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3VW 1C;> 1V;PH @V2=><V@=8<, I> ?V428I8BP 5=5@3>5D5:B82=VABP 28@>1=8FB20 
5;5:B@>4V2. �;S @VH5==S FVєW 7040GV 206;828< є AB2>@5==S 02B><0B87>20=>W 
A8AB5<8 >1;V:C 5;5:B@8G=>W 5=5@3VW. 

%B@C:BC@=0 AE5<0 02B><0B87>20=>W A8AB5<8 >1;V:C 5;5:B@8G=>W 5=5@3VW 
A:;040єBPAS 7 B@P>E @V2=V2: 

 =86=V9 @V25=P - 28<V@R20;P=V B@0=AD>@<0B>@8 AB@C<C (&%) B0 =0?@C38 
(&!) B0 ;VG8;P=8: 5;5:B@>5=5@3VW; 

 A5@54=V9 @V25=P 4 :>=B@>;5@8 (A?5FV0;V7>20=V 28<V@R20;P=V A8AB5<8) 7 
?@>3@0<=8< 70157?5G5==S< 5=5@3>>1;V:C, I> 74V9A=RRBP C 7040=><C F8:;V 
V=B5@20;C CA5@54=5==S FV;>4>1>2>3> 71>@C 28<V@R20;P=8E 40=8E 7 B5@8B>@V0-
;P=> @>7?>4V;5=8E A?>6820GV2, 0 B0:>6 =0:>?8G5==S, >1@>1:C B0 ?5@540GC 
F8E 40=8E =0 25@E=V9 @V25=P. �;S >1;V:C 5;5:B@>5=5@3VW =0 A5@54=P><C @V2=V 
28:>@8AB>2CRBPAS ?@8;048 >1;V:C. �;S B5E=VG=>3> >1;V:C 28:>@8AB>2CRBPAS 
B0:>6 B5;5<5E0=V:0 7 2E>40<8 B5;528<V@R20=P, 4> S:8E ?V4:;RG0RBP B5;5<5-
B@8G=V (V<?C;PA=V) 28E>48 ;VG8;P=8:V2; 

25@E=V9 @V25=P - ?5@A>=0;P=89 :><?'RB5@  01> :><?’RB5@=0 <5@560 7V 
A?5FV0;V7>20=8< ?@>3@0<=8< 70157?5G5==S<, I> 74V9A=Rє 71V@ V=D>@<0FVW 7  
:>=B@>;5@V2 A5@54=P>3> @V2=S, ?@>2>48BP ?V4AC<:>2C >1@>1:C V=D>@<0FVW, I> 
?>ABC?0є 7 ?V4@>74V;V2 ?V4?@8є<AB20, 0 B0:>6 2V4>1@060є B0 4>:C<5=BCє 40=V 
>1;V:C C 283;S4V, 7@CG=><C 4;S 0=0;V7C 9 ?@89=SBBS @VH5=P. 

'AV 28<V@R20;P=V (0 B0:>6 >1G8A;R20;P=V) 70A>18 B0 ;V=VW 72'S7:C 2?;8-
20RBP =0 B>G=VABP >1;V:C 5;5:B@>5=5@3VW ?> :>6=V9 B>GFV >1;V:C. �> :0=0;C 
2E>4SBP CAV 28<V@R20;P=V ?5@5B2>@R20GV B0 :0=0;8 72’S7:C, 2 S:8E V=D>@<0FVS 
?5@540єBPAS C 0=0;>3>2><C 283;S4V, 0 B0:>6 >1G8A;R20;P=V 70A>18, S:V 2?;8-
20RBP =0 B>G=VABP ?5@54020==S >1;V:>28E 40=8E. #@8 D>@<C20==V ?0:5BV2 
40=8E 4;S ?5@540GV =0 V=H89 @V25=P <>65 1CB8 7<V=5=0 D>@<0 ?>40==S G8A-
;0). 

"A=>2=8<8 ?>:07=8:0<8, I> E0@0:B5@87CRBP 5D5:B82=VABP V=D>@<0FV9-
=>-28<V@R20;P=>W B5E=V:8 2 A8AB5<V >1;V:C, є B>G=VABP ?>40==S 28<V@R20;P-
=>W V=D>@<0FVW B0 WW 4>AB>2V@=VABP. #5@28==0 A8AB5<0 >1;V:C 5;5:B@>5=5@3VW 
(=86=V9 @V25=P), I>  A:;040єBPAS 7 &%, &!  B0 ;VG8;P=8:0 5;5:B@>5=5@3VW, 
?>28==0 70157?5G8B8 4>AB0B=P> 28A>:89 @V25=P B>G=>ABV. �;S B>3>, I>1 1C2 
70157?5G5=89 :;0A B>G=>ABV  &% B0 &! ?@>2>48BPAS @>7@0EC=>: 7020=B065==S 
WE 2B>@8==8E >1<>B>:. /: ?@028;>, >A=>2=8< ?@8;04>< 4;S &% B0 &! є ;VG8-
;P=8: 5;5:B@>5=5@3VW, 0;5 4C65 25;8:>R 4>;5R C WE =020=B065=V є >?V@ :>=B-
@>;P=8E :015;V2, I> 7’є4=CRBP WE 7 ;VG8;P=8:><. &><C ?@8 @>7@0EC=:0E 218-
@0єBPAS ?5@5@V7 :>=B@>;P=8E ?@>2>4V2. �@V< B>3>, 7 C@0EC20==S< =5@V2=><V@-
=>ABV A?>6820==S 5;5:B@>5=5@3VW ?@8 B5E=>;>3VG=><C ?@>F5AV :;0A B>G=>ABV 
&% B0 ;VG8;P=8:0 281@0=89 0,5S. #>E81:0 ?5@28==>W 28<V@R20;P=>W A8AB5<8 
287=0G0єBPAS ?> D>@<C;V, %: 
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 45  - ?>E81:0 ;VG8;P=8:0, I> 2V4?>2V40є :;0AC B>G=>ABV 0,5S (%); 

      - ?>E81:8 &% B0 &!, I> 2V4?>2V40є :;0AC B>G=>ABV 0,5S B0 0,5, 

2V4?>2V4=>, (%). 
 
&0:8< G8=>< ?>E81:0 ?5@28==>W A8AB5<8 28<V@R20==S 0,87%. 
�0 4>?><>3>R 02B><0B87>20=>W A8AB5<8 >1;V:C ?@>2545==V 4>A;V465==S 

B0 A:;045=V 3@0DV:8 A?>6820==S 5;5:B@>5=5@3VW ?@8 283>B>2;5=V @V7=8E B8?V2 
5;5:B@>4V2, ?@>2545==89 0=0;V7 B0 70?@>?>=C20B8 3@0DV: 28@>1=8FB20 5;5:B-
@>4V2, ?@8 S:><C AC<0@=5 A?>6820==S 5;5:B@>5=5@3VW 1C45 1V;PH @V2=><V@-
=8<, I> 4>72>;8BP 7<5=H8B8 2B@0B8 5;5:B@>5=5@3VW 2 A8AB5<V 5;5:B@>?>AB0-
G0==S B0 ?V428I8B8 5=5@3>5D5:B82=VABP B5E=>;>3VG=>3> ?@>F5AC. 

 
%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. #@028;0 C;0HBC20==S 5;5:B@>CAB0=>2>:. 3 5-5 284., ?5@5@>1. B0 4>-
?>2=. 3 ).: �=4CAB@VS, 2017 3 964 A. 

2. $>75=  �.#.  �8:>@8AB0==S  2=CB@VH=VE  @575@2V2  B5E=>;>3VG=8E ?@>-
F5AV2  ?@8  :5@C20==V  @568<0<8  5;5:B@>A?>6820==S  ?@><8A;>28E ?V4?@8-
є<AB2  /  �.#.  $>75=,   .�.  #@>:>?5FP  //  �2B><0B870FVS  28@>1=8G8E ?@>F5-
AV2: �A5C:@. =0C:.-B5E=. 6C@=.  3  2006. 3  71(22). 3  %.26-30. 
 
 
'�� 621.316.11 
(54>H0 �.�.  
4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0»  

*�($"��� %&$'  

�.�. (54>H0  

%CG0A=0 5;5:B@>5=5@35B8:0 ?5@51C20є C AB0=V 0:B82=>W B@0=AD>@<0FVW, 
?>2’S70=>W 7 F8D@>2V70FVєR B0 V=B53@0FVєR 2V4=>2;R20=8E 465@5; 5=5@3VW. ' 
F8E C<>20E B@048FV9=V ?V4E>48 4> ?5@540GV 5;5:B@>5=5@3VW 265 =5 70157?5GC-
RBP =5>1EV4=>3> @V2=S 5D5:B82=>ABV B0 :5@>20=>ABV. %0<5 B><C 7@>AB0є V=B5-
@5A 4> =>28E :>=F5?FV9, 7>:@5<0 4> F8D@>2>3> AB@C<C [1]. 

*8D@>289 AB@C< 4>72>;Sє ?5@54020B8 5=5@3VR C 283;S4V :5@>20=8E V<-
?C;PAV2, I> 2V4:@820є <>6;82>ABV 4;S 1V;PH B>G=>3> @53C;R20==S ?>BC6=>A-
BV B0 H284:>3> @503C20==S =0 7<V=C =020=B065==S. *5 >A>1;82> 0:BC0;P=> 
4;S smart grid B0 <V:@><5@56, 45 206;820 040?B82=VABP A8AB5<8 [2]. 
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*8D@>289 AB@C< ?@8=F8?>2> 2V4@V7=SєBPAS 2V4 0=0;>3>2>3> (157?5@5@2-
=>3>) AB@C<C A?>A>1>< ?5@540GV 5=5@3VW. ' B@048FV9=8E 5;5:B@8G=8E <5@560E 
AB@C< 7<V=RєBPAS 157?5@5@2=> C G0AV, B>1B>: 

, (1) 

45  - 0<?;VBC40 AB@C<C; 
 - :CB>20 G0AB>B0. 

 
' 28?04:C F8D@>2>3> AB@C<C ?5@540G0 5=5@3VW 2V41C20єBPAS 48A:@5B=8-

<8 V<?C;PA0<8: 

, (2) 

45 - <8BBє25 7=0G5==S AB@C<C;  
- 0<?;VBC40 AB@C<C; 

- ?5@V>4 V<C;PAC; 
- B@820;VABP V<?C;PAC. 

 
%5@54=є 7=0G5==S AB@C<C 287=0G0єBPAS :>5DVFVє=B>< 70?>2=5==S: 

, (3) 

45 - :>5DVFVє=B 70?>2=5==S; 
- <0:A8<0;P=89 AB@C<. 
 
#5@540=0 5=5@3VS 1C45 287=0G0B8AP >:@5<8<8 V<?C;PA0<8: 

, (4) 

' F8D@>2><C AB@C<V AB@C< ?@>BV:0є ;8H5 ?V4 G0A V<?C;PAC, B> A5@54=V 
2B@0B8 <>6CBP 1CB8 7=0945=V S:: 

. (5) 

/:I> ?@89=SB8 &=1 3>4, 0 B0:>6, I> Im = const =0 V=B5@20;V 2V4 0 4> T, 

B>  
�1> G5@57 :>5DVFVє=B 70?>2=5==S: 

. (6) 

� 7=0G8BP ?>BC6=VABP, S:0 ?5@540єBPAS A?>6820GC: 
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. (
7) 

#>є4=02H8 (6) B0 (7) 2 A8AB5<C @V2=S=P <>6=0 AB2>@8B8 <>45;P >?B8<V-
70FVW A8AB5<8 5;5:B@>?>AB0G0==S, 4;S 7=0E>465==S >?B8<0;P=>3> 7=0G5==S 
:>5DVFVє=BC 70?>2=5==S D ?@8 S:><C 4>AS30єBPAS <0:A8<V70FVS :>5DVFVє=B 
:>@8A=>W 4VW <5@56V. 

�>@8ABCRG8AP A8AB5<0<8 :5@C20==S :>5DVFVє=B>< 70?>2=5==S 7 72>@>B-
=V< 72’S7:>< 70 =5>1EV4=>R ?>BC6=VABR <>6=0 4>AS3B8 <0:A8<0;P=>3>  :>5-
DVFVє=BC :>@8A=>W 4VW =5 BV;P:8 =0 5B0?V ?@>5:BC20==S, 0;5 W 2 ?@>F5AV 5:A?;C-
0B0FVW. 

*8D@>289 AB@C< 265 70AB>A>2CєBPAS =5 ;8H5 2 ;01>@0B>@=8E C<>20, 0 9 
=0 @50;P=8E >1'є:B0E @V7=>3> B8?C: 2 05@>?>@B0E 4;S LED >A2VB;5==S, C :><5-
@FV9=8E 1C4V2;SE 4;S PoE V=D@0AB@C:BC@8, C 3>B5;SE 4;S A8AB5< «@>7C<=>3>» 
4><C V =0 B@0=A?>@B=8E 2C7;0E 4;S 4G, 5G B0 Wi Fi <5@56 [3,4].  

*8D@>289 AB@C< є ?5@A?5:B82=8< =0?@S<>< @>728B:C 5;5:B@>5=5@35B8-
:8, S:89 ?>є4=Cє V<?C;PA=C ?5@540GC 5=5@3VW B0 F8D@>25 :5@C20==S. �>3> 
28:>@8AB0==S 4>72>;Sє ?V428I8B8 5D5:B82=VABP, 3=CG:VABP V 157?5:C 5;5:B@8-
G=8E A8AB5<. "A>1;82> 206;828< є 9>3> 70AB>AC20==S C smart grid B0 45F5=B-
@0;V7>20=8E 5=5@3>A8AB5<0E, 45 =5>1EV4=0 H284:0 040?B0FVS 4> 7<V= @568<V2 
@>1>B8 [5]. 

 
%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Heluany J., Gkioulos V. A review on digital twins for power generation 
and distribution // International Journal of Information Security. 2023. Vol. 23. P. 
117131195. 

2. Almeida L., Santos F. Smart grid communication networks and 
teleprotection: key technologies and challenges // Electric Power Systems 
Research. 2023. Vol. 23. P. 1740493174079. 

3. Fraunhofer CSE, U.S. Department of Energy. Final Report: Low Cost, 
High Efficiency Integration of SSL and Building Controls Using Digital Electricity 
[�;5:B@>==89 @5AC@A]. 3 $568< 4>ABC?C: https://voltserver.com/wp-
content/uploads/2024/04/Whitepaper-SBIR-Phase-II-Final-Report.pdf (40B0 725@-
=5==S: 01.04.2026). 

4. VoltServer. Sinclair Hotel: Texas First Intelligent Building Powered by 
Digital Electricity [�;5:B@>==89 @5AC@A]. 3 $568< 4>ABC?C: 
https://voltserver.com/blog/case-study/sinclair-hotel-texass-first-intelligent-
building-powered-by-digital-electricity/ (40B0 725@=5==S: 01.04.2026). 

5. Sifat Md. M. H., Choudhury S. M., Das S. K. et al. Towards electric digital 
twin grid: technology and framework review // Energy and AI. 2023. Vol. 11. 
Article 100213. 
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@8G=>W 5=5@3VW (��). ' 72'S7:C 7 F8< =091V;PH H8@>:5 2?@>20465==S >B@8<C-
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B@C:FVW ?5@5B2>@R20GV2 B0 A?5F8DV:8 @>1>B8 V=4C:FV9=8E CAB0=>2>: C A:;04V 
28@>1=8G8E :><?;5:AV2. 
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28B:>< B5E=>;>3V9, 45F5=B@0;V70FVєR 5=5@3>?>AB0G0==S, 2?@>20465==S< 2V4-
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&5=45=FVW @>728B:C 5;5:B@>5=5@35B8G=8E <5@56: 
3 F8D@>2V70FVS <5@56: 28:>@8AB0==S A<0@B-;VG8;P=8:V2, A8AB5< C?@02-

;V==S (SCADA), 40BG8:V2 V IoT; 
45F5=B@0;V70FVS: ?5@5EV4 2V4 F5=B@0;V7>20=>W 35=5@0FVW 4> <V:@>3@84V2, 

;>:0;P=8E 465@5; 5=5@3VW; 
3 V=B53@0FVS ��� (2V4=>2;R20=8E 465@5; 5=5@3VW): A>=SG=V, 2VB@>2V, 1V>5-

=5@35B8G=V CAB0=>2:8 ?>B@51CRBP 040?B0FVW <5@56 4> =5AB01V;P=>W 35=5@0FVW; 
3 5=5@35B8G=5 715@V30==S: 28:>@8AB0==S 0:C<C;SB>@=8E A8AB5< 4;S 10-

;0=AC20==S =020=B065==S; 
3 3=CG:5 C?@02;V==S ?>?8B>< (Demand Side Management); 
Smart Grid 4 F5 «@>7C<=0 <5@560», I> ?5@5410G0є: 
3 42>AB>@>==R :><C=V:0FVR <V6 A?>6820G5< V ?>AB0G0;P=8:><; 
3 V=B53@0FVR @>7?>4V;5=8E 465@5; 5=5@3VW; 
3 ?V428I5=C 5D5:B82=VABP, =04V9=VABP, 157?5:C B0 ABV9:VABP. 
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 V:@><5@56V (Microgrids) 3 ;>:0;P=V 5=5@3>A8AB5<8, S:V <>6CBP DC=:FV-
>=C20B8 02B>=><=> 01> 2 A:;04V 7030;P=>W <5@56V. #V428ICRBP 5=5@35B8G=C 
157?5:C, >A>1;82> 2 :@8B8G=8E V=D@0AB@C:BC@0E. 

$>;P HBCG=>3> V=B5;5:BC B0 big data: 
3 ?@>3=>7C20==S ?>?8BC B0 35=5@0FVW; 
3 >?B8<V70FVS =020=B065==S B0 :5@C20==S <5@560<8; 
3 28S2;5==S 020@V9 B0 =5A?@02=>AB59 C @568<V @50;P=>3> G0AC. 
� @>728B:>< F8D@>2V70FVW 7@>AB0є 9<>2V@=VABP :V15@0B0:, B><C 206;828-
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B0 @>728B>: <V:@><5@56 3 :;RG>2V :@>:8 4> 5=5@35B8:8 <091CB=P>3>. 
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BV 2 C<>20E 48=0<VG=>W 7<V=8 28@>1=8G8E ?;0=V2, A?5F8DV:0FV9 ?@>4C:FVW, 
?>3>4=8E C<>2, A57>==>ABV B0 :>;820=P ?>?8BC. *5 7=86Cє 5D5:B82=VABP 28-
:>@8AB0==S 5=5@35B8G=8E @5AC@AV2 V CA:;04=Rє ?@89=SBBS >1�@C=B>20=8E 
C?@02;V=AP:8E @VH5=P. 

