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ACTIVE SHIELDING OF EXTERNAL MAGNETIC FIELD OF BUILT-IN
TRANSFORMER SUBSTATIONS

This paper deals with the mitigation of low-frequency magnetic field of build-in transformer substations down to the reference
level 0.5 uT in nearby living spaces. To meet the reference level, we substantiate the actuality of the usage of active shielding
methods having higher efficiency, comparably to metal consuming passive shielding. We show that the optimization of
parameters and localization of compensation coils is the main goal of the synthesis of the active shielding system. The solution of
synthesis problem is based on the developed 3D numerical model by using particles multiswarm optimization algorithms from
Pareto-optimal solutions set taking into account binary preference relations. This allows justifying the usage of simple active
shielding system for magnetic field mitigation down to the reference level in living spaces, located near build-in transformer
substations (2x400 kVA, 6/0.4 kV). The synthesized active shielding system has two plane compensation coils installed near the
ceiling (wall) of the substation room. The area of each coil is less than 10 m® and the number of ampere-turns is less than 30. We
show that the efficiency of the active shielding system is 6 when it electric power consumption is less than 100 W. This allows
mitigating the magnetic field down to 0.5 uT in 40 m’ living space located on top or side from the substation. The application of
synthesized active shielding system (subject to the positive results of experimental studies of their full-scale physical models)
allows solving the actual and socially significant problem of the health protection of tenants of residential buildings with build-in
transformer substations from the negative effects of power frequency magnetic field. References 16, tables 2, figures 8.

Key words: urban transformer substation, living space, active shielding of the magnetic field.

Ilokazano, w0 ocnoenoro 3adauero cunmesy cucmem akmuenozo expanyeannsa (CAE) € onmumizauia napamempie i noxanizayii ix
KomneHncayitinux oomomox (KO) npu 3abe3neuenni eucokoi eghexmugenocmi expanyeannsa maznimnozo nona (MII)
mpancgpopmamopnoi niocmanyii (TIT). It piwenna euxonano na ocnosi sanpononosanoi mpueumipnoi Komn'tomepnoi mooeni 3
GUKOPUCMAHHAM ANIZ0PUMMIE ONMUMIZAUIT MYTbMUPOEM YacmuHnok 3 muoxcunu Ilapemo- onmumansnuux piniens i ypaxyeanuam
Oinapuux eionocun nepesazu, wio 00360JUI0 OOTPYHIYSAMU MONCTUGICING 3MEHUWEHHA 00 pieHa canimapnuux Hopm indykuii MII ¢
ocumaosux npuminiennsnx, posmauwiosanux nopyu 3 TII 6/0,4 kB nomyscnicmio 00 2x400 kBA, 3a 0onomoz010 nainpocmiwiux
CAE. Cunmesosana CAE mac 06i nnocki KO nnowero 0o 10 m* npu xinskocmi amnep-sumcis ne invuie 30, o 6crmanosnionomycs
noonusy cmeni (cmin) npumiwienna TI1, i npu enepzocnoscueanni ne oinvuie 0,1 kBm peanizye epexkmuenicme expanysanna CAE
He MmeHwe 6 OOUHUUb, WO O00360NAE IMEHWUMU [HOYKYII0 MAZHIMHO20 NONA 6 PO3MAULOBAHOMY 36epXy abo 300Ky eio TII
scumnogomy npumingenni nnoweio 00 40 m° do piens 0,5 mxTa. Bi6n. 16, TaGn. 2, puc. 8.

Knrouoei cnosa: micbka TpaHcgopMaTOpHA MiICTAHIiSA, JKUTJI0BE NPUMIIIEHHS, AKTUBHE eKPAHYBAHHS MATrHITHOTO MOJIS.

