modified two-phase multi-dipole model of the TS’s EMF
proposed by the authors and the assumptions made above.

B, uT
R NEANER
. -~ -
2 & = ;‘J
187
1.6
9
1.4
E
>
1.2
D ©
0.8
0.6
-0.2 0 0.2 0.4 0.8 1 1.2
X,m
a
B, uT

16 | ' \ ‘

e"
>
12 J

| //8/,

Fig. 7. Distribution of the EMF of the TS 100 kVA in the
horizontal plane above the TS at a height of 1.85 m
at nominal load: a — calculation; b — experiment
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Fig. 8. Calculated values of the distribution of the EMF of the
low-voltage current conductor of the TS 100 kVA at a height of
1.85 m above the current conductor at nominal load
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Fig. 9. Full-scale laboratory layout of a low-voltage current
conductor of the TS 10/0.4 kV, 100 kVA on the magnetic
measuring stand

Table 1
Results of comparison of calculation and measurements
of the EMF of the TS 100 kVA

xnm | y,m Calculation Experiment Error,
i ’ B, uT B, uT %
0,1 | 0,33 1,622 1,526 5,92
0,43 | 0,75 1,506 1,443 4,22
0,94 | 1,25 1,159 1,098 5,25
1,42 | 1,74 0,821 0,779 5,14
0,18 | 0,5 1,698 1,640 3,43
0,65 1 1,445 1,418 1,91
1,17 | 1,51 1,038 0,984 5,21
-0,1 | 0,33 1,822 1,757 3,57
0,94 | 1,25 1,289 1,230 4,58
0,18 | 0,5 1,869 1,914 2,43
0,65 1 1,586 1,546 2,51
0,1 | 0,33 1,900 1,863 1,93
0,43 | 0,75 1,766 1,785 1,04
0,94 | 1,25 1,349 1,302 3,47
1,42 | 1,74 0,946 0,886 6,31
0,18 | 0,5 1,848 1,847 0,04
0,65 1 1,579 1,524 3,49
—0,1 | 0,33 1,773 1,700 4,16
0,43 | 0,75 1,666 1,625 2,45
0,94 | 1,25 1,291 1,214 597
1,42 | 1,74 0,920 0,876 4,78
0,18 | 0,5 1,628 1,556 4,40
0,65 1 1,417 1,345 5,08
1,17 | 1,51 1,047 0,990 5,39
Measurements area;
Ry

TS current
conductor model

Fig. 10. Diagram of the laboratory installation for the study of
the EMF of the layout of the TS 100 kVA current conductor

Thus, a modified two-phase multi-dipole
mathematical model (5) was proposed for calculating the
EMF of the TS current conductors and its experimental
verification was performed on a full-scale laboratory
model of a 100 kVA TS low-voltage current conductor.
A comparison of the calculation and experimental
results confirms the correctness of the proposed
modified mathematical model and the calculation
relations based on it.

It is promising to use the proposed modified two-
phase multi-dipole mathematical model for calculating the
MF of curvilinear (flexible) current conductors.

Conclusions.

1. It has been confirmed that the main source of the
MEF of built-in TSs is their low-voltage current conductor,
the contribution of which to the total level of the magnetic
field at a distance of 2 m is more than 90 %, which allows
engineering calculations to ignore other sources of the
TS’s MF.

2. On the basis of the analysis of the results of
research by foreign authors, as well as own research of
the MF in residential buildings with built-in TSs in
Ukraine, it is shown that the magnetic flux density level
of built-in TSs with power of 100-1260 kVA, located in
residential premises above the TSs, is from 1.5 to 13 pT,
which significantly exceeds the maximum permissible
level adopted in Ukraine (0.5 uT), constitutes a danger to
the health of the population and confirms the urgency of
reducing the TS’s MF.

3. A modified two-phase multi-dipole mathematical
model of the external MF is proposed for the main source
of the magnetic field of the TS — its three-phase current
conductor, which is based on the two-phase dipole model
of a three-phase electric circuit and, compared with the
known multi-dipole model, allows to approximate the
calculation area twice without increasing the error and
ensure the calculation of the external MF from the built-in
TS in all residential premises of the building, including
those located at a distance of one meter from the TS.

4. An experimental test of the modified two-phase
multi-dipole model of the three-phase current conductor
was carried out on a full-scale physical model of the TS
100 kVA current conductor, performed on the magnetic
measuring stand of the unique magnetodynamic complex
of the IPMach of the National Academy of Sciences of
Ukraine, which confirmed the coincidence of the
calculation and experimental results with a spread of less
than 7 %.

5. The use of the proposed two-phase multi-dipole
model of the three-phase current conductor of built-in TSs
will allow the calculation of the MFs based on it to be
extended to all neighboring residential premises,
including those close to a distance of up to 1 m, which
will contribute to solving the problem of protecting the
population from the negative effects of the power
frequency magnetic field.
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