' @>1>BV 70?@>?>=>20=> ?V4EV4 4> ?V428I5==S 5D5:B82=>ABV ?;0=C20==S 
B0 040?B82=>3> :5@C20==S 5;5:B@>A?>6820==S< ?@><8A;>2>3> ?V4?@8є<AB20 
=0 >A=>2V V=B53@0FVW 40=8E V7 A8AB5< 5=5@35B8G=>3> >1;V:C, SCADA, MES, 
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F8D@>2>3> >?8AC 28@>1=8G>-5=5@35B8G=8E 70;56=>AB59, S:89 40є 7<>3C 
?>2’S70B8 ?@>DV;P 5;5:B@>A?>6820==S 7 28@>1=8G8<8 >?5@0FVS<8, @568<0<8 
@>1>B8 >1;04=0==S, B5E=>;>3VG=8<8 ?5@5E>40<8, 7<V=0<8 C 28@>1=8GV9 ?@>-
3@0<V B0 V=H8<8 D0:B>@0<8 2?;82C. 

!0 2V4<V=C 2V4 B@048FV9=>3> ?V4E>4C, 70?@>?>=>20=5 @VH5==S ?5@5410-
G0є ?>є4=0==S ?@>3=>7C20==S >GV:C20=>3> 5;5:B@>A?>6820==S 7 <5E0=V7<0<8 
0:B82=>3> :>@83C20==S C @07V 28S2;5==S 2V4E8;5=P 01> =51060=8E B5=45=FV9. 
*5 4>72>;Sє =5 ;8H5 CB>G=R20B8 ?;0=>2V >1AS38 A?>6820==S, 0 9 A2>єG0A=> 
28S2;SB8 =04;8H:>25 01> 0=><0;P=5 28:>@8AB0==S 5;5:B@>5=5@3VW, 287=0G0B8 
9>3> 9<>2V@=V ?@8G8=8 B0 D>@<C20B8 @5:><5=40FVW I>4> ?>40;PH8E 4V9. 
&0:8<8 4VS<8 <>6CBP 1CB8 :>@83C20==S 28@>1=8G>3> 3@0DV:0, 7<V=0 @568<V2 
@>1>B8 >:@5<>3> >1;04=0==S, CB>G=5==S ?0@0<5B@V2 B5E=>;>3VG=>3> ?@>F5AC 
01> C73>465==S @568<V2 A?>6820==S 7 =0S2=8<8 2;0A=8<8 35=5@CRG8<8 
?>BC6=>ABS<8 ?V4?@8є<AB20. 

"B65, 70?@>?>=>20=89 ?V4EV4 70157?5GCє ?5@5EV4 2V4 AB0B8G=>3> ?;0=C-
20==S 5;5:B@>A?>6820==S 4> 040?B82=>3> :5@C20==S =0 >A=>2V 40=8E. #@0:-
B8G=0 FV==VABP ?>;S30є C ?V428I5==V B>G=>ABV ?;0=C20==S, ?>:@0I5==V :5@>-
20=>ABV 5=5@3>A?>6820==S, 7<5=H5==V =5?@>4C:B82=8E 28B@0B 5;5:B@>5=5@3VW 
B0 AB2>@5==V >A=>28 4;S 2?@>20465==S V=B5;5:BC0;P=8E A8AB5< 5=5@3><5=5-
46<5=BC =0 ?@><8A;>28E ?V4?@8є<AB20E. 
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1 prof. of the National University <Zaporizhzhya Polytechnic= 
2 graduate student, National University <Zaporizhzhya Polytechnic= 

IMPROVING THE EFFICIENCY OF PLANNING AND ADAPTIVE 

CONTROL OF ELECTRICITY CONSUMPTION AT AN INDUSTRIAL 

ENTERPRISE UNDER THE CONDITIONS OF THE ELECTRICITY 

MARKET FUNCTIONING 

D.O. Kulagin, S.�. Lazarenko  

Under the conditions of the functioning electricity market, it is important for 
industrial enterprises not only to plan their electricity demand, but also to ensure 
the ability to promptly adjust consumption modes in accordance with changes in 
production load, external factors, and market conditions. Traditional planning ap-
proaches, which are mainly based on historical indicators and normative assump-
tions, do not provide sufficient accuracy under dynamic changes in production 
plans, product specifications, weather conditions, seasonality, and demand fluctua-
tions. This reduces the efficiency of energy resource use and complicates informed 
managerial decision-making. 
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The paper proposes an approach to improving the efficiency of planning and 
adaptive control of electricity consumption at an industrial enterprise based on the 
integration of data from energy metering systems, SCADA, MES, ERP, and exter-
nal information sources. The key idea is to form a digital representation of produc-
tion-energy interdependencies, which makes it possible to link the electricity con-
sumption profile with production operations, equipment operating modes, techno-
logical transitions, changes in the production program, and other influencing fac-
tors. 

Unlike the traditional approach, the proposed solution combines forecasting 
of expected electricity consumption with active adjustment mechanisms in the 
event of deviations or undesirable trends. This makes it possible not only to refine 
planned consumption volumes, but also to timely detect excessive or abnormal 
electricity use, identify its probable causes, and generate recommendations for 
further actions. Such actions may include adjusting the production schedule, 
changing the operating modes of individual equipment, refining process parame-
ters, or coordinating consumption modes with the available on-site generation 
capacities of the enterprise. 

Thus, the proposed approach ensures a transition from static electricity con-
sumption planning to data-driven adaptive control. Its practical value lies in im-
proving planning accuracy, enhancing electricity consumption controllability, 
reducing non-productive electricity losses, and creating a foundation for the im-
plementation of intelligent energy management systems at industrial enterprises. 
 
 
'�� 621.43 
Kulagin D.O.1, Maslov I.Z.2 
1 prof. of the National University <Zaporizhzhya Polytechnic= 
2 Associate Professor of the Danube Institute of the National University <Odesa 
Maritime Academy= 

THE TECHNICAL OPERATION OF A SHIP'S ELECTRIC POWER 

SYSTEM 

D.O. Kulagin, I.Z. Maslov  

The technical operation of shipboard integrated power systems focuses on 
maintaining a continuous and efficient supply of electricity through a coordinated 
network of machinery and control units. Primary power generation relies on gener-
ator sets that serve both main and backup functions, while distribution is managed 
via main and auxiliary switchboards. These components are overseen by sophisti-
cated automation and monitoring systems that regulate equipment performance, 
supported by emergency generators and battery banks designed to sustain critical 
services during a blackout. 
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To ensure long-term reliability in harsh maritime environments, engineers 
implement rigorous maintenance and diagnostic protocols. This includes the sys-
tematic inspection of insulation levels across cable networks and electrical hard-
ware to detect degradation early. Furthermore, constant monitoring of voltage and 
frequency parameters remains essential, alongside physical checks of generator 
brushes and contacts. Testing automatic protection and stabilization systems is also 
a vital measure to prevent equipment failure before it occurs. 

Protection mechanisms within the ship's power grid involve the use of auto-
matic circuit breakers to mitigate the risks of short circuits and the implementation 
of emergency shutdown systems. Monitoring units for temperature and electrical 
overload are integrated to provide an additional layer of safety. Because shipboard 
systems must withstand high humidity, constant vibration, and fluctuating load 
demands, specialized measures such as anti-corrosion coatings, voltage stabilizers 
for surge compensation, and vibration-isolated mounts for generators are standard 
requirements. 

Ultimately, the technical management of these systems demands a holistic 
approach to diagnostics and safety. By strictly adhering to regulatory procedures 
and incorporating modern automation technologies, operators can enhance the 
overall reliability of the vessel's power infrastructure. This comprehensive strategy 
not only reduces long-term repair costs but also guarantees the uninterrupted power 
supply necessary for the safe navigation and operation of the ship. 
 
 
'�� 621.3 
Kulagin D.O.¹, Dzhebarov B.O.² 
1 prof. of the National University <Zaporizhzhya Polytechnic= 
² graduate student, National University <Zaporizhzhya Polytechnic=  

MODERN APPROACHES TO SURGE PROTECTION IN NETWORKS 

WITH ISOLATED AND GROUNDED NEUTRALS 

D.O. Kulagin, B.O. Dzhebarov  

Electrical networks are increasingly exposed to overvoltages caused by light-
ning strikes, switching operations, and other transient phenomena. Nonlinear surge 
protectors (NSPs) are a key solution to safeguard electrical equipment and main-
tain network stability. The type of network neutral4isolated or grounded4
significantly affects protection strategies and NSP design. 

Trends in surge protection: 
3 Network-specific design: NSPs must be optimized depending on whether the 
network has an isolated or grounded neutral; 
3 Improved reliability: development of NSPs with enhanced response to both 
lightning and switching overvoltages; 
3 Mathematical modeling: electrical and thermal processes are simulated to predict 



30 

NSP behavior under extreme conditions; 
3 Condition monitoring: sensors and smart monitoring systems detect degradation 
and prevent failures. 

Design and modeling considerations: 
Accurate modeling of NSPs allows engineers to: 
3 predict voltage distribution and thermal stress; 
3 evaluate performance during repeated overvoltage events; 
3 optimize materials and geometries to extend NSP lifespan. 

Operational aspects: 
3 Lightning overvoltages: NSPs rapidly absorb transient spikes, protecting trans-
formers and other critical equipment; 
3 Switching overvoltages: NSPs must withstand repetitive stress without signifi-
cant degradation; 
3 Maintenance strategies: monitoring and timely replacement of NSPs improve 
overall network reliability. 

Modern surge protection requires a combination of tailored design, accurate 
modeling, and proactive operation. By considering network neutral type and ad-
vanced NSP technologies, electrical networks can achieve higher safety, reliability, 
and resilience against transient overvoltages. 
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"Peak Shaving" (7@V70==S ?V:V2) B0 V=B53@0FVW ESS V7 ;>:0;P=>R 35=5@0FVєR =0 
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740B=8E =V25;R20B8 2?;82 7>2=VH=VE @8=:>28E :>;820=P B0 70157?5GC20B8 
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�;S <0:A8<V70FVW ?>:07=8:0  =5>1EV4=> <V=V<V7C20B8 0<?;VBC4C :>;8-

20=P =020=B065==S H;SE>< ?5@5@>7?>4V;C ?>BC6=>ABV. *5 4>AS30єBPAS G5@57 
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@57C;PB0B0<8 5:A?;C0B0FVW ?@><8A;>28E <V:@><5@56 [3].  0B5<0B8G=5 7=8-
65==S <0:A8<0;P=>W ?>BC6=>ABV  C 7=0<5==8:C @>7@0EC=:>2>W D>@<C;8 
4>72>;Sє =5 ;8H5 73;048B8 :@82C ?>?8BC, 0 9 5:A?>=5=FV0;P=> 7<5=H8B8 
2B@0B8 5=5@3VW, >A:V;P:8 25;8G8=0 AB@C<C <0є =5;V=V9=89 72'S7>: V7 2B@0B0<8 
?>BC6=>ABV 2 :015;P=8E ;V=VSE [1]. 

#@0:B8G=5 70AB>AC20==S 0:C<C;SB>@=8E A8AB5< (BESS) =0 ?@><8A;>28E 
>1'є:B0E 45<>=AB@Cє ACBBє25 ?>:@0I5==S ?@>DV;R =020=B065==S. "?B8<V70-
FVS @568<V2 70@S4C-@>7@S4C, S:0 ?>;S30є C 70?>2=5==V =VG=8E <V=V<C<V2 B0 
7@V70==V 45==8E ?V:V2, 4>72>;Sє ?V428I8B8 107>289 :>5DVFVє=B  V7 B8?>28E 
40369% 4> ?>=04 90% [3]. *5 A2V4G8BP ?@> <0:A8<0;P=> 5D5:B82=5 28:>@8A-
B0==S 2AB0=>2;5=>W ?>BC6=>ABV B@0=AD>@<0B>@V2 B0 35=5@CRG>3> >1;04=0==S 
?@>BS3>< CAVєW 4>18. 

%B@0B53VG=5 @>73>@B0==S ESS A?@8Sє 7=865==R D0:B8G=>3> 7=0G5==S 
?V:>2>W ?>BC6=>ABV C A5@54=P><C =0 15332% 70;56=> 2V4 є<=>ABV 10B0-
@59, I> 157?>A5@54=P> 7<5=HCє ?;0BC 70 70<>2;5=C ?>BC6=VABP [3]. �8=0<VG-
=5 :>@83C20==S ?V:V2 B0:>6 70157?5GCє 5:>=><VG=C 283>4C, A:>@>GCRG8 7030-
;P=V 28B@0B8 ?V4?@8є<AB20 =0 5;5:B@>5=5@3VR =0 13,8322,2% I><VASFS [2]. 
�024S:8 28@V2=R20==R 3@0DV:0 B0 7@>AB0==R ?V428ICєBPAS B5E=VG=0 AB0-
1V;P=VABP A8AB5<8: VA=CRG5 >1;04=0==S ?@0FRє 157 :@8B8G=8E ?5@520=B0-
65=P, I> 4>72>;Sє C=8:=CB8 ?5@54G0A=>W B0 20@BVA=>W <>45@=V70FVW @>7?>4V;P-
G8E <5@56 [1]. �@V< B>3>, >?B8<V70FVS 35=5@CRG8E ?>BC6=>AB59 70 @0EC=>: 
0:C<C;SB>@V2 <0є ?>78B82=89 5:>;>3VG=89 2?;82. �V4<>20 2V4 28:>@8AB0==S 
@575@2=8E 4875;P-35=5@0B>@V2 C 3>48=8 <0:A8<0;P=>3> =020=B065==S 7=86Cє 
@V25=P 28:84V2 CO2 =0 8322,9% [2]. 

&0:8< G8=><, 28:>@8AB0==S :>5DVFVє=B0  S: FV;P>2>W DC=:FVW 4>2>-
48BP, I> 73;046C20==S 3@0DV:0 =020=B065==S є AB@0B53VG=8< V=AB@C<5=B>< 
4;S ?V428I5==S =04V9=>ABV, 5:>;>3VG=>ABV B0 7030;P=>W @5=B015;P=>ABV ACG0A-
=8E ?@><8A;>28E 5=5@3>A8AB5<. 

�0?@>?>=>20=0 <5B>4>;>3VS >?B8<V70FVW A8AB5< =0:>?8G5==S 5=5@3VW 
(ESS) =0 107V :>5DVFVє=B0 70?>2=5==S 3@0DV:0  70157?5GCє ?@><8A;>28< 
?V4?@8є<AB20< ACBBє25 7=865==S 5:A?;C0B0FV9=8E 28B@0B. �1V;PH5==S 
H;SE>< 7<5=H5==S ?V:>2>3> ?>?8BC ( ) 5D5:B82=> @>720=B06Cє 5=5@-

3><5@56C B0 ?V428ICє WW 7030;P=C AB01V;P=VABP. #>є4=0==S <0B5<0B8G=>3> 
73;046C20==S ?@>DV;R =020=B065==S 7 ?@>3=>7C20==S< FV= B0 <5E0=V7<0<8 
C?@02;V==S ?>?8B>< <0:A8<V7Cє DV=0=A>2C 283>4C ?V4?@8є<AB20, =0A0<?5@54 
70 @0EC=>: 7=865==S 28B@0B =0 A?>68BC 0:B82=C 5;5:B@>5=5@3VR B0 >?B8<V70-
FVW ?;0B8 70 WW @>7?>4V;. �06;82>R A:;04>2>R є B0:>6 5:>;>3VG=VABP @VH5==S 
3 >?B8<V70FVS 4>72>;Sє 7<5=H8B8 70;56=VABP 2V4 28:>?=>3> ?0;820 2 3>48=8 
<0:A8<0;P=8E =020=B065=P. 
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F8DV:8 @V7=8E 30;C759. �030;><, 28:>@8AB0==S ESS 4>2>48BP A2>R :@8B8G=C 
@>;P C ACG0A=V9 B@0=AD>@<0FVW ?@><8A;>2>3> 5=5@3><5=546<5=BC, ?>є4=CR-
G8 5:>=><VG=C 4>FV;P=VABP, =04V9=VABP B0 AB0;89 @>728B>:. 
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'�� 621.3 
Kulagin D.O.¹, Kulagina N.A.² 
1 prof. of the National University <Zaporizhzhya Polytechnic= 
² engineer at <Iskra= innovation complex utility enterprise 

METHODOLOGICAL FRAMEWORKS FOR MODERNIZING 

ELECTRICAL NETWORKS AND SYSTEMS  

D.O. Kulagin, N.A. Kulagina  

Modern energy systems are undergoing a significant transformation due to 
the development of technologies, decentralization of energy supply, integration of 
renewable energy sources, and increasing demands for the reliability and flexibility 
of power grids. 

Trends in the development of power networks: 
3 Digitalization of networks: the use of smart meters, control systems 

(SCADA), sensors, and IoT technologies; 
3 Decentralization: the transition from centralized generation to microgrids 

and local energy sources; 
3 Integration of RES (renewable energy sources): solar, wind, and bioenergy 

installations require grid adaptation to unstable generation; 
3 Energy storage: the use of battery systems to balance the load; 
3 Flexible demand-side management (DSM). 
Smart Grid 
Smart Grid is an "intelligent network" that includes: 
3 two-way communication between consumers and suppliers; 
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3 integration of distributed energy sources; 
3 increased efficiency, reliability, security, and resilience. 
Microgrids 
Microgrids are local energy systems that can operate autonomously or as part 

of a general network. They enhance energy security, especially in critical infra-
structure. 

The role of artificial intelligence and big data: 
3 demand and generation forecasting; 
3 optimization of load and network management; 
3 real-time detection of faults and malfunctions. 
With the advancement of digitalization, the probability of cyberattacks in-

creases, making data protection, secure information transmission, and system 
backup crucial. 

Challenges and prospects: 
3 modernization of outdated infrastructure; 
3 integration of new technologies with minimal costs; 
3 increased resilience to climate change and emergency situations. 
Modern power networks are complex and dynamic systems that require inno-

vation, flexibility, and high reliability. The transition to Smart Grid and the devel-
opment of microgrids are key steps toward the energy systems of the future. 
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&�)!"�"��� SMART GRID � '�$��!�: #����-�!!/ 
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�.".  0@B8H, �.�. (54>H0  

&@0=AD>@<0FVS 5;5:B@>5=5@35B8G=>W A8AB5<8 ':@0W=8 2 C<>20E 2>є==8E 
@878:V2, <0A>28E ?>H:>465=P V=D@0AB@C:BC@8 B0 0:B82=>W 45F5=B@0;V70FVW 
35=5@0FVW 7C<>28;0 =5>1EV4=VABP ?5@5E>4C 4> ACG0A=8E F8D@>28E B5E=>;>3V9 
C?@02;V==S [1]. �>=F5?FVS Smart Grid (@>7C<=8E <5@56) @>73;S40єBPAS S: 
:;RG>289 V=AB@C<5=B ?V428I5==S =04V9=>ABV, 3=CG:>ABV B0 5=5@3>5D5:B82=>-
ABV 5;5:B@>?>AB0G0==S ?@><8A;>28E ?V4?@8є<AB2 [2]. 