Ilokazano, umo ocHo6HoIl 3a0aueil cunmesa cucmem akmueHnozo skpanuposanusn (CAJ) asenaemca onmumusayusa napamempos
U JI0Kanu3auuu ux Komnencauyuonnvix oomomox (KO) npu obecneuenuu 6vlcoKoul IPpgexmusnocmu IKpanuposanus
mazuumnozo nona (MII) mpancghopmamopnon noocmanyuu (TIl). Ee pewenue evinonneno na ocnoee npeodiorHcennoul
mMPexXmMepHOoll KOMNbIOMEPHOI MOOeNl ¢ UCHONb306AHUEM ATIZOPUMMOE ORMUMUZAYUUL MYTbMUPOEM YACMUY, U3 MHOIMCECMEd
Ilapemo-onmumanvHueix pewtenuii ¢ y4yemom OUHADHBIX OMHOWIEHUN NPeONOYMmenus, 4Ymo RO360AUN0 000CHOGAMD
603MOMHCHOCb YMEHBUEHUA 00 YPOGHA CAHUMAPHBIX HOpM undykyuu MII ¢ scunvix nomeuienuax, pacnonioHceHHbIX PAOOM C
Tl 6/0,4 kB mownocmoio 0o 2%400 kBA, c¢ nomowpro npocmeiimux CAI3. Cunmesupoeannaas CAD umeem Ose
ycmanaenueaemvle onuzu nomonka (cmen) nomeuwgenus TII nnockue KO nnowaowto oo 10 M npu Koauuecmee amnep-6umKos
He Oonee 30, u npu Inepzonompednenuu ne oonee 0,1 kBm peanuzyem rpgpexkmuenocms rxpanuposanua CAD ne menee 6
eounuY, YMo Nno360JAem YMEHbUUMYb UHOYKUUIO MAZHUMHOZ20 NOJIA 8 PACHON0NCEHHOM ceepXy auoo cooky om TII rcunom
nomewieHuu naouwaosio 0o 40 Mmoo yposusn 0,5 mxTn. bubn. 16, tadm. 2, puc. 8.

Kouesvie cnosa: ropoackasi TpancgopMaToOpHasi NOACTAHINA, KUJI0€e MOMellleHHe, AKTHBHOE JKPAHHPOBAHUE MATHHTHOIO
noJisl.

Introduction. Much attention is paid to the problem
of protecting the living environment from the influence of
the magnetic field (MF) of electric power facilities around
the world, since power frequency (50-60 Hz) MF is
dangerous to human health even with its weak but
prolonged exposure [1, 2]. The main sources of MF in a
residential environment are overhead and cable power
lines (PLs) located in residential areas, as well as urban
transformer substations (TSs) [3].

Urban TSs are located in separate buildings or are
built into residential buildings [3]. The most acute
problem of reducing external MF of the TS is in
residential buildings with built-in TS [2-4], when the : =
distance between the TS and residential premises is e -
reduced to several meters. Such buildings (Fig. 1) are
quite widespread in Ukraine and other countries.

Fig. 1. Typical residential building in Kharkiv with built-in TP
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In addition, built-in TPs began to be widely used
in the world in modern ultra-high-rise residential
buildings for individual high voltage power supply of
sections of several tens of floors in order to reduce
electricity losses [5, 6].

The studies conducted by the authors [3] show that
the external MF of typical built-in TSs with power of
400 (800) kVA can exceed the level of sanitary standards
in residential premises adjacent to the transformer
substation by 3-10 times, which requires measures to
reduce their MF. In this case, the main source of the
external TS MF is their current leads, and the scattering
MF of TS transformers at distances greater than 2 m from
the transformer substation can be neglected [3].

The most urgent problem is the reduction of the TS
MF in old buildings with built-in TS (Fig. 1), when the
practical use of methods to reduce MF due to the
improvement of the design of TS [3] is difficult.
Currently, the most common technique in practice of
reducing the MF in the spaces adjacent to the TS is
passive shielding of the walls (ceilings) of the TS
premises by electromagnetic (magnetostatic) shields [7].
However, this shielding method for low-frequency TS MF
is characterized by high metal consumption and cost at
low efficiency.

Therefore, a promising method of reducing the TS
MF is active shielding (compensation) of the MF
[3, 8-14]. Moreover, the global trend in the development
of active shielding systems (ASS) aims to optimize their
design for energy consumption and cost, provided that the
necessary shielding efficiency is provided.

However, in Ukraine, the development of methods
and means of active shielding of TS MF is not given due
attention. So, up to the present, the possibility and the
ways to create inexpensive budgetary ASSs with
efficiency sufficient to reduce the TS MF in nearby
residential premises to the level of sanitary standards have
not been substantiated.

The goal of the work is an analysis of the
possibility of reducing the magnetic flux density in
residential premises located next to urban transformer
substations to the level of sanitary standards using simple
active shielding systems.

By the simplest ASS we mean a system with a
minimum number of flat compensation windings (CWs)
placed near the surface of the walls (floors) of the
premises, which has a limited power consumption of
hundreds of watts.

