UDC 621.3.013:621.311 https://doi.org/10.20998/2074-272X.2023.5.13

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].
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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.
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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])
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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:
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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)
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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
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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
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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.
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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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