#@><8A;>2V A?>6820GV AB8:0RBPAS 7 =5AB01V;P=VABR 682;5==S, 28A>:>R 
G0AB:>R =5;V=V9=8E =020=B065=P, V=B53@0FVєR 2;0A=8E @>7?>4V;5=8E 465@5; 
5=5@3VW (���) B0 28<>3>R 70157?5G5==S 157?5@5@2=>ABV B5E=>;>3VG=8E ?@>F5-
AV2. &@048FV9=V @04V0;P=V AE5<8 5;5:B@>?>AB0G0==S 265 =5 70157?5GCRBP >?5-



35 
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&5E=>;>3VW Smart Grid 70157?5GCRBP 42>AB>@>==V9 F8D@>289 >1<V= 40-
=8<8 2 @50;P=><C G0AV, 02B><0B87>20=89 <>=VB>@8=3 ?0@0<5B@V2 <5@56V, ?@>-
3=>7=5 :5@C20==S =020=B065==S<, V=B53@0FVR A8AB5< =0:>?8G5==S 5=5@3VW 
(BESS), 040?B82=C @>1>BC @5;59=>3> 70E8ABC 9 02B><0B8:8, 0 B0:>6 <>6;8-
2VABP ?5@5E>4C 2 >AB@V2=89 @568<. 

%B0=>< =0 202532026 @>:8 2 ':@0W=V 265 @50;V7CRBPAS ?@0:B8G=V :@>:8 
2?@>20465==S Smart Grid. �><?0=VS �&�� ?>2=VABR >F8D@C20;0 <5@56V �8W-
2I8=8 7 28:>@8AB0==S< F8D@>2>3> 42V9=8:0 (digital twin) [3]. &@820є @>73>@-
B0==S A8AB5< Smart metering, 1C4V2=8FB2> 25;8:8E =0:>?8GC20GV2 5=5@3VW 
(1;87P:> 500  �B C 2025 @>FV) B0 ?V;>B=8E <V:@><5@56 =0 ?@><8A;>28E <09-
40=G8:0E. �=0;>3VG=V ?@>є:B8 28:>=CRBPAS 2 "45AP:V9, )0@:V2AP:V9 B0 �=V?-
@>?5B@>2AP:V9 >1;0ABSE [4]. 

*8D@>289 42V9=8: 5;5:B@8G=>W <5@56V ?@><8A;>2>3> ?V4?@8є<AB20 (2V-
7C0;V70FVS @50;P=>3> G0AC: <>=VB>@8=3 =020=B065==S, ?0@0<5B@V2 /��, @V2=S 
@50:B82=>W ?>BC6=>ABV, ?@>3=>7C20==S 020@V9=8E A8BC0FV9 B0 02B><0B8G=5 
D>@<C20==S @5:><5=40FV9 I>4> ?5@5:><CB0FVW). 

%E5<0 ?@><8A;>2>W <V:@><5@56V 7 V=B53@0FVєR ��� B0 A8AB5< 715@V30=-
=S 5=5@3VW (A:;040єBPAS 7: A>=SG=V/2VB@>2V CAB0=>2:8 → V=25@B>@8 → BESS → 
=020=B065==S ?V4?@8є<AB20 → <V:@><5@56=89 :>=B@>;5@ → 72’S7>: 7 >A=>2-
=>R <5@565R; <>6;82VABP 02B><0B8G=>3> ?5@5E>4C 2 islanding-@568<). 

!>289 ?V4EV4 ?>;S30є 2 >1�@C=BC20==V 0@EVB5:BC@8 70AB>AC20==S ?@8=-
F8?V2 Smart Grid A0<5 4;S ?@><8A;>28E A8AB5< 5;5:B@>?>AB0G0==S ':@0W=8 2 
C<>20E 28A>:>W G0AB:8 @>7?>4V;5=>W 35=5@0FVW B0 ?V428I5=8E @878:V2. �0?@>-
?>=>20=> :><?;5:A=5 @VH5==S, I> ?>є4=Cє <>=VB>@8=3 S:>ABV 5;5:B@8G=>W 
5=5@3VW 7 040?B82=8<8 0;3>@8B<0<8 :5@C20==S <V:@><5@560<8 B0 02B><0B8G-
=>R :><?5=A0FVєR @50:B82=>W ?>BC6=>ABV.  

�?@>20465==S B5E=>;>3V9 Smart Grid =0 ?@><8A;>28E ?V4?@8є<AB20E 70-
157?5GCє: 

- 7=865==S ?>:07=8:V2 SAIDI B0 SAIFI C 337 @07V2; 
- 30@0=B>20=5 682;5==S :@8B8G=8E B5E=>;>3VG=8E ;V=V9 2 >AB@V2=><C 

@568<V; 
- >?B8<V70FVR 10;0=AC 35=5@0FVW B0 A?>6820==S 2 @50;P=><C G0AV; 
- 7<5=H5==S 2B@0B 5;5:B@>5=5@3VW =0 10325 %; 
- ?V428I5==S S:>ABV 5;5:B@8G=>W 5=5@3VW B0 :>5DVFVє=B0 ?>BC6=>ABV; 
- <>6;82VABP CG0ABV ?V4?@8є<AB2 C @8=:C 4>?><V6=8E ?>A;C3 (ancillary 

services). 
!0 B5?5@VH=V9 B5E=>;>3VW Smart Grid є AB@0B53VG=> 206;828< =0?@S<>< 

<>45@=V70FVW A8AB5< 5;5:B@>?>AB0G0==S ?@><8A;>28E ?V4?@8є<AB2 ':@0W=8, 
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' ACG0A=8E C<>20E ?V428I5=8E 28<>3 4> =04V9=>ABV 5;5:B@>?>AB0G0==S 
>A>1;82>W C2038 =01C20RBP ?8B0==S A2>єG0A=>3> 28S2;5==S B0 70?>1V30==S 
020@V9=8< @568<0< C @>7?>4V;PG8E <5@560E A5@54=P>W =0?@C38 (6335 :�). 
 5E0=V7<>< 70157?5G5==S AB01V;P=>W @>1>B8 B0:8E <5@56 є A8AB5<0 @5;59=>-
3> 70E8ABC, 2V4 :>@5:B=>ABV B0 H284:>4VW S:>W 70;568BP 70?>1V30==S ?>H:>-
465==S< >1;04=0==S B0 2B@0B0< 5;5:B@>5=5@3VW. 

�0AB>AC20==S B5E=>;>3V9 V=B5;5:BC0;P=>3> 0=0;V7C 40=8E (Data Mining, 
Machine Learning [1]) 4>72>;Sє ?5@59B8 2V4 @50:B82=>3> 4> ?@>0:B82=>3> 
C?@02;V==S 020@V9=VABR, ?5@5410G0RG8 9<>2V@=VABP A?@0FR20=P 70E8ABC =0 
?V4AB02V ?>?5@54=VE B@5=4V2 C @568<0E @>1>B8 <5@56V.  

!>289 ?V4EV4 ?>;S30є C ?>1C4>2V AB@C:BC@>20=>3> ?V4E>4C 4> D>@<0;V-
70FVW >7=0: 7 B5;5<5B@VW PowerLogic T300 B0 28:>@8AB0==V Random Forest [2] 
4;S ?5@5410G5==S A?@0FR20=P, I> 4>72>;Sє 70157?5G8B8 ?@>0:B82=5 B5E=VG=5 
>1A;C3>2C20==S. 
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�;S FP>3> 28:>@8AB>2C20;8AP A8=B5B8G=V B5;5<5B@8G=V 40=V, =0 >A=>2V 
@0=VH5 7V1@0=8E B5;5<5E0=VG=8< ?@8AB@>є< PowerLogic T300, 2AB0=>2;5=8< 
=0 ?V4AB0=FVSE @>7?>4V;PG>W <5@56V =0?@C3>R 6335 :�. �0=V >E>?;R20;8 
G0A>2V @S48 7<V= AB@C<C, =0?@C38, AB0BCAV2 28<8:0GV2, A83=0;V2 020@V9, ?>?5-
@5465=P V :><0=4 :5@C20==S. �030;P=89 >1AS3 281V@:8 AB0=>282 1;87P:> 120 
000 70?8AV2 7 V=B5@20;>< 48A:@5B870FVW 2 500-1000<A (Δt). 

�;S 40=8E 28:>=0=> >G8I5==S 2V4 0=><0;P=8E 01> =5:>@5:B=8E 7=0-
G5=P, 0 B0:>6 ?>1C4>2C =>28E >7=0: (features), B0:8E S:: B5<? 7<V=8 AB@C<C 
(ΔI/Δt) (1), G0AB>B0 ?>S28 020@V9=8E A83=0;V2 70 2V:=> G0AC (2), AB0BCA8 28<8-
:0GV2 C 283;S4V 1V=0@=>3> 25:B>@0, ?>?5@54=V 7=0G5==S 70 DV:A>20=C :V;P:VABP 
:@>:V2 (2V4AB0RGV >7=0:8, ;03C20==S). 

, (1) 

45 Ia(ti) 3 <8BBє25 7=0G5==S AB@C<C D078 A C <><5=B G0AC ti; ti 3 <VB:0 G0AC 2 
<V;VA5:C=40E. 

, (2) 

45 ·trip(tj) = 1, S:I> 2 <><5=B G0AC tj 70@5єAB@>20=0 ?>4VS B8?C "Trip";W - @>7-
<V@ A:>;P7SG>3> 2V:=0 2 :V;P:>ABV B>G>: (=0?@8:;04, 60 4;S 1Hz); ftrip(ti) - 
:V;P:VABP trip-?>4V9 70 >AB0==є 2V:=>. 
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710;0=A>20=>ABV <>45;59 70AB>A>20=> AB@0B8DV:>20=5 @>74V;5==S =0 B@5=C20-
;P=89 (70%), 20;V40FV9=89 (15%) V B5AB>289 (15%) =01>@8. /: 107>289 0;3>-
@8B< >1@0=> Random Forest [3], >?B8<V7>20=89 V7 28:>@8AB0==S< 
GridSearchCV. !09:@0IV @57C;PB0B8 >B@8<0=> ?@8 ?0@0<5B@0E: n_estimators = 
100, max_depth = 8, min_samples_split = 4, criterion = 'gini'. �;S 2@0EC20==S 
48A10;0=AC :;0AV2 B0 ?>:@0I5==S <5B@8: S:>ABV, ?>@V3 :;0A8DV:0FVW 1C;> 
7=865=> 4> 0.35 [4]. *5 4>72>;8;> ?V428I8B8 F1-score [5] 4> 0.91 =0 B5AB>2>-
<C =01>@V. 
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GLOBAL TRENDS IN THE DEVELOPMENT OF MICROGRIDS 

D.O. Kulagin, O.O. Shram  

Microgrids are among the most actively developing areas of modern energy 
systems. As distributed generation expands and the share of renewable energy 
sources grows, microgrids are increasingly recognised as a key element of stable 
energy infrastructure. Their ability to operate both in grid-connected and islanded 
modes makes them applicable across a wide range of contexts 4 from remote rural 
communities to urban industrial facilities. The growing volume of scientific publi-
cations, regulatory initiatives, and pilot implementations worldwide confirms that 
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microgrids are transitioning from an experimental concept to a practical energy 
solution. 

European scientific discourse frames microgrids primarily as instruments of 
decarbonisation and climate neutrality. Considerable attention is devoted to Peer-
to-Peer energy trading between households, smart metering, and the integration of 
microgrids into broader smart city ecosystems. The overriding priorities are eco-
nomic efficiency, maximisation of renewable energy sources penetration, and re-
duction of CO2 emissions. The EU regulatory environment is gradually shaping 
legal frameworks for energy communities, although harmonisation of technical 
standards across member states remains an ongoing challenge. 

In the context of large-scale destruction of centralised energy infrastructure 
caused by armed aggression, Ukrainian research has sharply pivoted towards ener-
gy stability. Current studies examine fast islanding algorithms, stabilisation of local 
systems under power deficit conditions, and hybrid configurations combining solar 
generation with battery storage. Ukrainian researchers are actively developing and 
analysing hybrid microgrid configurations, accumulating practical operational 
experience that contributes to the broader scientific understanding of decentralised 
energy systems under challenging conditions. 

The analysis of scientific literature indicates that microgrid development is 
driven by different priorities across regions, yet follows a common trajectory to-
wards energy decentralisation. Both European and Ukrainian research demonstrate 
that microgrids offer tangible benefits in terms of stability, flexibility and integra-
tion of renewable generation. Further advancement in this field requires coordinat-
ed efforts in standardisation, regulatory frameworks, and cross-disciplinary re-
search combining technical and economic perspectives. 
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INFLUENCE OF OCCUPANT BEHAVIORAL FACTORS ON BUILDING 

ENERGY CONSUMPTION 

A. Gerasymov, V. Rieznychenko, Ya. Skryabina, Yu. Liush  

In the context of rising energy costs, increasing requirements for energy effi-
ciency, and the need to reduce greenhouse gas emissions, the issue of rational en-
ergy use in buildings is becoming particularly relevant. The building sector is one 
of the largest energy consumers, which necessitates the search for effective ways to 
reduce energy consumption. Traditionally, the main focus has been on technical 
measures such as improving the thermal insulation of building envelopes, modern-
ization of engineering systems, and integration of renewable energy sources. How-
ever, along with this, a significant but often underestimated potential for energy 
saving is associated with the behavior of building occupants [5]. 

Behavioral factors encompass a set of actions, habits, and decisions of occu-
pants that directly affect the operation of heating, ventilation, air conditioning, 
lighting, and electricity consumption systems [1, 2]. Unlike technical measures that 
require significant capital investments, changes in occupant behavior can be im-
plemented with minimal costs while providing a substantial energy-saving effect 
[4]. 

The main behavioral factors include the setting of indoor temperature condi-
tions, the nature and duration of ventilation, the intensity of artificial lighting use, 
as well as the operating modes of household electrical appliances [1, 2]. In particu-
lar, an increase or decrease in indoor air temperature by only 1 °C can change 
heating energy consumption by approximately 5310%, which is explained by 
changes in heat losses through building envelopes and ventilation [2]. Thus, even 
minor adjustments in temperature settings can have a noticeable impact on the 
overall energy balance of a building. 
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An important factor is also the ventilation regime. Inefficient practices, such 
as keeping windows open for long periods during the heating season, lead to signif-
icant heat losses and can increase thermal energy consumption by 30340% [1]. In 
contrast, short-term intensive ventilation allows for the required air exchange with 
minimal heat losses. Similarly, irrational use of lighting systems, including leaving 
lights on in unoccupied rooms or using inefficient light sources, leads to an in-
crease in electricity consumption by 10320% [5]. 

An additional aspect is the use of household electrical appliances. Their oper-
ating modes, duration of use, and energy efficiency directly affect total electricity 
consumption [4]. For example, switching appliances to standby mode or complete-
ly turning them off can reduce non-productive electricity consumption, which 
collectively constitutes a noticeable share of total energy use. 

To quantitatively assess the impact of behavioral factors, it is advisable to use 
a scenario-based approach, which involves the formation and comparison of differ-
ent building operation models [3]. The baseline scenario reflects typical or ineffi-
cient occupant behavior, whereas the energy-efficient scenario represents opti-
mized patterns of energy use. The results of such comparative analysis indicate that 
the potential reduction in energy consumption due to behavioral changes can reach 
15330% without additional capital investments in building modernization [1, 4]. 

An important direction for improving efficiency is the integration of behav-
ioral factors into building energy management systems [3]. Modern intelligent 
systems make it possible to account for occupant habits, automatically regulate 
indoor climate parameters, and optimize the operation modes of engineering 
equipment. The use of occupancy sensors, programmable thermostats, and adaptive 
control algorithms creates conditions for combining technical and behavioral ap-
proaches to energy saving. 

Thus, behavioral factors represent a significant reserve for improving build-
ing energy efficiency [1, 2]. Their consideration makes it possible to achieve a 
substantial reduction in energy consumption without significant financial invest-
ments, which is especially important under conditions of limited resources. Further 
research should be aimed at developing occupant behavior models, integrating 
them into energy management systems, and evaluating the effectiveness of such 
solutions under real operating conditions of buildings [3]. 
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- "1<565==S ?5@5=0?@C38  157?5G=>W 4;S V7>;SFVW, I> C?5@546Cє 020@V9-

=V 28E>48 V7 ;04C. 
#@8 4>45@60=V ?@82545==8E  C<>2 A:>@8AB0є<>AP =0ABC?=>R D>@<C-

;>R: 
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#@89<5<>, I> =0?@C30 =0 H8=0E A8AB5<8 682;5==S 71V30єBPAS 7 2VAAR 
4V9A=8E 25;8G8= ( l ) = U ( l ) ,  0 =0?@C30 =0 H8=0E :><?5=A0B>@V2 28?5@5460є 
=0?@C3C  =0 :CB  θ, B>1B>: 

 

' 28?04:C 2V4ACB=>ABV 01> 2V4:;RG5==S @50:B>@V2  (A=cos βℓ ; B=jzc sin 

βℓ) S:VABP AB@C<C <>6;82> 287=0G8B8 2 70;56=>ABV 2V4 4V9A=8E =0?@C3 =0 
;0=FR30E B0 7<V=8 >?>@C 2 <5@56V 682;5==S V=4C:FV9=>W ?5GV ?> =0ABC?=V9 
D>@<C;V: 

 

#@8 U ( 0 ) = U ( ℓ ) =U D   0:B82=0 B0 @50:B82=0 A:;04>2V =0?@C38, I> 28-
@065=V C 2V4=>A=8E >48=8FSE  B. 5. 2 4>;SE  $=0B , 0:B82=89 V @50:B82=89 
AB@C< 287=0G0єBPAS =0ABC?=>R A8AB5<>R @V2=S=P: 

                   (4) 

/:I>  

θ = βℓ, B>  І0=UD/zA  V  I@ = 0 

 ‒ 0:B82=0 ?>BC6=VABP, I> ?5@540єBPAS, 4>@V2=Rє =0BC@0;P=V9, 0 @50:B8-
2=0 ?>BC6=VABP 4>@V2=Rє =C;R. *5 >7=0G0є, I> ?> 2AV9 4>268=V <5@56V 25:-
B>@8 =0?@C38 V AB@C<C 71V30RBPAS ?> D07V, B>1B> ?@8 ?5@5E>4V 2V4 >4=VєW B>G:8 
<5@56V  4> V=H>W ?>25@B0RBPAS =0 >48= V B>9 65 :CB d θ  =  βdℓ.  >4C;V AB@C-
<V2 B0 =0?@C38 =5 7<V=RRBPAS 274>26 <5@56V. 

#@8 ?5@540GV ?>BC6=>ABV <5=H5 =><V=0;P=>W  θ < βℓ , B>1B> :CB <V6 25:-
B>@0<8 =0?@C38 ?> :V=FSE ;0=FR30 7<5=HCєBPAS 2 ?>@V2=S==V 7 WW E28;P>2>R 
4>268=>R V 2 :>6=V9 B>GFV FP>3> ;0=FR30 7'S2;SєBPAS 7AC2 ?> D07V <V6 25:B>-
@0<8 =0?@C38 V AB@C<C. *5 ?@872>48BP 4> ?5@5BV:0==S @50:B82=>W ?>BC6=>ABV, 
S: F5 28?;820є 7 (4) V, S: =0A;V4>:, G0AB:>2>3> ?>@CH5==S AB0B8G=>W ABV9:>ABV 
A8=E@>==>W <0H8=8. 

