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For the first time in Ukraine the synthesis of two degree of freedom robust two-circuit system of active shielding of
magnetic field, generated by overhead power lines with triangle arrangements of phase conductors is realized to reduce
the magnetic flux density down to the sanitary standards level and to reduce the sensitivity of the system to plant pa-
rameters uncertainty. The synthesis is based on the multi-criteria stochastic game solution, in which the payoff vector is
calculated by the solutions of the Maxwell equations as a quasi-stationary approximation. The game solution is based
on the stochastic multi-swarm particle optimization algorithms. The computer simulation and field experimental results
of two degree of freedom robust two-circuit system of active shielding of magnetic field, generated by overhead power
lines with triangle arrangement of phase conductors are presented. References 6, figures 3.
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Introduction. Many 110 kV overhead power lines (OPL) in Ukraine have a triangle arrangement of
phase conductors (TTPCA) and often pass in the immediate vicinity of residential districts. Such OPL are
generated magnetic field (MF), the level of which often exceeds sanitary standards of Ukraine that produces
a threat to public health [1]. The methods of active contour shielding of MF generated by OPL are needed to
provide the sanitary standards of Ukraine. The method of synthesis of systems of active shielding (SAS) of
MF generated by OPL is developed in [2, 3]. OPL with TTPCA are generated the MF, space-time character-
istics (STC) of which have the circular shape approximately. For active shielding of such a MF, at least two
shielding coil (SC) are required. The open loop and closed loop control — two degree of freedom (TDOF)
system is used in SAS simultaneously [4]. Such system is implemented using MF sensors installed inside and
out of shielding space (SS) [2]. The SAS parameters are known indefinitely and change in time. The main
uncertainty is OPL bus current, which should bring to the MF STC position change in SS. Therefore the SAS
must be robust.

The objective of the work is to synthesize the two-degree freedom robust two-circuit systems of ac-
tive shielding of magnetic field generated by overhead power lines with a triangular arrangement of wires.

Problem statement. We introduce the vector X ={G,KC,A0,(p} of the required parameters, the

components of which are vector G as the spatial arrangement and geometric dimensions of the SC and the

TDOF regulator parameters, including matrix Ke of the closed loop control gain and matrix K, of open loop
control gain and matrix ¢ of phase shifts. Also we introduce vector A with the parameter uncertainty from
their nominal values used in the system synthesis. Then the problem of TDOF SAS synthesis is associated
with determination of such vector of spatial arrangement and geometric sizes of SC, as well as TDOF regula-
tor parameters X and vector A of the parameter uncertainty, at which the maximum value of the magnetic
flux density at selected points P; of the SS P assumes a minimum value for the vector X, but the maximum
value for the vector A. This technique corresponds to the robust systems synthesis standard worst-case ap-
proach [5], when the vector A of parameter uncertainty leads to the greatest deterioration in the shielding of
the initial MF generated by OPL.

Method of synthesis. The problem of synthesis can be formulated in the form of the following
multi-criteria game [5] with vector payoff

B(x,A)=[B(x,A,P)]", (1)
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the m components of which B(X ,A,E) are the magnetic flux density in m points P. of the shielding space.
The components B(X ,A,Pi) of the vector payoff (1) are the nonlinear functions of unknown vectors X , A

and calculated by the Maxwell quasi-stationary approximation [1].

The multi-criteria game (1) is a two-player zero-sum antagonistic game [5]. The first player is the
regulator parameter vector X and its strategy is the minimization of vector payoff (1). The second player is
the vector A of parameter uncertainty and its strategy is maximization of the same vector payoff (1). Game
decision is based on multi-swarm stochastic multi-agent optimization from Pareto-optimal solutions [5, 6].

Computer simulation. Let us consider the result of synthesis of TDOF robust MF SAS, generated
by OPL with TTPCA. Fig. 1, a shows the first SC (/) and the second SC (2) of two SC, 110 k¥ OPL with
TTPCA (3) and SS (4) spatial arrangement. Both SC are square shaped and located at a height of 3.4965 m
and 3.6818 m from the ground, respectively. The lower branch is located at a height of 2.4522 m and
0.6637 m from the ground. SC currents are 4.3122 4 and 4.3138 4. Fig. 1, b shows the STC of MF, gener-
ated by OPL (7); generated by both SC (2) and the total MF with the SAS (3). As seen from this figure, STC
of MF, generated by OPL (curve /); and STC of MF, generated by SC (curve 2) are practically identical. But
STC of total MF with the SAS (curve 3) is significantly less than the initial MF STC, which confirms the
high SAS shielding factor [3].
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Fig. 2, a presents the STC of MF, generated by OPL (7); generated both SC (2) and total MF with
only single first SC. Fig. 2, b shows the same STC with single second SC. As seen, STC of only one first SC
and only one second SC are straight lines. The resulting MF STC ellipse semi-major axis in the case of sin-
gle SC is strictly parallel with another SC MF STC.
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Experimental results. Let us consider the field experimental SAS model. Fig. 3, a shows the
first SC (1) and the second SC (2) from two SC and 110 kV OPL with TTPCA (3) spatial arrangement. Both
SC contain 20 windings and are powered by TDA7294-typed amplifier. Both SC contain the external mag-
netic flux density controller and internal current controller. The inductive sensor is used as MF induction
sensor. The measurement of MF is performed by "Lutron" magnetometer of EMF-828 type.
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Fig. 3

Fig. 3, b shows the magnetic flux density obtained by measurements and simulations (solid line) with
and without SAS. The experimental SAS shielding factor is more than 3. The difference of magnetic flux
density found by measurements and simulations in the shielding zone does not exceed 20%.