Active shielding method. The method of active
shielding of the potential TS M in the volume of the
living premise adjacent to the TS is realized through the
formation of the ASS (Fig. 2) of the compensating MF of
such a spatio-temporal structure, the superposition of
which with the original TS MF reduces the effective value
of the magnetic flux density in the entire protected
volume of the living space from walls and floor to a
distance of more than 0.5 m, to the level of sanitary
standards (0.5 uT) for the population [12]. In this case,
the compensating MF generated by the CW must also be
potential in the volume of the living space, which imposes

certain requirements on the configuration and location
coordinates of the CW during their synthesis.

ASS (Fig. 2) consists of the following main
elements: compensation windings (CW); regulated power
source (PS) performing the function of a power amplifier,
control system (CS); sensors (S) of current or MF. In the
general case, ASS can have a different amount of CW, S
and can be realized in a closed or open structure [11, 12].
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Fig. 2. Active shielding of the external TS MF

To determine the parameters of the ASS (Fig. 2), it
is necessary to carry out its synthesis. The initial data for
the synthesis of ASS are: the spatio-temporal
characteristic of the initial MF of the urban TS in the
protected volume (residential space); mutual spatial
arrangement of active elements of the TS and residential
premises; geometry and number of three-phase current
leads of the TS; the standard value of the level of the
magnetic flux density, which should be achieved as a
result of shielding. In this case, the effect of shielding of
the TS MF by the walls and floors of residential buildings
is neglected due to its smallness [15, 16].

We carry out active shielding of TS MF using the
proposed in [14] method of synthesis of ASS, created for
shielding of the MF of high-voltage PLs in order to
reduce it to a level safe for the population in nearby
residential buildings. A feature of this method is the
solution of the shielding problem in a 2D formulation,
which is acceptable for extended PLs with an almost zero
component of magnetic flux density directed along the
PL, which allows to significantly simplify the solution to
the synthesis problem for such ASS [13, 14].

A more complicated design of current leads of finite
length [3], compared with PL [3], makes it necessary to
model the TS MF in a 3D formulation, which
significantly complicates the synthesis of the TS ASS.
Another feature of solving the problem of synthesis of the
TS ASS is the need to locate their CW outside residential
premises. Taking into account these features, the
synthesis of TS MF ASS is carried out on the basis of the
modified method developed and presented below.

A modified method for the synthesis of TS ASS.
The mathematical model of the initial external TS MF in
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the shielding zone (residential space), remote from the
TS by more than 2 meters [3], not containing
ferromagnetic elements and magnetic field sources, can
be represented as:

_ K 3 N ~ sl_éai
-5 3 S Al ball

()16 = 1) St
where N is the number of microcontours in the rectilinear
contour of the TS current lead; k£ is the number of

rectilinear contours; S‘lan is the area vector of the

microcontour; #; is the unit vector normal to S; R, is

the radius vector from the geometric center of the
microcontour to the observation point P; I(f) is the

instantaneous value of the microcontour current; « is the
phase number of the TS current lead (=1 ..., 3); 1 is
the magnetic constant. In accordance with (1), the TS MF
is potential and decreases with distance from the source.

Let us introduce the vector of the sought-for
parameters R, the components of which are the sought-for
geometrical parameters, the coordinates of the spatial
arrangement of the ASS CWs and the sought-for
parameters of the ASS CWs. Then, the flux density of the
resulting potential MF generated by the TS current leads
and ASS is determined as

B(R.P.t)=Bg(B.t)+ B,(R.P.1), )

where Z;’y (R,Pl-,t) are the instantaneous values of the flux

density of the MF generated by the ASS CWs in
points F;.

By analogy with [14], we reduce the determination
of the vector of the sought-for parameters R to the
solution of the multicriteria optimization problem of the
vector criterion

B(R)=[B(R,P),B(R,P,)..B(R,P,)|", 3)

whose components E(R,P,-) are the values of the flux

density of the resulting MF at points P;.

This multicriteria optimization problem (3) will be
solved in computer modelling based on algorithms for
optimizing by particles multiswarm from the set of
Pareto-optimal solutions taking into account binary
preference relations [13, 14]. Modelling is carried out in
the MATLAB software package.

Analysis of the effectiveness of active shielding of
the TS MF. The efficiency (factor) of the shielding of the
ASS MF at the point P; in accordance with [11] can be
determined by the relation

‘55(31 1

Epi=r0————="—5=7"">
" IBs(R)+ B, () Om

“4)

where Bg(P), éy(P-) are the effective values of the

1
initial and generated by ASS magnetic flux densities at

the point P;; Jp; is the relative error in the shielding of
the ASS.