#@>BV:0==S є<=VA=>3> AB@C<C @V2=>7=0G=5 ?@>BV:0==R V=4C:B82=>3> 
AB@C<C V, B5E=VG=>, <>65 1CB8 ?@8<CA>2> 28:>@8AB0=89 4;S 4>B@8<0==S =>-
<V=0;P=8E ?0@0<5B@V2 =0?@C38 V 5;5:B@>B5E=>;>3VG=>3> :><?;5:AC. 

!0S2=VABP є<=VA=>W A:;04>2>W AB@C<C ?@872>48BP 4> 7<V=8 =0?@C38,  <0-
:A8<0;P=5 7=0G5==S S:>W <>6;82> >FV=8B8 70 =0ABC?=8< 28@07><: 
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&0:8< G8=>< 284=>, I> =02VBP ?@8 =525;8:><C 7<5=H5==V ?>BC6=>ABV 2 
<5@56V 682;5==S ?5GV 2 ?>@V2=S==V 7 =><V=0;P=8<8 ?0@0<5B@0<8 =020=B0-
65==S <0є <VAF5 7@>AB0==S =0?@C38 28I5 =><V=0;P=>W, I> B0:>6 2?;820є =0 
AB0B8G=C ABV9:VABP 28A>:>G0AB>B=>W <0H8=8. *5 A2V4G8BP ?@> B5E=VG=C =5>1-
EV4=VABP CAC=CB8 F5 S28I5 H;SE><  :><?5=A0FVW є<=VA=8< AB@C<><, I> <>6-
;82> 4>AS3B8 H;SE>< 28:>@8AB0==S @50:B>@V2. &5E=VG=V C<>28 4>AS3=5==S 
>7=0G5=>3> ?>SA=RєBPAS B8<, I> ?V4AB02;SRG8  2 (2)  2V4?>2V4=V ?0@0<5B@8 
?5@528I5==S =><V=0;P=8E ?0@0<5B@V2 =020=B065==S 2 <560E  qc =0; q'@1+ 

q''@1 = q@1 ; q@2 =0  8  ℓ1=ℓ2=ℓ/2, >B@8<Cє<> =0ABC?=V 287=0G0;P=V C<>28: 

 

�2V4:8 284=>, I> ?@8 >4=V9 V BV9 65 0:B82=V9 ?>BC6=>ABV, I> ?5@540єBP-
AS AB@C<><  (I0), :CB <V6 25:B>@0<8 =0?@C38 ?@872>48BP 4> 7<5=H5==S 70?0AC 
ABV9:>ABV A8=E@>==>W <0H8=8, 0 A:;04>20 AB@C<C 7<5=HCєBPAS, I> ?@872>-
48BP 4> 7<5=H5==S ?5@5?04C =0?@C38.  >4C;P FVєW =0?@C38 <V6 5;5:B@>?@8-
2>4>< V V=4C:FV9=>R ?VGGR <>6;82> >FV=8B8 ?> =0ABC?=><C 28@07C: 

                              (7) 

$>7?>4V; AB@C<C B0 =0?@C38 274>26 <5@56V 28BV:0є V7 0=0;V7C (7) V (6), I> 
40є <>6;82VABP 287=0G8B8 >?B8<0;P=V ?0@0<5B@8 :><?5=A0B>@0 @50:B82=>W 
?>BC6=>ABV B0 2?;82 :><CBCRG8E ?5@5=0?@C3. &0:>6 <>6;82> >FV=8B8 >?B8-
<0;P=V ?0@0<5B@8 2AP>3> 5;5:B@>B5E=VG=>3> CAB0B:C20==S 2 ?>є4=0==V V7 5;5-
:B@>B5E=VG=8< :><?;5:A>< ?@8 @V7=8E 7=0G5==SE ?>BC6=>ABV, I> A?>6820-
єBPAS ?VGGR, B>1B>, I>1 =0?@C30 =0 @50:B>@V =5 ?5@528IC20;0 7040=>W 25;8-
G8=8, =0?@8:;04, U ф :  

 

� C 3@0=8G=><C 28?04:C $=0, B>1B> θ=0,  
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&0:8< G8=>< ?>:070=>, I> 4;S 70157?5G5==S AB0B8G=>W ABV9:>ABV A8=E-
@>==>3> 35=5@0B>@0 =5>1EV4=> 4C65 @5B5;P=> 2@0E>2C20B8 ?>B>G=V ?0@0<5B@8 
V 70157?5G8B8 C<>28 4>B@8<0==S, 01> =5 7=0G=>3> ?5@528I5==S ?0@0<5B@V2 
=020=B065==S 2V4 =><V=0;P=8E. 

 
 

'�� 621.313:517.9:519.8 
�V=>2:V= �.�.1, �@8A0= .."2, �=B>=>2  .�2., #8@>6>: �.�2., �07C@>20 �.�2. 
1 ?@>D. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4>F !' «�0?>@V7P:0 ?>;VB5E=V:0» 
��$�,�!!/ �!&��$"-��(�$�!*��!�) $��!/!Ь %����!�) 
����&$" �)�!�+!�) %�%&�   �&"�"  �$�!�+!"� 

�"�"��*�� 
�.�. �V=>2:V=, ..". �@8A0=,  .�. �=B>=>2, �.�. #8@>6>:, �.�. �07C@>20  

�;5:B@><5E0=VG=V A8AB5<8 =091V;PH @>7?>2AR465=89 284 5;5:B@>B5E-
=VG=>3> CAB0B:C20==S 2 ?@><8A;>2>ABV V ?>1CBV A2VB>2>W A?V;P=>B8. �V4 5D5:-
B82=>ABV WE DC=:FV>=C20==S ACBBє2> 70;560BP B5E=V:>-5:>=><VG=V ?>:07=8:8 
5=5@3>є<=8E :><?;5:AV2 B0 S:VABP ?@>4C:FVW, I> 28@>1;SєBPAS. 

"A>1;82>W 0:BC0;P=>ABV =01C20RBP ?8B0==S I>4> @>7@>1:8 B0 ?V428-
I5==S =04V9=>ABV B0:8E A?5FV0;V7>20=8E ?@8AB@>W2 =075<=>3>, ?>2VB@S=>3> B0 
V=H>3> =5 4C65 @>7?>2AR465=>3> ?@87=0G5==S. !0 AB04VSE @>7@>1:8 A:;04-
=8E 5;5:B@><5E0=VG=8E A8AB5< 28:>=CєBPAS ?>HC: =091V;PH >?B8<0;P=>3> 
20@V0=BC :>=AB@C:FVW 2 FV;><C 2 ?>є4=0==V V7 ACG0A=8<8 <V:@>?@>F5A>@=8<8 V 
?@>3@0<=8<8 70A>10<8 02B><0B870FVW. 

#@>5:BC20==S 74V9A=RєBPAS =0 ?V4AB02V  2V4?>2V4=8E B5E=VG=>3> 70240=-
=S B0 B5E=VG=8E 28<>3, S:8< ?>28==0 704>2>;P=SB8 5;5:B@><5E0=VG=0 A8AB5<0 
2 ?@>F5AV DC=:FV>=C20==S. �;S 4>AS3=5==S B0:8E 28<>3, =0 AB04VW ?5@54 ?@>5-
:B=>W @>7@>1:8, 28:>=CRBPAS 4>2>;V A:;04=V =0C:>2V 4>A;V465==S 5;5:B@><0-
3=VB=8E B0 5;5:B@><5E0=VG=8E ?@>F5AV2 7 28:>@8AB0==S< 2V4?>2V4=8E <0B5<0-
B8G=8E B0 :><?’RB5@=8E <>45;59. � >A=>2C <0B5<0B8G=8E <>45;59 ?>:;045-
=> V=B53@>-48D5@5=FV9=V @V2=S==S, 2 S:8E 0=0;VB8G=> ?>є4=0=> <=>68=C 
?0@0<5B@V2 @V7=>W DV78G=>W ?@8@>48. �>=AB@C:FVS A:;04=>W 5;5:B@><5E0=VG=>W 
A8AB5<8  2818@0єBPAS B0:8< G8=><, I>1 ?@8 =><V=0;P=8E  (7>2=VH=VE) ?0@0-
<5B@0E =020=B065==S  (2=CB@VH=V) 5;5:B@><03=VB=V =5 ?5@528IC20;8 B0:8E, 
I> >1<56CRBPAS �%&' B0 2V4?>2V4=>R =>@<0B82=>-B5E=VG=>R 4>:C<5=B0FV-
єR. �> 7>2=VH=VE 2V4=>ASBPAS AB@C<, =0?@C30, ?>BC6=VABP, B0 WW A:;04>2V, G0A-
B>B0, S:VABP 5;5:B@8G=>W 5=5@3VW, <56V :>;820==S B0 2V4E8;5==S, 2B@0B8 :>@>B-
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:>3> 70<8:0==S, 2V;P=>3> E>4C B0 =020=B065==S. �> 2=CB@VH=VE 2V4=>ASBPAS 
@V2=V V @>7?>2AR465==S 5;5:B@><03=VB=>3> ?>;S @>7AVR20==S 2 ?@>AB>@V :>=-
AB@C:FVW, <VAF52V 4>40B:>2V 2B@0B8, 5;5:B@>48=0<VG=V 7CA8;;S 2 A8AB5<V 71C-
465==S 5;5:B@><03=VB=>3> ?>;S, @V2=V <03=VB=>3> ?>B>:C 2 <03=VB=V9 A8AB5<V, 
7030;P=V V <VAF52V B5?;>2V ?5@520=B065==S 0:B82=8E V =50:B82=8E 45B0;59 
:>=AB@C:FVW, 7030;P=V @V2=V HC<C B0 2 A?5:B@V >:B02=8E G0AB>B, 4V5;5:B@8G=V 
2;0AB82>ABV V7>;SFVW, 3@>7>2V B0 V<?C;PA=V ?5@5=0?@C38 B0 V=. &0:8< G8=>< 
<0B5<0B8G=0 <>45;P ?>є4=Cє <V6 A>1>R <=>68=C 7>2=VH=VE V 2=CB@VH=VE 
?0@0<5B@V2 @V7=>W DV78G=>W ?@8@>48. #@8 FP><C, 25;8:5 7=0G5==S =01C20є 
281V@ <5B0;528E V V7>;SFV9=8E <0B5@V0;V2 2V4 DV78:>-EV<VG=8E 2;0AB82>AB59 
S:8E <>65 ACBBє2> 70;560B8 S:VABP V =04V9=VABP >1’є:B0 2 FV;><C 2 ?@>F5AV 
5:A?;C0B0FVW. !5 >AB0==є <VAF5 709<0RBP ?8B0==S 2?;82C @V7=8E D0:B>@V2 B0 
71C@5=P. � ?>40;PH><C 420 >AB0==V ?8B0==S 2@0E>2C20B8 =5 1C45<> 7 <5B>R 
1V;PH 7<VAB>2=>3> B0 4>:07>2>3> @VH5==S 48D5@5=FV9=8E @V2=S=P <5B>4>< 
3@0=8G=>W :>;>:0FVW.  

!0@S4C V7 =87:>R ?5@5203 VA=CRG8E <5B>4V2 4>A;V465==S 5;5:B@><03=V-
B=8E ?@>F5AV2 W< ?@8B0<0==V =0ABC?=V =54>;V:8: -  28@VH5==S A:;04=8E 7040G 
72>48BPAS 4> 7@>AB0==S A8AB5< ;V=V9=8E 0;351@0WG=8E @V2=S=P 4>2>;V 28A>:>-
3> ?>@S4:C; >B@8<0=V @57C;PB0B8 70;568BP 2V4  @>7C<V==S V A?@89=SBBS 270є-
<>4VW AC:C?=>ABV ?@>F5AV2 ?@8 @>7@>1FV <>45;V; H284:>4VS =5 702648 2V4?>2V-
40є 28<>30<  V=65=5@=8E <5B>4V2; =0 AB04VSE 281>@C >?B8<0;P=>3> 20@V0=BC 
>1’є:B0 V=65=5@=V @>7@0EC=:8 <>6CBP ?@8725AB8 4> E81=8E B0 A?>B2>@5=8E 
@57C;PB0BV2; 2@0EC20B8 2?;82C 5;5<5=BV2 :>=AB@C:FVW ?@0:B8G=> =5 <>6;82>. 

�0?@>?>=>20=89 <5B>4>;>3VG=89 ?V4EV4 4> 28@VH5==S ?>AB02;5=>W <5B8  
<0є =87:C ?@0:B8G=8E ?5@5203 2=0A;V4>: 28:>@8AB0==S V=B53@0;P=>-
48D5@5=FV9=>3>  <5B>40 2 ?>є4=0==V V7 <5B>4>< 3@0=8G=>W :>;>:0FVW.  5B>-
4>;>3VG=0 ACB=VABP ?>;S30є 2 =0ABC?=><C.  0B5<0B8G=0 <>45;P A:;040єBPAS V7 
45:V;P:>E 7040G (A5:B>@V2) 5;5:B@><03=VB=>3>, 28A>:>2>;PB=>3>, B5?;>2>3>, 
5;5:B@>48=0<VG=>3> @V2=S. 

"1’є:B 4>A;V465==S @>71820єB5AS =0 n A5:B>@V2 Ωk 2 B@828<V@=><C ?@>A-
B>@V � :>6=><C V7 F8E A5:B>@V2 28:>=CRBPAS =0ABC?=V V=B53@0;P=V C<>28: 

                                     (1)                        

45 Um 3 0?@>:A8<CRG0 DC=:FVS; f (x, y, z) - 3@0=8G=V C<>28 2 <560E Ω k.  
 

�2060є<>, I> 2 0?@>:A8<CRGV9 DC=:FVW 28:>@8AB>2CєBPAS  m G;5=V2. � 
?>40;PH><C ?5@5E>48<> 4> 42>28<V@=>W 7040GV V  =0 :>6=><C 704>2>;P=SRBP-
AS C<>28 

                                             (2) 
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45 C = C (E) 3 @V2=S==S ?@>F5AC 2 40=8E <560E 4V;S=:8; 0 8 b - 01AF8A8 ?>G0B-
:C V :V=FS  ?;>I8=8; dS = √1 + [y' (x)]2. 

 

�8:>=0==S C<>2 (1) B0  (2) ?@872>48BP 4> A8AB5<8 ;V=V9=8E 0;351@0WG=8E 
@V2=S=P 2V4=>A=> :>5DVFVє=BV2 0?@>:A8<CRG>3> @S4C. � ?>40;PH><C @VH5==S 
28:>=CєBPAS S: V 2 <5B>4V 3@0=8G=>W :>;>:0FVW. 

�>FV;P=> C206=> 0=0;V7C20B8 >B@8<0=89 @57C;PB0B 4;S ?>40;PH>3> 9>3> 
28:>@8AB0==S. 

1. #@8 @V2=V9 :V;P:>ABV @V2=S=P B0:89 ?V4EV4 ?@872>48BP 4> 1V;PH B>G=8E 
@57C;PB0BV2 2 ?>@V2=S==V V7 <5B>4>< 3@0=8G=>W :>;>:0FVW, >A:V;P:8 2 :>6=8E 
<560E  (2 A8;C (1) 01> (2)) E>G0 1 2 >4=V9 B>GFV 3@0=8G=V C<>28 28:>=CRBPAS 
>1>2’S7:>2>. 

2. �C65 G0AB> V=B53@0;P=89 <5B>4 4>72>;Sє >B@8<0B8 1V;PH B>G=89 @5-
7C;PB0B ?@8 <5=HV9 :V;P:>ABV @V2=S=P, E>G0 WE A:;040==S A:;04=VH5, 2 ?>@V2-
=S==V 7 <5B>4>< 3@0=8G=>W :>;>:0FVW. 

3. #@8 28:>@8AB0==V V=B53@0;P=>3> <5B>4C 2V4E8;5==S 2V4 3@0=8G=8E 
C<>2 =0 :>6=V9 <56V 3@0=8FV ?>28==> 1CB8 @V2=><V@=8<. 

4. � >:@5<8E 28?04:0E 1V;PH @0FV>=0;P=> A:>@8AB0B8AP H;SE>< :><1V-
=0FV9 @V7=8E <5B>4V2 3 28:>@8AB0==S< 7<VH0=>3> <5B>4C. #@8 FP><C 3@0=8G-
=V C<>28 704>2>;P=SRBPAS B>G=> 2 7040=8E E0@0:B5@=8E B>G:0E. "AB0==є  
@>7?>2AR46CєBPAS =0 <56V, I> >?8ACRBPAS A:;04=>R DC=:FVєR V V=B53@0;P=> 
A:>@5:B>20=V ?> :>=BC@0<. &0:V A?>;CG5==S 40RBP <>6;82VABP, 715@V30RG8 
?5@52038 <5B>4C 3@0=8G=>W :>;>:0FVW, ?>71028B8AP 2 7=0G=V9 <V@V 2V4 9>3> 
=54>;V:V2.  

5. ' 28?04:C, :>;8 @V2=S==S, I> >?8ACє 3@0=8FV >1;0ABV ?@>F5AC (01> 
9>3> >:@5<8E <56)  C=f(x) 4>2>;V A:;04=5, B> 28:>@8AB0==S V=B53@0;P=>3> 
<5B>4C ACBBє2> CA:;04=SєBPAS 2=0A;V4>: 28:>@8AB0==S H;SEV2 28@VH5==S 
V=B53@0;V2 V A:;040==S <0B5<0B8G=>W <>45;V AB0є 4>2>;V =5 ?@89=SB=8< B0 
B@C4><VAB:8<. &CB 4>FV;P=> A:>@8AB0B8AP <5B>4>< A5@54=VE.  

6. %8AB5<C N ;V=V9=8E @V2=S=P V7 S =52V4><8<8 >B@8<0=0 <5B>4>< 3@0-
=8G=>W :>;>:0F88 <>6;82> ?@54AB028B8 2 =0ABC?=><C 283;S4V:  

  } 
   (3) 

45 N 3 :V;P:VABP @V2=S=P 7 S =52V4><8<8 �1, A2 ... �N; �1, �2... �N; F1, F2 ... FN - 
:>5DVFVє=B8 ?@8 =52V4><8E; a1, a2, & aS 3 =52V4><V; n1, n2 & nN  - ?@02V G0AB8-
=8 2 A8AB5<V @V2=S=P. 
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�7 A8AB5<8 (3) V7 N @V2=S=P, >B@8<Cє<> A8AB5<C, I> A:;040єBPAS V7  S 2V-
4?>2V4=8E @V2=S=P. �;S FP>3> =5>1EV4=> >1’є4=0B8 @V2=S==S C 2V4?>2V4=V  
3@C?8, ?@8 FP><C  i-0 3@C?0 A:;040єBPAS V7 ki @V2=S=P. "G5284=>, I> 

 0 G8A;> 3@C? 4>@V2=Rє S. 
%:;040RG8 2AV @V2=S==S 2 :>6=V9 3@C?V >B@8<Cє<> =0ABC?=C A8AB5<C V7  

S 2V4?>2V4=8E @V2=S=P: 

        }                                        (4) 

�8@VH82H8 FR A8AB5<C, 7=0E>48<> :>5DVFVє=B8, I> ?>B@V1=V.  0:A8<0-
;P=0 ?>E81:0 ?@8 28@VH5=V A8AB5<8 <5B>4>< A5@54=VE 4>@V2=Rє: 

                                                         (5) 

#@89=SBV ?>7=0G5==S >7=0G0RBP:  [VV]=V1
2 + V2

2 + & +VN
2;  Vi=AiQ1+BiQ2 & 

+Fi QS; ni 3 =52’S7:0 i-3> @V2=S==S. 
 