Conclusions

1. For the first time in Ukraine the synthesis of two-degree freedom robust two-circuit system of ac-
tive shielding of magnetic field, generated by overhead power lines with triangle arrangement of phase con-
ductors is presented to decrease the initial magnetic flux density down to the Ukrainian sanitary standards
level and to reduce the sensitivity of the system to plant parameter uncertainty.

2. The synthesis of the robust system of active shielding is based on multi-criteria stochastic game
decision with multi-swarm stochastic multi-agent optimization from Pareto-optimal solutions.

3. As a result of synthesis of active shielding system, the spatial position of two shielding coils as
well as the parameters of regulator is determined. The system reduces the magnetic flux density in shielding
space down to the Ukrainian sanitary norms and has lower sensitivity to parameter uncertainty in comparison
with the known systems.

4. Field experimental study of the robust two-circuit system of active shielding of magnetic field,
generated by overhead power lines with triangle arrangement of phase conductors is carried out. The com-
parison of experimental and calculated values of magnetic flux density within shielding space shows that
their variation does not exceed 20 %.
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Bnepuwe 6 Yxpaini suxonano cunmes pobacmmnoi 060KOHMYPHOI 3 080Ma CMYNEHAMU C80000U CUCHEMU AKIMUBHO20 eK-
PAHYBAHHSL MAZHIMHO20 NOJISL, WO 2eHePYEMbCsL NOGIMPSIHUMU JIHIAMU efleKmponepedadi 3 pazosumu npoeooamu muny
«MPUKYMHUKY 30018 3HUNCEHHA THOYKYIT 00 DIi8HA CAHIMAPHUX HOPM Ma 3MeHUWIeHHs YYMAU8OCmi cucmemu 00 Hegu-
3Hauenocmi napamempis 06 ’ekmy xepygants. Cunmes IpyHmMyemvcs Ha piuleHni 6a2amoxpumepiarbHoi Cmoxacmuynor
2pu, 8 SKIl 6EKMOP BUPAULY OOUUCTIOEMbCS HA OCHOBI piienb pisHsaHb Maxceenia 6 Keazicmayionapuomy HaOIUdNCeH-
Hi. Piwenns iepu rpynmyemocs Ha aneopummax cmoxacmuyHoi onmumizayii myremupoem yacmunox. Hasedeno pe-
3YIbmamu KOmn 10mepHo20 MOOEI08AHHS MA NOJbOGUX eKCHEPUMEHMATbHUX 00CTIONCeHb pobACcmMHOL 08OKON0B0I Cul-
cmemu 3 060MA CMYREHAMU C80000U AKMUBHO20 eKPAHYBAHHS MASHIMHO20 NOJIS, WO 2eHePYEMbCA NOGIMPAHUMU TiHi-
AMU eleKkmponepeoay i3 pO3mMauly8aHHAM Pazoeux npoeoois y euzisidi mpuxymuuxa. bidmn. 6, puc. 3.

Knrouosi cnosa: oBiTpsHI JiHIT enekTponepenadi 3 po3TanryBaHHAM (Ha30BUX MPOBOJIB THITYy "TPUKYTHHK', MarHiTHE
ToJIe, CUCTeMa aKTUBHOTO €KPaHyBaHHA, KOMITFOTEPHE MOAETIOBAHHS, TIOIHOBI €KCIIEPIMEHTANBHI TOCTIIKEHHS
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Bnepsvie 6 Yxpaune svinonnen cunmes pobacmuoii 08YXKOHMYPHOU ¢ 08yMs CeneHsAMU c80000bl cucmemMbl aKMUBHO-
20 IKPAHUPOBAHUS MAZHUMHOZ0 NOJs, C030A6AeM020 GO30VUIHbIMU JUHUAMU DNEKMPONepeoayu ¢ pAacnoioNCeHUeM
@asHbIx nPOBOOOE MUNA «MPEY2OTLHUKY, OISl CHUNCEHUSL UHOYKYUU 00 YPOBHS CAHUMAPHBIX HOPM U YMEHbULEHUSL Y)6-
CMBUMENbHOCIU CUCEMbl K HeonpedeleHHoCmuU napamempos obvekma ynpagnerus. Cunmes 0CHO8AH HA peuleHuU
MHOLOKPUMEPUATILHOU CTNOXACIMUYECKOU U2pbl, 8 KOMOPOU 6EKMOP blUSPblUd PACCHUMbIBAEMCS HA OCHOBE PeUeHUll
ypasnenui Maxceenna 6 keazucmayuonapnom npubaudicenuu. Pewenue uepbl ocnosano na aneopummax cmoxacmuye-
cKoUl onmumuzayuy myremupoem sacmuy. Ilpuseoennvl pe3ynbmamol KOMNbIOMEPHOZO MOOETUPOBAHUSL U NOJIEBbIX IKC-
NEPUMEHMATLHBIX UCCLeO08AHUTL POOACTHOU O8YXKOHMYPHOU CUCHIEMbL C O8YMsL CHENEeHIMU C80000bL AKMUBHO20 K-
PAHUPOBANUSL MASHUMHO20 NOJISL, CO30A6AEM020 B030VUIHBIMU TUHUSMU INEKMPONEPeOauu ¢ PACHONONCEHUEM (Pa3HbIX
npo600os 8 sude mpeyeoavHuxa. bubm. 6, puc. 3.

Kniouesvie cnosa: BO3MylIHBIE TMHUM AIIEKTPOIIEPEAaYN C PACIONOKEHHEM (DAa3HBIX MPOBOJIOB THIA «TPEYTOJBHUK,
MarHuTHOE T0Jie, CUCTEMa aKTUBHOTO SKPAHUPOBAHHSI, KOMIBIOTEPHOE MOJICINPOBAHHUE, TIOJIEBbIE KCIIEPUMEHTAIbHBIE
UCCJIeJOBAHMSI.
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