For example, with the above-mentioned excess of
sanitary standards by 3-10 times, the required shielding
efficiency will be 3 (10) units, and the permissible relative
error in compensating the magnetic flux density should be
no less than 0.33 (0.1), respectively. Here, the value op;
can be defined as

Spi =+ Spim + Oy » ©)

where Jp;, is the relative methodological error of the
ASS, determined by the mismatch of the spatial structure
of the initial MF and the compensating MF generated by
the CWs; 0p;, is the relative error of regulation of
the ASS.

An analysis of relation (5) shows that the main
component of the ASS error is the methodological error
Opim» Which is determined by the CW parameters and
limited to 0.1 with shielding efficiency of no more than
10 units. In this case, the relative error op;. of regulation
of the ASS when using modern automatic control systems
can be easily reduced to values of 0.01-0.03, at which it
will not have a significant impact on the total shielding
error of Jp; of the ASS. This allows at this stage to reduce
the synthesis of ASS to the synthesis of its CWs.
Therefore, the ASS control algorithm is not considered in
this paper and is the subject of separate studies.

We carry out the solution of the problem of
synthesis of ASS CWs and analysis of the efficiency of
shielding of TS MF for a typical urban two-transformer
substation (2x400 kVA, 6/ 0.4 kV), built into a residential
building on the ground floor. The dimensions of the TS
premises correspond to the sizes of neighboring
residential premises. The arrangement of TS current leads
is shown in Fig. 3, and their geometry is given in [3].
Three-phase current leads are connected with direct phase
sequence.
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Fig. 3. Location of the premise over the TS (option A)
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Computer simulation of the external TS MF is
carried out in accordance with (1)-(3). In this case, two
options for the location of the living space relative to the
TS are considered (Fig. 1): option A — the premise is
located over the TS; option B — the premise is located
near the TS on one floor (on the side of the TS).

Shielding of the MF in the premise over the TS
(option A). Let us carry out the synthesis of ASS CWs,
which ensure the necessary efficiency of the MF shielding
in the premise located over the TS (Fig. 3).

To guarantee a decrease in the flux density of the
potential MF to the level of sanitary standards in the
entire living space, it is enough to ensure a corresponding
decrease in the MF on the control plane DI, which is
0.5 m from the floor of the room (Fig. 3), where the MF is
normalized [1, 2].

The calculated value of the flux density of the initial
TS MF at rated power of the TS is presented in Fig. 4.
Here, the maximum value of the initial magnetic flux
density is 3 uT, which is 6 times higher than the level of
sanitary standards of 0.5 pT [2].
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Fig. 4. Distribution of the initial magnetic flux density in the

living space over the TS, option A:
(a) — indoors; (b) — on the control plane D1

Based on the simulation, synthesis of the ASS CWs
is performed (Fig. 5), and their parameters are determined
in accordance with Table 1. CWs are located in the TS
premise, parallel to its ceiling, at a distance of 0.55 m
from it, and make it possible to realize the necessary
shielding efficiency, reducing the initial TS MF (Fig. 4) to
the level of sanitary standards.
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Fig. 5. Distribution of the resulting magnetic flux density in the
living space over the TS using ASS, option A:
(a) — indoors; (b) — on the control plane D1
Table 1
Parameters of compensating windings of the ASS (option A)

CW | Ampere-turns,

No. CW power CW coordinates

1 |IW1=245A,
§=36 VA,
h=135m.

x11=-1,23m, y11 =-0,51 m,
z11=-1,35m, x12=-0,94 m,
y12=290m, z12=-1,35m,
x13=1,24m, yl3=2,55m,
z13=-1,35m, x14=0,99 m,
y14=-0,40m, z14=-1,35 m.

2 | IW2=25,6A,
§=36 VA,
h=135m.

x21=4,41m, y21=-0,22m,
z21=-1,35m, x22=4,40 m,
122 =298 m, z22=-1,35m,
x23 =6,40m, »23=230m,
z23=-1,35m, x24 =6,40 m,
124 =-0,48 m, z24 =—1,35 m.
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As the simulation results show (Fig. 5), when using
synthesized ASS, the level of the magnetic flux density
both on the D1 plane and in the entire living space
decreases to the safe value of 0.5 uT. Here, the
synthesized ASS has a minimum number of CWs located
in the TS premise and provides the necessary shielding
efficiency (at least 6 units) with energy consumption of
not more than 0.1 kW.