#>E81:0 ?@8 287=0G5==V :>6=>3> =52V4><>3> 287=0G0єBPAS 70 =0ABC?=8<  
@V2=S==S<: 

                             (6) 
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FV9=>3> 7>=4C20==S �5<;V. �8:>@8AB0==S �?�� 4;S ?>HC:C ?V475<=8E >1’є:BV2 
V 3;818==>3> :0@B>3@0DC20==S 4>72>;Sє ?V428I8B8 >?5@0B82=VABP >1AB565==S 
B5@8B>@V9, 70157?5G8B8 4>ABC? 4> 206:>4>ABC?=8E 01> =5157?5G=8E 4V;S=>: B0 
7<5=H8B8 @878:8 4;S ?5@A>=0;C, I> є >A>1;82> 206;828< C 7040G0E 3C<0=VB0-
@=>3> @>7<V=C20==S, 0@E5>;>3VW B0 <>=VB>@8=3C V=65=5@=8E <5@56. �>4=>G0A 
?@0:B8G=0 @50;V70FVS B0:8E A8AB5< AC?@>2>46CєBPAS =87:>R B5E=VG=8E >1<5-
65=P.  

"4=VєR 7 :;RG>28E ?@>1;5< є >1<565=0 20=B06>?V49><=VABP <0;8E �?-
��, I> 7C<>2;Rє =5>1EV4=VABP :><?@><VAC <V6 E0@0:B5@8AB8:0<8 0=B5==>W 
A8AB5<8 B0 <0A>R >1;04=0==S [1]. "4=8< 7 206;828E =0?@S<:V2 4>A;V465=P є 
?V428I5==S 5D5:B82=>ABV A8AB5< 5=5@3>682;5==S. �=5@35B8G=0 IV;P=VABP 0:C-
<C;SB>@V2 287=0G0є B@820;VABP ?>;P>BC B0 4>?CAB8<5 :>@8A=5 =020=B065==S 
�?��. #5@A?5:B82=8<8 є :@5<=V9-2C3;5F52V (Si3C) 0:C<C;SB>@8, C S:8E :@5<-
=V9 70157?5GCє 28A>:C B5>@5B8G=C є<=VABP (4> ~4200 <�·3>4/3) B0 ?>;V?H5=V 
B5<?5@0BC@=V @568<8 [2], C ?>@V2=S==V 7V 728G=8<8 Li3?>;V<5@=8<8 0:C<C;S-
B>@0<8. �E 70AB>AC20==S ?>B5=FV9=> 4>72>;Sє 01> 7<5=H8B8 <0AC 5=5@3>A8AB5-
<8, 01> 71V;PH8B8 B@820;VABP ?>;P>BC, >4=0: B0:V @VH5==S ?>B@51CRBP ?>40;P-
H8E 5:A?5@8<5=B0;P=8E 4>A;V465=P C A:;04V �?��.  

%CBBє2>R ?@>1;5<>R є 7030A0==S 5;5:B@><03=VB=>3> A83=0;C B0 2B@0B8 
5=5@3VW =0 <56V «?>2VB@S3�@C=B». �=0G=89 :>=B@0AB 4V5;5:B@8G=8E 2;0AB82>AB59 
?@872>48BP 4> 2V418BBS G0AB8=8 A83=0;C, I> 7=86Cє 5D5:B82=VABP 7>=4C20==S 
B0 CA:;04=Rє 28S2;5==S <0;>@>7<V@=8E >1’є:BV2. &0:>6 7=0G=89 2?;82 <0RBP 
?0@078B=V 2V418BBS 2V4 @>A;8==>ABV B0 =5>4=>@V4=VABP �@C=BC. �<V=8 2>;>3>ABV, 
70A>;5=>ABV B0 B8?C �@C=BC 287=0G0RBP 4V5;5:B@8G=V 2;0AB82>ABV A5@54>28I0, 
I> 2?;820є =0 H284:VABP ?>H8@5==S A83=0;C B0 3;818=C 7>=4C20==S [3]. *V 
D0:B>@8 ?@872>4SBP 4> A?>B2>@5=P A83=0;C B0 7=865==S S:>ABV 7>1@065=P. 

 �;S ?V428I5==S @>74V;P=>W 740B=>ABV B0 S:>ABV 7>1@065=P 70AB>A>2CRBPAS 
0;3>@8B<8 A8=B57>20=>W 0?5@BC@8 (SAR), S:V 70157?5GCRBP D>:CAC20==S A83=0-
;C B0 ?>:@0I5==S V=B5@?@5B0FVW 40=8E GPR [4]. �@8B8G=8< D0:B>@>< є 70157-
?5G5==S 28A>:>B>G=>W =02V30FVW �?��. *5 >A>1;82> 206;82> 4;S SAR-A8AB5<, 
45 2V4E8;5==S B@0є:B>@VW ?@872>4SBP 4> 45D>:CAC20==S 7>1@065=P [5]. �8:>@8-
AB0==S RTK-?>78FV>=C20==S 4>72>;Sє 4>AS30B8 A0=B8<5B@>2>W B>G=>ABV B0 70-
157?5GCє :>@5:B=C 35>?@82’S7:C 28<V@R20=P [6]. #V428I5==S B>G=>ABV B0:>6 
4>AS30єBPAS H;SE>< V=B53@0FVW GPR V7 4>40B:>28<8 A5=A>@0<8. �>:@5<0, LiDAR 
28:>@8AB>2CєBPAS 4;S ?>1C4>28 F8D@>28E <>45;59 ?>25@E=V (DSM), I> 4>72>-
;Sє 2@0E>2C20B8 <V:@>@5;PєD V 35><5B@VR 79><:8 [7].  

' AC:C?=>ABV 707=0G5=V ?V4E>48 4>72>;SRBP ?V428I8B8 B>G=VABP @5:>=A-
B@C:FVW ?V4?>25@E=528E AB@C:BC@ V 7<5=H8B8 2?;82 ?>E81>:, ?>2’S70=8E V7 
@CE>< ?;0BD>@<8 B0 2;0AB82>ABS<8 A5@54>28I0. 
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�;S 2V4F5=B@>2>3> :><?@5A>@0 5=5@3>>I04=VABP 4>AS30єBPAS =5 «3@C18<» 
2V4:@8BBS< 0=B8?><?06=>3> :;0?0=0, 0 ?@>3=>7=8< CB@8<0==S< @>1>G>W B>G:8 
?>1;87C <56V ?><?06C 7 C73>465=8< :5@C20==S< ?@82>4><, 72>@>B=8< :;0?0-
=>< V (70 =0S2=>ABV) 2EV4=8< =0?@02;SRG8< 0?0@0B><. �;RG>2V @575@28 3 @>7-
H8@5==S @>1>G>W 7>=8, <V=V<V70FVS @5F8@:C;SFVW B0 70AB>AC20==S G0AB>B=>-
@53C;P>20=>3> ?@82>4C. "?B8<0;P=8< є Model Predictive Control (MPC), >A:V-
;P:8 7040G0 1030B>7<V==0 9 >1<565=0; 2V= 70157?5GCє 1V;PH89 70?0A 4> ?><?0-
6C, <5=HV 5=5@3>28B@0B8 B0 H284HV ?5@5EV4=V ?@>F5A8 ?>@V2=S=> 7 PID. 
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#><?06 3 =5157?5G=0 =87P:>28B@0B=0 =5ABV9:VABP V7 :>;820==S<8 B8A:C 9 
28B@0B8 06 4> @525@AC ?>B>:C, I> A?@8G8=Sє ?5@53@V2, 2V1@0FVW B0 @878: ?>H-
:>465==S. �>4=>G0A <0:A8<0;P=0 5D5:B82=VABP 4>AS30єBPAS ?>1;87C <56V ABV9-
:>ABV: 7028I5=89 70?0A 7=86Cє ���, 70=865=89 3 =5?@89=SB=89 70 157?5:>R. 
�;0A8G=V 0=B8?><?06=V AE5<8 70157?5GCRBP 70E8AB G5@57 @5F8@:C;SFVR/A:84 
307C, 0;5 7 5=5@35B8G=8<8 2B@0B0<8. &><C <5B0 3 <0:A8<0;P=89 @>1>G89 4V0?0-
7>= 157 7092>W @5F8@:C;SFVW 7 C@0EC20==S< 7AC2C <56V ?><?06C ?@8 7<V=V A:;0-
4C 307C; =0 G0AB:>28E =020=B065==SE 4>40B:>289 5D5:B 40RBP 72>@>B=89 :;0-
?0= V ?5@5B2>@R20G G0AB>B8. 

�;S A8=B57C MPC C @50;P=><C G0AV 4>FV;P=> 28:>@8AB>2C20B8 @54C:>20=C 
=5;V=V9=C <>45;P AV<59AB20 �@59BF5@0/ C@03�@59BF5@0 7V H284:VA=>-
70;56=>R :0@B>R :><?@5A>@0, 0 =5 CFD. #@0:B8G=89 :5@C20;P=89 20@V0=B 
<>6=0 70?8A0B8 S: 

 

 

45 Ì 3 H284:VABP @>B>@0, τd 3 <><5=B ?@82>40, τc 3 :><?@5A>@=89 <><5=B, Ëc 3 
?V49>< B8A:C/pressure ratio coefficient,  3 <0A>20 28B@0B0, Pe 3 5;5:B@8G=0 
?>BC6=VABP.  
 

&0:0 AB@C:BC@0 ?@S<> 28?;820є 7 control-oriented <>45;59, 28:>@8AB0=8E 
C @>1>B0E 7 MPC 4;S 0=B8?><?06=8E A8AB5< :5@C20==S, 0 A0< �@59BF5@-
<>45;P=89 :;0A 22060єBPAS CAB0;5=8< AB0=40@B>< 4;S <>45;R20==S ?><?0-
6C C 2V4F5=B@>28E :><?@5A>@0E. 

&8?>20 0@EVB5:BC@0 2:;RG0є 28<V@R20==S (28B@0B0, B8A:8 2A<>:BC20=-
=S/=03=VB0==S, B5<?5@0BC@8, H284:VABP, ?>;>65==S :;0?0=0), >FV=R20G AB0=C, 
?@>3=>7=C <>45;P, online->?B8<V70B>@ V 0:BC0B>@8 (?@82V4, recycle- B0 V=:>;8 
72>@>B=89 :;0?0=). ' ?@><8A;>28E MPC-@VH5==SE 70AB>A>2CRBP EKF, ?>:@>-
:>2C ;V=50@870FVR B0 @>72’S70==S QP C @50;P=><C G0AV; :5@C20==S <>65 1CB8 
1030B>:0=0;P=8< (H284:VABP, recycle-, 72>@>B=89 :;0?0=). �>4=>G0A MPC =5 
70<V=Rє 70E8A=C ;>3V:C 3 020@V9=5 2V4:;RG5==S 70;8H0єBPAS >:@5<8< @V2=5<. 
�07>28< 4;S 2?@>20465==S є ;V=V9=89 MPC 7 QP, 4>AB0B=V9 C <560E @>1>G>W 
>1;0ABV. �0 H8@>:8E 7<V= @568<V2 (H284:VABP, 2;0AB82>ABV 307C, :0@B0) 4>FV;P=V 
SQP-MPC 01> NMPC. /2=89 MPC 70157?5GCє =04H284:V >1G8A;5==S, 0;5 <0A-
HB01CєBPAS >1<565=>; C ;V=V9=8E 7040G0E QP 70728G09 @>72’S7CRBP <5B>40<8 
interior-point.  

�@8B8G=89 5B0? 3 V45=B8DV:0FVS: ?>B@V1=V :><?@5A>@=0 :0@B0, 40=V ?>2-
=5/G0AB:>25 7020=B065==S, ?0@0<5B@8 ;V=VW ?><?06C, 0 B0:>6 B@0=7Vє=B=V 70?8A8 
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H284:8E :;0?0==8E 71C@5=P. ' 25@8DV:0FVW ?@><8A;>28E 4>A;V465=P <>45;P 
C73>46C20;8 7 B01;8FS<8 40=8E AB0FV>=0@=>3> AB0=C, :0@B ?@>4C:B82=>ABV B0 
48=0<VG=8<8 ?5@5E>40<8; 4;S �@59BF5@-?>4V1=8E <>45;59 ?0@0<5B@8 =0 
:HB0;B Lc G0AB> 4>2>48BPAS ?V4;0HB>2C20B8 70 5:A?5@8<5=B><.  V=V<0;P=89 
=01V@ :@8B8G=> 206;828E ?0@0<5B@V2 4;S =04V9=>W 4VW 0=B8?><?06C: 28B@0B0, 
psuc, pdis, 0 70 ?>B@518 :>@5:FVW :0@B8 3 B0:>6 Tsuc V/01> Tdis. 

�0 G0AB>B>R :5@C20==S 0=B8?><?06=89 :>=BC@ =0;568BP 4> «H284:8E»: C 
;VB5@0BC@V DV3C@CRBP 28<>38 ?>@S4:C 45ASB:V2 <V;VA5:C=4. �;S 21C4>20=8E 
@50;V70FV9 ?>:070=> ?@0F5740B=VABP F8:;V2 203150 <A, 0 4;S ACG0A=8E 
PLC/?@><8A;>28E :>=B@>;5@V2 3 A5@54=V G0A8 @>72’S70==S 2 <V;VA5:C=40E ?@8 
Ts = 50 <A, B>1B> =86G5 281@0=>3> sampling time. *5 >7=0G0є, I> QP-@V25=P 
AP>3>4=V є FV;:>< ?@><8A;>2> @50;VAB8G=8<, 0 SQP/RTI (Sequential Quadratic 
Programming/Real Time Iteration) 3 B0:>6 4>AS6=8< =0 28A>:>?@>4C:B82=8E 
:>=B@>;5@0E. 

' <>45;R20==V MPC/TASC A?@0FP>2C202 =0 ~100 <A @0=VH5 70 :;0A8G=89 
0=B8?><?06, CB@8<C202 1V;PHC 2V4AB0=P 4> <56V B0 7<5=HC202 28:848 ?V4 G0A 
?5@5EV4=8E ?@>F5AV2, I> 7=86Cє ?8B><V 5=5@3>28B@0B8. �:A?5@8<5=B8 ?V4B25@-
48;8: 70?0A 4> ?><?06C 7@VA 4> 11%, G0A 2AB0=>2;5==S A:>@>B82AS 4> 50%. 

"B65, 4;S 2V4F5=B@>2>3> :><?@5A>@0 7030;P=>3> ?@87=0G5==S @5:><5=4>-
20=0 FV;P>20 0@EVB5:BC@0 B0:0: ?5@5B2>@R20G G0AB>B8 + recycle-:;0?0= + MPC 
25@E=P>3> @V2=S, S:89 <V=V<V7Cє Pe V  ?@8 6>@AB:8E ?><-
?06/B5<?5@0BC@0/>1<565==S 28:>=02G8E <5E0=87<V2. 

 
 

'��.621.354.82 
�V=>2:V= �.�.1, �0A8;Pє20 Є.�.2, #>B0?5=:> Є.Є.3, $0AB>@3Cє2 �.�. 4, 
�>3<0 �."5. 
1?@>D. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
4 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
5 ABC4. 3@. �-514 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

"#&� ���*�/ ����&$" �)�!�+!"� %�%&� � � %����� 
 �,�!� #"%&��!"�" %&$' ' � ' "��)  �&��'$���!"�" 

��$"�!�*&�� 

�.�. �V=>2:V=, Є.�. �0A8;ьє20, Є.Є. #>B0?5=:>, �.�. $0AB>@3Cє2, �.". �>3<0 

�ABC?. �;5:B@>?@82>4 ?>ABV9=>3> AB@C<C 4>2>;V 1030B> G0AC =5 <02 
:>=:C@5=BV2 ?@8 28:>@8AB0==V @53C;R20==S <5E0=VG=8E A8AB5<, 0 ?> >:@5<8< 
?@0:B8G=8<  ?>:07=8:0< 70;8H0єBPAS =57<V==8< 4> B5?5@VH=P>3> G0AC. �=-
H>R ?5@5203>R 4283C=0 ?>ABV9=>3> AB@C<C є <>6;82VABP 28:>@8AB>2C20B8 S: 
2 S:>ABV 4283C=0, B0: V 2 S:>ABV 35=5@0B>@0. "AB0==V< <>6;82> A:>@8AB0B8AP 
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?@8 ?@8<CA>28E <5E0=VG=8E ?5@5<VI5==SE >:@5<8E ?>BC6=8E <5E0=V7<V2 01> 
?@8AB@>W2, S:V ?>є4=0==V 7 5;5:B@>?@82>4><. 

#@8 28@VH5==V 70240=P >?B8<V70FVW’ 5;5:B@>B5E=VG=>3> V 5;5:B@>B5E=>-
;>3VG=>3> CAB0B:C20==S 2 <5B0;C@3V9=V9 ?@><8A;>2>ABV 206;825 7=0G5==S 
=01C20RBP ?8B0==S C73>465=>ABV WE 5;5:B@8G=8E ?0@0<5B@V2. "A>1;82>3> 
7=0G5==S =01C20RBP ?8B0==S 2?;82C ?5@520=B065=P B0 :>;820=P =0?@C38. 
!091V;PH ?>H8@5=8< є 5;5:B@>?@82>48 V7  4283C=0<8 ?>ABV9=>3> AB@C<C 
>A:V;P:8 2>=8 4>72>;SRBP 5D5:B82=> ?5@5<VIC20B8 ?>BC6=V @>1>GV <5E0=VG=V 
?@8AB@>W @V7=8E <5B0;C@3V9=8E  :><?;5:AV2. 

"1’є:B>< 4>A;V465==я є 5;5:B@><03=VB=V B0 5;5:B@><5E0=VG=V ?@>F5A8, 
I> D>@<CRBPAS 2 <0H8=V ?>ABV9=>3> AB@C<C 2 70;56=>ABV 2V4 E0@0:B5@V2 
=020=B065==S 2V4?>2V4=> 4> @>1>B8 =0 5=5@3>є<=8E <5B0;C@3V9=8E ?V4?@8є<-
AB20E. 

�:BC0;ь=VABь 4>A;V465==S ?>;S30є 2 4>FV;P=>ABV >?B8<V70FVW 5;5:B@>-
<03=VB=8E ?0@0<5B@V2 2 5;5:B@><5E0=VG=8E A8AB5<0E 7 4283C=0<8 ?>ABV9=>3> 
AB@C<C 4;S ?>:@0I5==S B5E=V:>-5:>=><VG=8E ?>:07=8:V2 B0 5=5@3>70>I0-
465==S. 

 5B0 @>1>B8 3 ?>HC: H;SEV2 >?B8<V70FVW 5;5:B@><03=VB=8E ?0@0<5B@V2 
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STUDY OF THE DYNAMICS OF REALLOCATION OF HEAT FLOWS 

 IN AIR-COOLED TRANSFORMERS 

V. Zinovkin, A. Tretykov, I. Zakharov, S. Petythov  

The technical condition of dry transformers significantly depends on a num-
ber of cause-and-effect factors that lead to the deterioration of the relevant struc-
tural elements, subsequent reductions in reliability and emergency failures. One of 
the determining factors is the temperature loads of the active elements of the struc-
ture, which are proportional to the additional losses excited by the electromagnetic 
scattering field in the cavity of the transformer. Temperature overloads lead to 
accelerated deterioration of the dielectric properties of insulation, pressing of fas-
tening units, deterioration of galvanic connections and changes in the mechanical 
and electromagnetic state of active structural elements. 

The relevance of the work lies in the biased emergency failures of dry trans-
formers by monitoring changes in the determining electromagnetic load parameters 
and the corresponding thermal loads of active structural elements. 

The object of the study is the dynamics of the redistribution of optimization 
thermal loads of the electromagnetic scattering field excitation system and the 
magnetic system in comparison with the load parameters of the dry transformer. 

The scientific novelty consists in the experimental study of the redistribution 
of electromagnetic and thermal parameters, the dynamics of which informs about 
the formation of deviations in the active elements of the structure and, in the pres-
ence of critical cumulative effects, leads to an emergency exit of the transformer. 

The practical value lies in the development of a specialized device for the 
prevention of emergency failure of dry transformers in extremely unfavorable 
operating conditions and force majeure circumstances. 

Scientific and technical tasks regarding the development of the theory of reli-
ability depend on the specification of the technical orientation and are as follows: 

- a task for determining the technical condition at a specific moment in time 
of the diagnostic category in the literal sense (current technical condition); 

- the task of predicting the impact of damage to structural parts or the condi-
tion of the transformer as a whole in the future (forecasting to adjust the periodicity 
of preventive and repair work); 

- the task of determining the state in which the transformer was located in the 
past (to establish the cause-and-effect factors that led to the accident in order to 
develop technical measures and modernization requirements). 
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The proposed work is devoted to the development of the first task of diagnos-
ing the technical condition of dry transformers depending on the redistribution of 
heat flows between the active elements of the structure. 

The purpose of the work is to develop technical proposals for preventing 
emergency failures and diagnosing the current technical condition of dry trans-
formers. 

In the process of operation of dry transformers in nominal modes, active 
structural elements are heated at levels that should not exceed those standardized 
by regulatory and technical documentation. When the load or the action of other 
adverse factors is exceeded, the temperature levels of the active elements of the 
structure, and especially the excitation system of the electromagnetic scattering 
field and the magnetic system, increase. At the same time, the redistribution of heat 
flows between them depends on the nature of the development of damage. 

The parameters of the redistribution of the heat load of the excitation system 
and the magnetic system, as well as the optimization coefficients ξA.2 and ξ<.A, 
will be used when determining the current technical condition of the transformer. 
At the same time, the redistribution of heat flow between active elements depends 
on the losses of electromagnetic energy Qc.v and Qm.s (Qc.v). 

The load mode is characterized by the fact that heat loads occur in it, both of 
the excitation system and reflect the overexcitation of the magnetic system. There-
fore, when studying the current technical condition of the transformer, this load 
mode reflects the totality of the influence of electromagnetic and thermal parame-
ters. The changes between them reflect some deviations in the design. From a 
physical point of view, in this mode, active parts of the structure can be considered 
as independent sources of thermal energy. 

Based on the solution of the mathematical model given in the first report, it 
can be seen that the thermal load of the excitation system of the magnetic scatter-
ing field is proportional to the resistance of the windings and the square of the 
current value of the short-circuit current and voltage, and of the magnetic system -3 
to the free-running voltage   
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depend on heat flow redistribution gradients. Optimization thermal coeffi-
cients ξ do not change with nominal load parameters and non-scaled structural 
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elements. With some deviations in the design, these coefficients change relative to 
the initial ones and can be used to diagnose the current technical condition of the 
dry transformer. 

On the basis of the obtained analytical connections of the redistribution of 
heat flows between the system of excitation of the electromagnetic field of scatter-
ing and the magnetic field of the system, a system of automated analysis of the 
current technical condition of the dry transformer was developed, the structural 
diagram of which is given in the figure. 

 
Figure 1 - Structural diagram of a specialized automated device for analyzing the 

current technical condition of dry transformers based on the dynamics of heat load 
gradients between active structural elements. 

 
The following designations are adopted in the figure: 1. research object - dry 

transformer; 2. sources of thermal radiation of the system of excitation of the dosed 
electromagnetic field; 3. magnetic system (MS); 4. load parameters (i(t); u(t); P(t); 
Q(t); ω(t)); 5. microprocessor and software tools for processing and converting 
current information; 6. S.Z.; 7. MS; 8. block of structuring and consistency of 
thermal and electrical parameters; 9. heat flows (redistribution) between S.Z. and 
MS; 10. characteristic features of the electrical load (exceedance, multiplicity, 
frequency fluctuations and deviations, non-sinusoidality); 11. levels of exceeding 
parameters and their averaging; 12. magnetic flux in MS and direction of heat 
flows; 13. averaging and sampling within time; 14. forecasting of the further state; 
15. block of information prevention of emergency failure; 16. visualization of the 
growth and redistribution of heat flows; 17. extrapolations of further development 
of the cumulative effect; 18. operational and service personnel; 19. executive 
mechanism of forced disconnection of the object. 

The work of the proposed scientific and technical solution is research, the re-
sults of which are given in the reports. 

Conclusions: 
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1. The analysis of experimental studies in comparison with theoretical calcu-
lations showed that the error of finding the temperature load of the windings of the 
excitation system by using optimization thermal coefficients does not exceed 10%. 

2.The obtained scientific and practical results indicate the expediency of us-
ing the proposed method of thermal loading of active elements in practice, engi-
neering calculations, design, diagnostics, and prevention of emergency failures of 
transformers. 
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A8=E@>==8E 4283C=V2 V7 ?>ABV9=8<8 <03=VB0<8. 

$5:><5=40FVW 4;S 281>@C 4283C=0 70;56=> 2V4 :;0AC 02B><>1V;S =0 <>-
<5=B 2025 @.: 

−  VAP:V <0;>;VB@06:8 - 5;5:B@8G=89 ?@82V4 (single1speed); 70 2V4ACB=>A-
BV 70@S4:8 - 15=78= 1.031.2 7 MHEV. 

− %C1:><?0:B8 / :><?0:B=V E5BG15:8 - PHEV 01> BEV; S:I> =5<0є 70@S-
4:8 - BC@1>115=78= 1.031.5. 

− %5@54=V9 :;0A (A540=/C=V25@A0;) - PHEV 01> HEV; BEV ?@8 ?@V>@8B5BV 
5:>;>3VW; 15=78= 1.532.0 S: 0;PB5@=0B820. 

− �V7=5A / ?@5<VC< - BEV; PHEV S: ?@><V6=89 20@V0=B; ?>BC6=V ��� 2.03
4.0 ; 4;S G0AB8E 40;5:8E ?>W74>:. 
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− �@>A>25@8 / :><?0:B=V SUV - BEV 4;S <VAB0; PHEV 4;S 7<VH0=>3> 28-
:>@8AB0==S; 2.032.5 (4875;P/15=78=) 4;S 206G8E V 1C:A8@C20;P=8E 20@V0=BV2. 

− #>2=>@>7<V@=V SUV / ?>70H;SE>28:8 - 3V1@848 7 25;8:8< :@CB=8< <>-
<5=B>< 01> ?>BC6=V ��� 3.0+; C ;R:A1A53<5=BV - 25;8:V BEV1?;0BD>@<8. 

 
 

'�� 621.317.39 
�2;є2 �.�.1, �>2: Є.�1., !070@>20 ".%.2,  5;5H:> �.�.3 

1 ABC4. 3@. �-714 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 0A8AB. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

#����-�!!/ +'&���"%&� ����&$" �)�!�+!�) 
�� �$.���Ь!�) %�%&�  ,�/)"  "#&� ���*�� 

�"!%&$'�&��!�) #�$� �&$�� 

�.І. І2;є2, Є.�. �>2:, ".%. !070@>20, І.�.  5;5H:>  

�:BC0;P=VABP B5<8 4>A;V465==S 7C<>2;5=0 ACG0A=8<8 28<>30<8 4> ?V4-
28I5==S B>G=>ABV, =04V9=>ABV B0 5D5:B82=>ABV 5;5:B@><5E0=VG=8E 28<V@R20-
;P=8E A8AB5<, S:V H8@>:> 70AB>A>2CRBPAS C AD5@V 5=5@35B8:8, ?@><8A;>2>3> 
28@>1=8FB20, =0C:>28E ;01>@0B>@VSE B0 <5B@>;>3VW. !572060RG8 =0 AB@V<:89 
@>728B>: F8D@>28E B0 5;5:B@>==8E ?@8;04V2, 5;5:B@><5E0=VG=V A8AB5<8 715-
@V30RBP A2>є 7=0G5==S 7024S:8 ?@>AB>BV :>=AB@C:FVW, 28A>:V9 AB01V;P=>ABV 
@>1>B8, ABV9:>ABV 4> 7>2=VH=VE 2?;82V2, 0 B0:>6 <>6;82>ABV B@820;>3> 28:>-
@8AB0==S 157 7=0G=>3> B5E=VG=>3> >1A;C3>2C20==S. "4=8< V7 :;RG>28E ?0@0-
<5B@V2 5D5:B82=>ABV B0:8E A8AB5< є WE GCB;82VABP, S:0 287=0G0є 740B=VABP 
?@8;04C 28S2;SB8 =02VBP <V=V<0;P=V 7<V=8 28<V@R20=8E 25;8G8=, I> >A>1;8-
2> 206;82> ?@8 :>=B@>;V 5;5:B@8G=8E V DV78G=8E ?0@0<5B@V2 C @568<V @50;P-
=>3> G0AC [1]. 

 5B>R 40=>3> 4>A;V465==S є ?V428I5==S GCB;82>ABV 5;5:B@><5E0=VG=8E 
28<V@R20;P=8E A8AB5< H;SE>< A8AB5<0B8G=>W >?B8<V70FVW WE :>=AB@C:B82=8E 
?0@0<5B@V2. !0C:>20 =>287=0 @>1>B8 ?>;S30є C :><?;5:A=><C ?V4E>4V 4> 0=0-
;V7C B0 <>45;R20==S 2?;82C 35><5B@VW @CE><8E 5;5<5=BV2, E0@0:B5@8AB8: 
<03=VB=8E A8AB5<, ?0@0<5B@V2 ?@C6=8E 5;5<5=BV2 B0 <5E0=VG=8E 2B@0B =0 
GCB;82VABP ?@8;04C. �?5@H5 74V9A=5=> >4=>G0A=5 ?>є4=0==S 0=0;VB8G=>3> 
<>45;R20==S, <0B5<0B8G=>3> 0=0;V7C B0 5:A?5@8<5=B0;P=>W ?5@52V@:8 4;S 
287=0G5==S >?B8<0;P=8E :>=AB@C:B82=8E @VH5=P, I> 4>72>;SRBP <0:A8<V7C-
20B8 2V4E8;5==S AB@V;:8 ?@8 <V=V<0;P=8E 2EV4=8E 7<V=0E 25;8G8=8, =5 CA:;0-
4=RRG8 ?@8 FP><C :>=AB@C:FVR A8AB5<8. 

"1’є:B>< 4>A;V465==S є 5;5:B@><5E0=VG=V 28<V@R20;P=V A8AB5<8 @V7=>-
3> B8?C, 2:;RG0RG8 0<?5@<5B@8, 2>;PB<5B@8 B0 C=V25@A0;P=V 28<V@R20;P=V 
?@8;048, 0 ?@54<5B>< 4 :>=AB@C:B82=V ?0@0<5B@8 F8E A8AB5< V WE 2?;82 =0 
GCB;82VABP V B>G=VABP 28<V@R20=P. ' @>1>BV 70AB>A>20=> 0=0;VB8G=V <5B>48, 
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G8A5;P=5 <>45;R20==S B0 ;01>@0B>@=V 5:A?5@8<5=B8, I> 4>72>;8;> 287=0G8-
B8 :>@5;SFVR <V6 ?0@0<5B@0<8 <03=VB>?@>2>4C, <0A>R @CE><>W G0AB8=8, 
<><5=B>< ?@>B84VW, :V;P:VABR 28B:V2 >1<>B:8 B0 25;8G8=>R 2V4E8;5==S AB@V-
;:8 ?@8;04C. 

�>A;V465==S ?>:070;>, I> ?V428I5==S GCB;82>ABV 4>AS30єBPAS 70 @0EC-
=>:: 

-71V;PH5==S <03=VB=>3> ?>B>:C B0 >?B8<V70FVW D>@<8 <03=VB>?@>2>4C;  
-7<5=H5==S <0A8 @CE><8E G0AB8= ?@8;04C 4;S 7=865==S V=5@FV9=8E 

2B@0B;  
->?B8<0;P=>3> ?V41>@C ?0@0<5B@V2 ?@C6=8E 5;5<5=BV2 4;S 70157?5G5==S 

045:20B=>3> 2V4=>2;R20;P=>3> <><5=BC;  
-<V=V<V70FVW B5@BS C 2C7;0E >15@B0==S B0 7’є4=0==SE @CE><8E G0AB8=;  
-C73>465==S 5;5:B@><5E0=VG=8E E0@0:B5@8AB8: >1<>B>: 7 :>=AB@C:FVєR 

<03=VB=>W A8AB5<8 4;S <0:A8<0;P=>3> ?5@5B2>@5==S 5;5:B@><03=VB=>3> 2?;8-
2C C <5E0=VG=5 2V4E8;5==S AB@V;:8 [2].  

!0C:>20 =>287=0 ?>;S30є B0:>6 C 70?@>?>=>20=V9 <5B>4>;>3VW :><?;5:-
A=>W >?B8<V70FVW :>=AB@C:B82=8E ?0@0<5B@V2, S:0 4>72>;Sє 71V;PH8B8 GCB;8-
2VABP ?@8;04V2 157 4>40B:>2>3> CA:;04=5==S WE :>=AB@C:FVW B0 715@53B8 AB01V-
;P=VABP V 4>23>2VG=VABP @>1>B8. $57C;PB0B8 4>A;V465==S <>6CBP 1CB8 28:>@8-
AB0=V S: ?@8 ?@>є:BC20==V =>28E 5;5:B@><5E0=VG=8E 28<V@R20;P=8E ?@8;04V2, 
B0: V ?@8 <>45@=V70FVW VA=CRG8E A8AB5<, I> A?@8Sє ?V428I5==R B>G=>ABV 
28<V@R20=P, @>7H8@5==R DC=:FV>=0;P=8E <>6;82>AB59 ?@8;04V2 B0 2?@>20-
465==R V==>20FV9=8E ?V4E>4V2 C AD5@V 5;5:B@>B5E=VG=>W <5B@>;>3VW [3].  

&0:8< G8=><, :><?;5:A=0 >?B8<V70FVS :>=AB@C:B82=8E ?0@0<5B@V2 5;5:-
B@><5E0=VG=8E 28<V@R20;P=8E A8AB5< 4>72>;Sє 7=0G=> ?V428I8B8 WE GCB;8-
2VABP, I> <0є ?@0:B8G=5 7=0G5==S 4;S B>G=>3> :>=B@>;R 5;5:B@8G=8E 25;8-
G8= C ?@><8A;>28E V =0C:>28E 4>40B:0E, 0 B0:>6 2V4:@820є =>2V ?5@A?5:B828 
C AB2>@5==V 040?B82=8E V 28A>:>B>G=8E 28<V@R20;P=8E ?@8AB@>W2. 
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'�� 621.391 
�5;8G:> Є.�.1, "A04G89 �.�.2, �C;8=VG �.  .2 
1ABC4. 3@. �-312 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
#����-�!!/ �(��&��!"%&� %"!/+!�) #�!���� ,�/)"  

���%&���!!/ �'&� %"!*/ 

Є.�. �5;8G:>, �.�. "A04G89, �. . �C;8=VG  

#@>1;5<0 >?B8<V70FVW 35=5@0FVW 5;5:B@>5=5@3VW A>=SG=8<8 ?0=5;S<8 
=01C20є >A>1;82>3> 7=0G5==S 2 C<>20E 7@>AB0RG8E 5=5@35B8G=8E 28:;8:V2 B0 
=5>1EV4=>ABV ?5@5E>4C 4> 2V4=>2;R20=8E 465@5; 5=5@3VW. �D5:B82=VABP 
D>B>30;P20=VG=8E <>4C;V2 ACBBє2> 70;568BP 2V4 :CB0 ?04V==S A>=SG=8E 
?@><5=V2; <0:A8<0;P=0 35=5@0FVS 4>AS30єBPAS ?@8 ?>;>65==V ?0=5;V, 
?5@?5=48:C;S@=><C 4> =0?@S<:C A>=SG=>3> 28?@><V=R20==S. �@0E>2CRG8 
4>1>2V B0 A57>==V :>;820==S ?>;>65==S %>=FS, 70AB>AC20==S AB0FV>=0@=8E 
:>=AB@C:FV9 ?@872>48BP 4> =5?>2=>3> 28:>@8AB0==S V=A>;SFVW 9 7=865==S 
:>5DVFVє=B0 :>@8A=>W 4VW [1, 2]. �V4E8;5==S 2V4 =>@<0;V =0 :>6=V 10° 7<5=HCє 
��� ?@81;87=> =0 1,532 %, I> 70 @V: <>65 ?@872>48B8 4> 2B@0B 20330 % 
?>B5=FV9=> <>6;82>W 35=5@0FVW [3]. 

 
0 3 >@Vє=B0FVS =0 AEV4-70EV4 (E-W); 1 3 >@Vє=B0FVS =0 ?V2=VG-?V245=P (N-S). 

$8AC=>: 1 - %E5<0 A>=SG=>W D>B>5;5:B@8G=>W D5@<8  
 
 5B>R 4>A;V465==S є @>7@>1:0 B0 0?@>10FVS 0;3>@8B<V2 2V4AB565==S 

:CB0 A>=SG=8E ?@><5=V2 V7 70AB>AC20==S< 0AB@>=><VG=8E <>45;59 4;S 
V=B53@0FVW 7 <5E0=V7<0<8 02B><0B8G=>3> @53C;R20==S =0E8;C V ?>2>@>BC 
?0=5;59. �87=0G5==S ?>;>65==S %>=FS 107CєBPAS =0 >1G8A;5==V 42>E 
:@8B8G=8E ?0@0<5B@V2 4 28A>B8 (sin ³) B0 078<CB0 (cos γ): 

 (1) 
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 (2) 

45 · 4 45:;V=0FVS %>=FS; φ 4 35>3@0DVG=0 H8@>B0 <VAFS 2AB0=>2;5==S; H 4 
3>48==89 :CB, I> 70;568BP 2V4 G0AC 4>18.  