Shielding of the MF in the premise located near
the TP (option B). Let us perform the synthesis of ASS
CWs, providing the necessary efficiency of shielding of
the MF in the premise located near the TS on the same
floor (Fig. 6).
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Fig. 6. The location of the premise on the side
of the TS (option B)

Figure 7 shows the calculated value of the flux
density of the initial TS MF, which reaches 1.2 puT,
which is 2.4 times higher than the sanitary standards
of 0.5 uT.
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Fig. 7. Distribution of the initial magnetic flux density in the
living space located on the side of the TS, option B,
on the D2 plane, 0.5 m from the room wall

Based on the simulation, the synthesis of the ASS
CWs (Fig. 8) located at a distance of 0.35 m from the

plane of the wall of the TS premise is performed,
allowing to realize the necessary shielding efficiency and
reduce the flux density of the initial TS MF (Fig. 7) to the
level of sanitary standards (0.5 uT) when using CWs with
parameters in accordance with Table 2.

Table 2

Parameters of compensating windings of the ASS (option B)

CW No. Ampere-turns,

CW coordinates

CW power

1 | IW1=945A, x11=-1,42m, y11=3,0m
§=10 VA, z11=2,50m, x12=-2,0m,
h=1,15m y12=3,0m, z12=3,70m,
x13=2,0 m, »13=3,0m,

z13=3,70m, x14=2,0m,

y14=3,0 m, z14=1,28m.

2 |IW2=9,44 A, x21=3,47m, »21=3,0m,
§=10 VA, z21=1,11mM, x22=3,74 m,
h=1,15m. 122=3,0m, 2z22=3,70m,
x23=7,40m, »23=3,0m,

z23=3,70 m, x24=6,56m,

124=3,0m, z24=2,40m.
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Fig. 8. Distribution of the resulting magnetic flux density
in the living space on the side of the TS when using the ASS,
option B: (a) — position of CWs and TS; (b) — MF on the control
plane D2

The layout of the ASS CWs is shown in Fig. 8,a and
the calculated distribution of the resulting magnetic flux

28
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density in the living space on the side of the TS when
using the ASS (option B) on the control plane D2 of the
premise wall is shown in Fig. 8,b.

As the simulation results show (Fig. 8), when using
synthesized ASS, the level of the magnetic flux density in
the volume of the living space decreases to the safe value
of 0.5 uT. Here, the synthesized ASS also has a minimum
number of CWs located near the plane of the wall of the
TS premise and provides the necessary shielding
efficiency (at least 2.4 units) with energy consumption of
not more than 0.03 kW.

Thus, the above analysis confirms the possibility of
reducing the magnetic flux density in residential premises
with area of 40 mz, located near urban transformer
substations 2x400 kVA, 6/0.4 kV, to the level of sanitary
standards with the help of simplest ASS with two flat
compensation windings placed near the floor (wall) of the
premises of the TS. Here, the energy consumption of the
ASS is no more than 0.1 kW, the CW area is no more
than 10 m* with the number of CW ampere-turns no more
than 30. The shielding efficiency (factor) realized by the
synthesized TS ASS (Fig. 2) reaches more than 6 units,
which has experimental confirmation in laboratory
conditions.

At the next stages of creating the TS MF ASS, it is
planned to develop its structural elements (Fig. 2) and
conduct experimental studies of full-scale models of the
ASS in residential buildings with built-in TS.

Conclusions.

1. For the first time, the possibility of solving the
problem of reducing to the level of sanitary norms of
the magnetic flux density in a living space located near
an urban transformer substation with power of up to
2x400 kVA using the simplest active shielding systems
has been substantiated. The justification is carried out
in computer simulation using algorithms for
optimization of particles multiswarm from a multitude
of Pareto-optimal solutions taking into account binary
preference relations.

2. The synthesis of the simplest systems of active
shielding of the magnetic field of transformer
substations with two flat compensation windings located
near the ceiling (walls) of the TS premise and allowing
the magnetic field to be reduced to the level of sanitary
standards in a nearby residential area of up to 40 m? is
performed. In this case, the energy consumption of the
active shielding system is no more than 0.1 kW, the area
of the compensation windings is no more than 10 m’
with the number of ampere-turns no more than 30, and
the shielding efficiency (factor) reaches more than 6
units, which has experimental confirmation in laboratory
conditions.

3. The practical use of synthesized active shielding
systems, subject to the positive results of experimental
studies of their full-scale physical models, will effectively
solve the urgent and socially significant task of protecting
the health of the population of residential buildings with

built-in transformer substations from the negative effects
of magnetic fields of power frequency.
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