 
$>7@0E>20=V :CB8 28:>@8AB>2CRBPAS <V:@>:>=B@>;5@>< A8AB5<8 

:5@C20==S 4;S ?>40GV A83=0;V2 =0 A5@2>?@82>48, S:V 7<V=RRBP >@Vє=B0FVR 
?0=5;59 C 42>E ?;>I8=0E (078<CB B0 :CB <VAFS). %CG0A=V B@5:V=3>2V A8AB5<8 
@50;V7CRBPAS 70 42><0 >A=>2=8<8 ?@8=F8?0<8: 0:B82=89 <5B>4 
(28:>@8AB0==S D>B>40BG8:V2 4;S 287=0G5==S =0?@S<:C <0:A8<0;P=>W 
>A2VB;5=>ABV) B0 ?0A82=89 @>7@0EC=:>289 <5B>4 (28:>@8AB0==S 
0AB@>=><VG=8E @V2=S=P 7 ?@82'S7:>R 4> @50;P=>3> G0AC B0 GPS-:>>@48=0B). 
!09:@0IV @57C;PB0B8 45<>=AB@CRBP :><1V=>20=V A8AB5<8, 45 0AB@>=><VG=0 
<>45;P 7040є 107>2C B@0є:B>@VR, 0 40BG8:8 28:>=CRBP B>G=5 ?V4;0HBC20==S 
?@8 E<0@=>ABV G8 2V418B><C A2VB;V [4, 5]. 

�=0;V7 V ?@0:B8G=V 4>A;V465==S A2V4G0BP ?@> ?V428I5==S 
?@>4C:B82=>ABV A8AB5< 2V4AB565==S =0 15335 % ?>@V2=S=> 7V AB0B8G=8<8 
?0=5;S<8 [6, 7]. "4=>>AP>2V A8AB5<8 B@5:V=3C (?>2>@>B 70 078<CB><) 
70157?5GCRBP 4>40B:>2V 15325 % 28@>1VB:C, 42>2VA=V A8AB5<8 (?>2>@>B 70 
078<CB>< B0 :CB>< <VAFS) 4 4>40B:>2V 25335 % [8]. �06;828< B5E=VG=8< 
0A?5:B>< є 5=5@3>A?>6820==S A0<>W A8AB5<8 B@5:V=3C: ACG0A=V A5@2>?@82>48 
7 V=B5;5:BC0;P=8< :5@C20==S< A?>6820RBP C A5@54=P><C 0,532 % 2V4 
4>40B:>2> 735=5@>20=>W 5=5@3VW, I> @>18BP WE 70AB>AC20==S 5=5@35B8G=> 
283V4=8< [9]. �>4=>G0A 70AB>AC20==S <5E0=V7<V2 B@5:V=3C ?>2'S70=5 7 
?V428I5==S< :0?VB0;P=8E 28B@0B B0 28<>3 4> >1A;C3>2C20==S, >4=0: 
ACG0A=89 @>728B>: 02B><0B870FVW 9 7=865==S 20@B>ABV :><?>=5=BV2 ACBBє2> 
<V=V<V7CRBP FV =54>;V:8. �:>=><VG=89 0=0;V7 A2V4G8BP, I> 4>40B:>20 
35=5@0FVS 5;5:B@>5=5@3VW :><?5=ACє 71V;PH5=V :0?VB0;P=V 28B@0B8 ?@>BS3>< 
?@89=SB=>3> B5@<V=C, >A>1;82> 4;S %�% ?>BC6=VABR ?>=04 10 :�B [9]. 

#>40;PH89 @>728B>: B5E=>;>3V9 ?>2'S70=89 V7 70AB>AC20==S< HBCG=>3> 
V=B5;5:BC 4;S ?@>3=>7C20==S E<0@=>ABV B0 >?B8<V70FVW B@5:V=3C, V=B53@0FVєR 7 
A8AB5<0<8 =0:>?8G5==S 5=5@3VW 4;S 28@V2=R20==S 4>1>2>3> 3@0DV:0 35=5@0FVW, 
0 B0:>6 28:>@8AB0==S< ;53:8E :><?>78B=8E <0B5@V0;V2 4;S :>=AB@C:FV9 
B@5:5@V2, I> 7=86Cє =020=B065==S =0 ?@82>48 B0 ?V428ICє =04V9=VABP. 

�?@>20465==S 0;3>@8B<VG=8E A8AB5< :>@5:FVW :CB0 A>=SG=8E ?0=5;59 =0 
>A=>2V B>G=8E 0AB@>=><VG=8E <>45;59 є 5D5:B82=8< B5E=>;>3VG=8< 70E>4>< 
?V428I5==S ?@>4C:B82=>ABV A>=SG=8E 5;5:B@>AB0=FV9 =0 15335 % [6, 7]. *5 
A?@8Sє 1V;PH @0FV>=0;P=><C 28:>@8AB0==R A>=SG=>W V=A>;SFVW, ?V428I5==R 
5=5@35B8G=>W 02B>=><=>ABV >1'є:BV2, 7<5=H5==R 28:84V2 CO₂ B0 ?@8A:>@Rє 
>:C?=VABP V=25AB8FV9 C 2V4=>2;R20=C 5=5@35B8:C. 
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CURRENT STATE AND PROSPECTS OF DEVELOPMENT OF 

SWITCHED RELUCTANCE DRIVE  

V. Yachmenov, Yu. Krysan 

The Switched Reluctance Drive (SRD) is currently one of the most rapidly 
devel-oping areas of modern electromechanics. Intensive development of SRD has 
been carried out for approximately the last thirty years by many universities, re-
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search centers, and companies in almost all industrially developed countries of the 
world (Germany, Great Britain, Sweden, Italy, USA, Australia, Japan, etc.) [1-3]. 

The main advantages of SRD compared to traditional electric drives are asso-
ciated with the exceptional simplicity of design, high reliability, and manufactura-
bility of the electric machine used (SRM). It is based on a specific feature: the 
number of salient poles on the stator and rotor differs, and the windings are made 
in the form of concentrated coils located exclusively on the stator poles. 

The operation of the SRM is based on a well-known physical principle: a fer-
ro-magnetic material in a magnetic field experiences a force tending to move it into 
the region of greatest field strength. This force, called reluctance force in electro-
mechanics, causes the salient-pole ferromagnetic rotor of the SRM to follow the 
periodically changing magnetic field of the stator, ensuring its rotation [4]. 

The primary function of the SRD is energy conversion; therefore, its energy 
char-acteristics are of paramount importance. This necessitated the use of various 
design approaches 4 ranging from the selection of electromagnetic loads to the 
development of control algorithms and other technical solutions. 

To date, the primary scientific and technical tasks have been solved: the func-
tional composition of the electric drive has been substantiated and requirements for 
its structural elements have been formulated; an analysis of the physical patterns of 
SRM functioning based on various mathematical models has been performed; 
conceptual approaches to the construction of control algorithms have been devel-
oped, some of which have already been practically implemented. 

The main result of this stage of SRD development was the identification of 
the areas of its greatest efficiency. First and foremost, these are mass industrial 
instal-lations 4 such as pumps, fans, conveyors, and other units where the transi-
tion to adjustable speed drives is taking place. In addition, the prospects for using 
SRD in household appliances, small vehicles, as well as in a number of specialized 
fields have been confirmed, which expands the range of its potential use and em-
phasizes the versatility of the technology. 

Despite the advantages of SRD recognized by specialists and the positive ex-
peri-ence of its practical application, the mass distribution of this drive is still lim-
ited. The main reason is that its potential benefits are realized only through the use 
of specialized control algorithms. At the same time, the specificity of the SRD re-
quires the development of tools different from those traditional for classical elec-
tric drive systems. 

For further expansion of application areas and successful competition with 
modern adjustable speed drives, it is necessary to improve the consumer properties 
of the SRD, as well as to conduct a comprehensive assessment of the conditions 
and possibilities for implementing specified operating modes depending on the 
parameters of the drive and the control system. Such an approach will make it 
possible to form rational control algorithms in each specific case, taking into ac-
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count the entire range of requirements and ensuring optimal use of the SRD ad-
vantages. 

Research on SRD is indeed subject to constraints related to the features of the 
SRM machine itself. The most significant among them are the discreteness of con-
trol and substantial changes in the state of the motor's magnetic system over a wide 
range. At the same time, it is the consideration of these factors in the control algo-
rithms that is a necessary condition for building a drive with high operational and 
consumer characteristics. Therefore, the availability of methods and tools for anal-
ysis and synthesis capable of adequately reproducing real processes in the SRD 
acquires special significance. 

However, the objective complexity of the physical processes determining the 
drive's operation mentioned above makes the analytical description of SRD opera-
tion very cumbersome and, in some cases, difficult to implement. For this reason, 
traditional methods of electric drive research using block diagrams, coordinate 
transformations, vector diagrams, etc., prove to be ineffective for SRD. Modern 
achievements in computing technology have strengthened the importance of math-
ematical modeling, allowing not only for establishing relationships between pa-
rameters and control but also for reproducing the system's functioning over time 
with the simulation of elementary processes. Such models are called simulation 
models. 

The mass implementation of SRD is associated with the transition to digital 
control systems and simulation modeling, which ensure the realization of its key 
ad-vantages 4 reliability, energy efficiency, and structural simplicity. 
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INTELLIGENT ENERGY STORAGE SYSTEMS 

 FOR AUTOMATED NETWORKS 
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Intelligent electrical networks (Smart Grids) represent a key component of 
modern energy systems due to their capability to integrate renewable energy 
sources, enhance reliability and efficiency of power supply, and enable bidirection-
al communication between generation, consumers, and energy devices. Energy 
storage systems (ESS) play a critical role in maintaining the balance between elec-
tricity generation and consumption, reducing peak loads, ensuring stability and 
power quality, and increasing the flexibility of the network. Storage systems allow 
excess energy to be stored during periods of low demand and released during peak 
loads or generation interruptions, which is particularly important for networks with 
a high share of renewable energy sources [1]. 

Energy storage technologies encompass a wide range of physical, chemical, 
and mechanical solutions, including lithium-ion batteries, pumped hydro storage, 
thermal storage, compressed air energy storage, and hydrogen-based systems. Each 
technology has specific characteristics, such as energy density, response time, 
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cycle life, and economic efficiency. Lithium-ion batteries are currently considered 
the most promising for integration into automated networks due to their high ener-
gy density, fast response to load fluctuations, and scalability. 

Intelligent energy storage systems not only store energy but also implement 
adaptive energy flow management within the network. This is achieved through 
digital control algorithms, demand and generation forecasting, and big data analyt-
ics [2]. The application of artificial intelligence and machine learning algorithms 
enables the optimization of charging and discharging regimes, reduces the risk of 
overloads and energy losses, and improves the efficiency of interactions between 
network components in real time. Such approaches are particularly relevant for 
distributed energy systems with a large number of sources and consumers, where 
traditional management methods are often insufficient. 

The integration of storage systems with renewable energy sources, such as 
solar and wind power, is a critical aspect of smart grid development. The intermit-
tent nature of renewable generation can create imbalances in the network. Intelli-
gent storage systems compensate for these fluctuations, ensuring stable and pre-
dictable energy supply. Efficient management in these conditions requires the 
development of forecasting strategies for renewable generation, optimal placement 
of storage systems within the network, and algorithms for extending their opera-
tional life cycle [3].  

Key challenges in the development of intelligent energy storage systems in-
clude optimizing the location and capacity of storage units, ensuring economic 
efficiency, integrating with other smart grid components, and maintaining cyberse-
curity and operational reliability. A promising approach is the implementation of 
hybrid storage systems that combine multiple technologies to enhance adaptability 
and network reliability. The use of intelligent control algorithms, forecasting sys-
tems, and data analytics opens new opportunities to improve the efficiency and 
reliability of automated electrical networks. 

In conclusion, intelligent energy storage systems are an integral element of 
modern automated networks [4]. They provide a balance between generation and 
consumption, maintain network stability and efficiency, facilitate the integration of 
renewable energy sources, and create prospects for further adoption of digital tech-
nologies and artificial intelligence algorithms in the energy sector. 
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!01>:>20 ".�.1, %84>@5=:> �...2 

1 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-115 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
���!�+�!!/ "#&� ��Ь!"�" $"�&�,'��!!/ %"!/+!�) 

#�!���� ��/  ��%� ��Ь!"� �(��&��!"%&� 
".�. !01>:>20, �... %84>@5=:>  

%>=SG=V ?0=5;V 70@07 AB0RBP 2A5 1V;PH ?>?C;S@=8<8, >A>1;82> A5@54 
2;0A=8:V2 ?@820B=8E 1C48=:V2. *5 ?>2’S70=> 7 B8<, I> 2>=8 4>72>;SRBP 5:>-
=><8B8 5;5:B@>5=5@3VR V G0AB:>2> 1CB8 =570;56=8< 2V4 7030;P=>W <5@56V. 
�030B> EB> 4C<0є I> 4>AB0B=P> ?@>AB> 2AB0=>28B8 ?0=5;V =0 40EC V 2>=8 02-
B><0B8G=> 1C4CBP ?@0FR20B8 <0:A8<0;P=> 5D5:B82=>. �;5 =0 ?@0:B8FV 2A5 
B@>E8 A:;04=VH5, B><C I> ?@028;P=5 @>7B0HC20==S <0є 4C65 25;8:89 2?;82 
=0 :V=F5289 @57C;PB0B. /:I> 2AB0=>28B8 ?0=5;V =5 4C65 240;>, 2>=8 2A5 >4=> 
1C4CBP ?@0FR20B8, 0;5 :V;P:VABP >B@8<0=>W 5=5@3VW 1C45 7=0G=> <5=H>R. 

#5@H 70 2A5 ?>B@V1=> 725@=CB8 C203C =0 >A2VB;5==S ?@>BS3>< 4=S. /:I> 
=0 ?0=5;V ?040є BV=P 2V4 45@52, ACAV4=VE 1C4V25;P, 0=B5= B0 V=H8E @5G59, F5 
<>65 ACBBє2> 7=878B8 5D5:B82=VABP. #@8G><C =02VBP =525;8:0 BV=P <>65 
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2?;820B8 =0 @>1>BC 2AVєW A8AB5<8. &><C =09:@0I5 >18@0B8 <0:A8<0;P=> 2V4:-
@8B5 <VAF5, 45 A>=F5 1C45 A2VB8B8 1V;PHC G0AB8=C 4=S 157 ?5@5H:>4. �06;8-
28< D0:B>@>< є V :CB =0E8;C ?0=5;59. /:I> :CB 70=04B> <0;89 01> 70=04B> 
25;8:89, A>=SG=V ?@><5=V =5 1C4CBP ?>?040B8 >?B8<0;P=>. ' 1V;PH>ABV 28?0-
4:V2 28:>@8AB>2CRBP ?@81;87=> 30-35°, 0;5 F59 ?>:07=8: <>65 7<V=R20B8AS 
2 70;56=>ABV 2V4 <VAF52>ABV V ?>@8 @>:C. !0?@8:;04 278<:C A>=F5 7=0E>48BPAS 
=86G5, B><C V=:>;8 :CB @>1;SBP B@>E8 1V;PH8<.  

"@Vє=B0FVS ?0=5;59 B0:>6 <0є 25;8:5 7=0G5==S. !09G0ABVH5 WE 2AB0=>2-
;RRBP C =0?@S<:C ?V24=S, B><C I> A0<5 B0: 2>=8 >B@8<CRBP =091V;PHC :V-
;P:VABP A>=SG=>3> A2VB;0 ?@>BS3>< 4=S. /:I> B0:>W <>6;82>ABV =5<0є, <>-
6CBP 1CB8 20@V0=B8 7 =525;8:8< 2V4E8;5==S< =0 AEV4 01> 70EV4, 0;5 ?@8 FP><C 
5D5:B82=VABP B@>E8 7=86CєBPAS. �@V< FP>3> ?>B@V1=> 2@0E>2C20B8 2V4AB0=P 
<V6 ?0=5;S<8, S:I> WE 45:V;P:0. /:I> @>7<VAB8B8 WE 70=04B> 1;87P:>, 2>=8 
<>6CBP 70BV=SB8 >4=0 >4=C, >A>1;82> :>;8 A>=F5 7=0E>48BPAS =87P:>. -5 
>48= <><5=B F5 AB0= ?>25@E=V ?0=5;59. � G0A>< =0 =8E =0:>?8GCєBPAS ?8;, 
1@C4 01> ;8ABS, I> B56 <>65 7<5=HC20B8 :V;P:VABP 5=5@3VW. &><C V=>4V WE 
?>B@V1=> G8AB8B8. &0:>6 20@B> 2@0E>2C20B8, I> 5D5:B82=VABP ?0=5;59 70;5-
68BP =5 BV;P:8 2V4 WE @>7B0HC20==S, 0 9 2V4 ?>3>4=8E C<>2. ' ?>E<C@C ?>3>4C 
2>=8 ?@0FRRBP 3V@H5, =V6 C A>=SG=C, 0;5 2A5 >4=> <>6CBP 28@>1;SB8 ?52=C 
:V;P:VABP 5=5@3VW. &><C 206;82> @>7C<VB8, I> <0:A8<0;P=0 5D5:B82=VABP 4>-
AS30єBPAS BV;P:8 ?@8 ?>є4=0==V ?@028;P=>3> @>7B0HC20==S V A?@8SB;828E 
C<>2. 

 
$8AC=>: 1 3 �CB =0E8;C A>=SG=8E ?0=5;59 2 70;56=>ABV 2V4 A57>=C 
�8A=>2:8. "B65, S:I> ?@028;P=> >1@0B8 <VAF5, C=8:0B8 BV=V, 28AB028B8 

=>@<0;P=89 :CB V =0?@S<>:, B> ?0=5;V 1C4CBP ?@0FR20B8 <0:A8<0;P=> 5D5:-
B82=> C A2>WE C<>20E V 4020B8 E>@>H89 @57C;PB0B ?@>BS3>< 4>23>3> G0AC. 

 
%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. %>=SG=0 ?0=5;P [�;5:B@>==89 @5AC@A] // �V:V?54VS : 2V;P=0 5=F8:;>-
?54VS. URL: https://uk.wikipedia.org/wiki/%>=SG=0_?0=5;P (40B0 725@=5==S: 
11.05.2026). 

�8<0 �VB> 
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2. �=5@3>0B>< : 45@602=5 ?V4?@8є<AB2>. URL: https://energoatom.com.ua 
(40B0 725@=5==S: 11.05.2026). 

3. �>7;>2 �. �., �C759 /. ". %>=SG=0 5=5@3VS S: 465@5;> 5;5:B@8G=>W 
5=5@3VW. �1V@=8: B57 4>?>2V459 I>@VG=>W =0C:>2>-?@0:B8G=>W :>=D5@5=FVW (<. 
�0?>@V66S, 19323 :2VB. 2021 @.). �0?>@V66S: !' «�0?>@V7P:0 ?>;VB5E=V:0», 
2021. %. 1623165. 

4. �>7;>2 �. �., !01>:>20 ". �. �;3>@8B< @>7@0EC=:C A>=SG=>W 5;5:B-
@>CAB0=>2:8 4;S ?@820B=>3> 1C48=:C. �1V@=8: B57 4>?>2V459 I>@VG=>W =0C:>-
2>-?@0:B8G=>W :>=D5@5=FVW (<. �0?>@V66S, 24328 :2VB. 2023 @.). �0?>@V66S: 
!' «�0?>@V7P:0 ?>;VB5E=V:0», 2023. %. 2073209. 
 
 
'�� 621.391 
$><0=VG5=:> �. .1, �@82>E;S1>2  .�.2  
1AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2ABC4. 3@.  -314 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

%�%&� � $��'#�$�*�� �!�$��� � ����&$" "���/): 
&"#"�"��/ � %)� � '#$����!!/ 

�. . $><0=VG5=:>,  .І. �@82>E;O1>2  

' :>=AB@C:FVSE A8AB5< @5:C?5@0FVW 5=5@3VW :;RG>28<8 є: 281V@ B>?>;>3VW 
A8;>2>W G0AB8=8, E0@0:B5@8AB8:8 =0:>?8GC20G0 V 0;3>@8B<8 :5@C20==S. 

&>?>;>3VW: 
#@S<0 @535=5@0FVS G5@57 ?@82>4=89 V=25@B>@ ?@>AB0 9 :><?0:B=0, 428-

3C= ?5@5E>48BP C 35=5@0B>@=89 @568< V V=25@B>@ ?>40є 5=5@3VR =0 H8=C ?>A-
BV9=>3> AB@C<C (DC link).  V=CA - >1<565==S C73>465==S =0?@C38 V 4>?CAB8-
<>W ?>BC6=>ABV ?@8 ?@S<><C 70@S4V 0:C<C;SB>@0. 

�2>E =0?@02;5=89 DC-DC ?5@5B2>@R20G: ?V428ICє 3=CG:VABP, 4>72>;Sє 
=0;0HBC20B8 =0?@C3C V AB@C< ?V4 AB0= 70@S4C (SOC - state of charge) B0 B5<?5-
@0BC@C 0:C<C;SB>@0. 

�><1V=>20=V AE5<8 7 1CD5@0<8 (AC?5@:>=45=A0B>@8): ?@89<0RBP ?V:>2V 
70@S48 ?V4 G0A V=B5=A82=>3> 30;P<C20==S V ?;02=> ?5@540RBP WE C 10B0@5R, 
7=86CRG8 ?V:>2V AB@C<8 B0 453@040FVR 10B0@59>:. 

%8;>20 5;5:B@>=V:0. �=25@B>@8 B0 ?5@5B2>@R20GV =0 IGBT (insulated-gate 
bipolar transistor) 01> SiC MOSFET; 281V@ 287=0G0є 2B@0B8, B5?;>25 =020=B0-
65==S 9 3010@8B8. #>B@V1=V DV;PB@0FVS 70204, 70E8AB 2V4 ?5@5=0?@C38 V ?5@5-
20=B065=P, 5D5:B82=89 B5?;>289 <5=546<5=B. 

�;5:B@><03=VB=0 AC<VA=VABP (EMC) V ?@>:;04:0 �8A>:>G0AB>B=V ?5@5<8-
:0==S V 25;8:V AB@C<8 AB2>@RRBP ?5@5H:>48. !5>1EV4=V 5:@0=C20==S, ?@028-
;P=0 ?@>:;04:0 :015;V2 V LC-DV;PB@8. 

�;3>@8B<8 :5@C20==S: 
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�0157?5G5==S 157?5:8 ?@8 30;P<C20==V; ?@V>@8B5B <5E0=VG=8< 30;P<0< C 
:@8B8G=8E A8BC0FVSE. 

'73>465==S 7 BMS (battery management system) 4;S 287=0G5==S 4>?CA-
B8<>3> 70@S4=>3> AB@C<C. 

�40?B0FVS ?V4 @568< @CEC V 4>@>6=V9 ?@>DV;P. 
"?B8<V70FVS 5=5@3>5D5:B82=>ABV 7 C@0EC20==S< 2?;82C =0 @5AC@A 10B0-

@5W. 
�=B53@0FVS 7 ABS (anti-lock braking system) V ESC (electronic stability 

control) 4;S 715@565==S ABV9:>ABV. 
�0157?5G5==S H284:>W @50:FVW V AB01V;P=>ABV C?@02;V==S (=0;0HBC20==S 

,� , <>4C;SFVW, 70B@8<>: :><CB0FVW). 
%B0= 10B0@5W V B5@<><5=546<5=B #@8 28A>:><C SOC 01> ?@8 =5157?5G-

=8E B5<?5@0BC@0E :>=B@>;5@8 >1<56CRBP AB@C< @5:C?5@0FVW. #@8 =87P:8E 
B5<?5@0BC@0E 2=CB@VH=V9 >?V@ 7@>AB0є; ?@8 28A>:8E - 2<8:0RBPAS 70E8A=V 
>1<565==S. BMS >FV=Rє <56V 2 @50;P=><C G0AV V :>>@48=CєBPAS 7 ?5@5B2>@R-
20G0<8. 

#@0:B8G=V ?@>1;5<8. "1<565=0 :>@8A=0 @5:C?5@0FVS ?@8 ?>2=><C 70@S-
4V 10B0@5W, EMI 2V4 A8;>2>W 5;5:B@>=V:8, 2?;82 G0AB8E ?V:>28E F8:;V2 =0 4>2-
3>2VG=VABP 0:C<C;SB>@V2, =5>1EV4=VABP :>>@48=0FVW 7 <5E0=VG=8<8 30;P<0<8. 

#5@52038. �=865==S 7030;P=>3> 5=5@3>A?>6820==S, 71V;PH5==S ?@>1V3C 
2 <VAP:><C F8:;V, 7<5=H5==S 7=>AC 30;P< V 5:A?;C0B0FV9=8E 28B@0B. 

&@5=48 9 @5:><5=40FVW ?> ?@>5:BC20==R. #5@52030 SiC-:;RGV2 4;S 7=8-
65==S 2B@0B V ?V428I5==S IV;P=>ABV ?>BC6=>ABV; @>728B>: 28A>:>H284:VA=8E 
42>=0?@02;5=8E DC-DC; V=B53@0FVS V=B5;5:BC0;P=8E A8AB5< C?@02;V==S 5=5@-
3VєR; 70AB>AC20==S 040?B82=8E 0;3>@8B<V2 V <5B>4V2 <0H8==>3> =02G0==S 4;S 
?@>3=>7C20==S ?>254V=:8 2>4VS B0 >?B8<V70FVW @5:C?5@0FVW. $5:><5=4>20=> 
?>є4=C20B8 1CD5@=V =0:>?8GC20GV 4;S ?><’S:H5==S ?V:>28E =020=B065=P, 
2?@>2046C20B8 @50;P=5 G0A>25 ?>3>465==S 7 BMS V ?@>5:BC20B8 A8AB5<C 
>E>;>465==S B0 EMC-<V@8 =0 @0==VE 5B0?0E @>7@>1:8. 
 
 
'�� 621.3.027 
!01>:>20 ".�.1, %84>@5=:> �...2 

1 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-115 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

����$ �$�-"�" &�#' ��!�$�&"$� ��/ #"�'&"��) 
'%&�!"�"� 

".�. !01>:>20, �... %84>@5=:>  

�5=5@0B>@8 AP>3>4=V 4>A8BP G0AB> 28:>@8AB>2CRBPAS S: 70?0A=5 465@5-
;> 5;5:B@>5=5@3VW, >A>1;82> 2 C<>20E G0AB8E 2V4:;RG5=P A2VB;0. �>=8 4>72>-
;SRBP ?V4B@8<C20B8 @>1>BC >A=>2=8E ?@8;04V2 C 1C48=:C B0:8E S: E>;>48;P-
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=8:, >A2VB;5==S 01> =02VBP 45S:0 B5E=V:0. �;5 I>1 35=5@0B>@ 4V9A=> 1C2 :>@8-
A=8< 9>3> ?>B@V1=> ?@028;P=> >1@0B8. /:I> 7@>18B8 =5?@028;P=89 281V@, 
<>6=0 7VB:=CB8AS 7 B8<, I> ?>BC6=>ABV =5 28AB0G0є 01> =02?0:8 28B@0G5=V 
7092V 3@>HV 157 >A>1;82>W ?>B@518. 

�A=Cє :V;P:0 >A=>2=8E B8?V2 35=5@0B>@V2, S:V 28:>@8AB>2CRBPAS C ?>1CBV: 
15=78=>2V, V=25@B>@=V B0 4875;P=V (@8A. 1). 

        

 
0                                            1                                            2 
0 3 15=78=>289;   1 3 V=25=B0@=89;   2 3 4875;P=89. 
$8AC=>: 1 3 $V7=V B8?8 ?>1CB>28E 35=5@0B>@V2 

 
�5=78=>2V 35=5@0B>@8 є =09?@>ABVH8<8 V 4>ABC?=8<8. �>=8 ;53:> 70?C-

A:0RBPAS V ?V4E>4SBP 4;S :>@>B:>G0A=>3> 28:>@8AB0==S, =0?@8:;04 ?V4 G0A 
B8<G0A>28E 2V4:;RG5=P A2VB;0. �;5 2>=8 =5 4C65 4>1@5 ?V4E>4SBP 4;S B@820-
;>W @>1>B8, >A:V;P:8 H284H5 7=>HCRBPAS V <>6CBP ?5@53@V20B8AS ?@8 25;8-
:8E =020=B065==SE. 

�=25@B>@=V 35=5@0B>@8 2V4@V7=SRBPAS B8<, I> 28@>1;SRBP 1V;PH AB01V-
;P=C 5;5:B@>5=5@3VR. *5 206;82> 4;S ACG0A=>W B5E=V:8 S:0 GCB;820 4> ?5@5-
?04V2 =0?@C38, =0?@8:;04 =>CB1C:V2 01> B5;52V7>@V2. �>=8 B0:>6 70728G09 
?@0FRRBP B8EVH5 V 5:>=><=VH5 28B@0G0RBP ?0;82>, 0;5 WE ?>BC6=VABP G0AB> 
>1<565=0, B><C 2>=8 =5 ?V4E>4SBP 4;S ?V4:;RG5==S 25;8:>W :V;P:>ABV ?@8;0-
4V2 >4=>G0A=>. 

�875;P=V 35=5@0B>@8 1V;PH =04V9=V V 28B@820;V. �>=8 <>6CBP ?@0FR20B8 
4>2H5 V :@0I5 ?5@5=>ASBP 25;8:V =020=B065==S, B><C WE G0AB> 28:>@8AB>2C-
RBP B0<, 45 ?>B@V1=> AB01V;P=5 465@5;> 5=5@3VW =0 4>2389 G0A. �;5 ?@8 FP><C 
2>=8 70728G09 4>@>6GV V <>6CBP 1CB8 1V;PH HC<=8<8. 
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#@8 281>@V 35=5@0B>@0 ?>B@V1=> ?@81;87=> ?V4@0EC20B8, S:V ?@8;048 
1C4CBP 28:>@8AB>2C20B8AS V A:V;P:8 5=5@3VW 2>=8 A?>6820RBP. �@0I5 1@0B8 
35=5@0B>@ 7 =525;8:8< 70?0A>< ?>BC6=>ABV, I>1 2V= =5 ?@0FR202 =0 <56V 
A2>WE <>6;82>AB59. 

�@V< ?>BC6=>ABV, 20@B> 725@=CB8 C203C =0 28B@0B8 ?0;820, @V25=P HC<C V 
7@CG=VABP 28:>@8AB0==S. !0?@8:;04, S:I> 35=5@0B>@ 1C45 28:>@8AB>2C20B8AS 
1V;S 68B;>2>3> 1C48=:C, 70=04B> 3CG=0 <>45;P <>65 AB2>@R20B8 48A:><-
D>@B. &0:>6 206;82> 2@0E>2C20B8 C<>28 715@V30==S V >1A;C3>2C20==S, B><C 
I> 45S:V <>45;V ?>B@51CRBP 1V;PH5 C2038. 

�8A=>2:8. "B65, 4;S :>@>B:8E 2V4:;RG5=P ?V4V945 15=78=>289 35=5@0-
B>@, 4;S 4>23>B@820;>W @>1>B8 :@0I5 >1@0B8 4875;P=89, 0 4;S GCB;82>W B5E=V-
:8 V=25@B>@=89. �>;>2=5 =5 1@0B8 ?5@H5 I> ?>?0;>AS, 0 B@>E8 @>7V1@0B8AS 
?5@54 ?>:C?:>R. 

 
%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �;5:B@8G=89 35=5@0B>@ [�;5:B@>==89 @5AC@A] // �V:V?54VS : 2V;P=0 
5=F8:;>?54VS. URL: https://uk.wikipedia.org/wiki/�;5:B@8G=89_35=5@0B>@ (40B0 
725@=5==S: 28.04.2026). 

2. Rozetka : V=B5@=5B-<03078=. URL: https://rozetka.com.ua (40B0 725@=5=-
=S: 28.04.2026). 

3. �>7;>2 �. �., �5@84>28G �. $. /:89 02B>=><=89 35=5@0B>@ :@0I89? 
#@>1;5<8, <5B>48 B0 70A>18 4>A;V465=P A2VB>2>3> >:50=C: 71. 4>?. I>@VG=>W 
=0C:.-?@0:B. :>=D. A5@54 ABC45=BV2, 28:;040GV2, =0C:>2FV2, <>;>48E CG5=8E V 
0A?V@0=BV2 (<. �0?>@V66S, 24328 :2VB. 2023 @.). �0?>@V66S, 2023. %. 2433244. 

 
 

'�� 620.97 
!01>:>20 ".�.1, %84>@5=:> �...2 

1 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-115 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

�!�$�"���$���!!/ � �" �,!�) ' "��) 

".�. !01>:>20, �... %84>@5=:>  

' ACG0A=8E C<>20E ?8B0==S 5:>=><VW 5;5:B@>5=5@3VW AB0;> 4>A8BP 0:BC0-
;P=8< 2 ':@0W=V, 45 <>6CBP 28=8:0B8 2V4:;RG5==S A2VB;0 01> ?5@5?048 =0-
?@C38. �030B> ;R459 ?>G0;8 1V;PH5 725@B0B8 C203C =0 B5, A:V;P:8 5;5:B@>5=5-
@3VW 2>=8 28:>@8AB>2CRBP C ?>2AS:45==><C 68BBV. �=5@3>715@565==S 4>72>-
;Sє =5 BV;P:8 7<5=H8B8 28B@0B8, 0 9 7@>18B8 28:>@8AB0==S 5;5:B@8:8 1V;PH 
@0FV>=0;P=8<. 

!0A?@024V VA=Cє 1030B> ?@>AB8E A?>A>1V2 5:>=><8B8 5;5:B@>5=5@3VR 
24><0. "48= 7 =09?@>ABVH8E F5 70<V=0 728G09=8E ;0<? =0 LED ;0<?8, S:V 
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A?>6820RBP 7=0G=> <5=H5 5=5@3VW V 4>2H5 A;C60BP. &0:>6 206;82> =5 70;8-
H0B8 ?@8;048 C2V<:=5=8<8 157 ?>B@518, =0?@8:;04 A2VB;> 2 :V<=0BV 01> 70@S-
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APPLICATION OF SMALL HYDROKINETIC TURBINES IN WATER 

RESOURCES OF THE ZAPORIZHZHIA REGION 

O. Sytik 

The relevance of this study is driven by the need to strengthen Ukraine’s 
energy independence in the context of current challenges and the ongoing 
restoration of its energy infrastructure. For industrial regions such as Zaporizhzhia, 
the implementation of decentralized energy sources is of particular importance, as 
they ensure the stability of energy supply and reduce dependence on fossil fuels. 

The aim of this work is to substantiate the feasibility of using small 
hydrokinetic turbines (HKT) in the water resources of the Zaporizhzhia region, 
taking into account its natural, infrastructural, and environmental conditions. 

Small hydrokinetic turbines are devices that convert the kinetic energy of 
water flow into electricity without the need for dam construction or significant 
alteration of riverbeds. Their operation requires relatively low flow velocities 
(approximately 1.532 m/s), which are typical for certain sections of the Dnipro 
River and its tributaries. The key advantages of HKT include environmental safety, 
minimal impact on aquatic ecosystems, stable power generation, and the possibility 
of localized application. 
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The Zaporizhzhia region has significant potential for the implementation of 
such technologies due to the availability of extensive water resources (the Dnipro 
River, reservoirs, and small rivers), developed energy infrastructure, and strong 
scientific and industrial capacity. The use of HKT enables the supply of electricity 
to local facilities such as farms, riverside settlements, and small infrastructure 
units. 

The economic feasibility of the proposed solutions is supported by moderate 
capital costs, low operational expenses, and an estimated payback period of 537 
years. The absence of fuel requirements and the simplicity of maintenance make 
these systems attractive even without substantial external funding. 

The study proposes the implementation of pilot projects, including the 
installation of an experimental turbine on the Dnipro River, the creation of small 
turbine clusters on minor rivers, and the development of domestic turbine 
prototypes in cooperation with universities and research centers. 

The implementation of small hydrokinetic turbines will contribute to the 
development of decentralized energy systems, enhancement of regional energy 
security, and reduction of environmental impact. However, this topic requires 
further investigation, including detailed hydrological studies and comprehensive 
techno-economic assessments for large-scale deployment. 
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C@10=V70FVW, 45DVF8BC 2V;P=8E 75<5;P=8E @5AC@AV2 B0 7@>AB0RG>3> ?>?8BC =0 
45F5=B@0;V7>20=C 35=5@0FVR 5=5@3VW 7 2V4=>2;R20=8E 465@5; 28<030є 2?@>20-
465==S V==>20FV9=8E @VH5=P, 7>:@5<0 A8AB5< AB565==S 70 A>=F5<. "4=8< V7 
=09?5@A?5:B82=VH8E =0?@S<V2 є 70AB>AC20==S >4=>2VA=8E V 42>E>A=8E A>=SG-
=8E B@5:5@V2, 740B=8E 48=0<VG=> 7<V=R20B8 >@Vє=B0FVR D>B><>4C;V2 2V4?>-
2V4=> 4> ?>;>65==S %>=FS, B8< A0<8< 70157?5GCRG8 <0:A8<0;P=5 ?>3;8=0=-
=S A>=SG=>3> 28?@><V=R20==S ?@>BS3>< 4=S. #@>B5 5D5:B82=5 28:>@8AB0==S 
B0:8E A8AB5< C IV;P=8E 701C4>20E, 40E>28E %�% 01> V=H8E ?@>AB>@>2> >1-
<565=8E A5@54>28I0E AC?@>2>46CєBPAS @S4>< B5E=VG=8E V ?@>є:B=8E >1<5-
65=P. 

' :>=B5:ABV A>=SG=8E 5;5:B@>AB0=FV9 <0;>W ?;>IV, I> DC=:FV>=CRBP C 
IV;P=> 701C4>20=8E @09>=0E 01> =0 40E0E 1C4V25;P, >18420 B8?8 B@5:5@V2 
<0RBP A2>W ?5@52038 9 >1<565==S. �:B82=V B@5:5@8 70157?5GCRBP 28IC 35=5-
@0FVR 5;5:B@>5=5@3VW, 0;5 ?>B@51CRBP 4>40B:>2>3> 5=5@3>A?>6820==S B0 709-
<0RBP 1V;PH5 ?@>AB>@C 4;S ?>2=>FV==>3> @CEC. !0B><VABP ?0A82=V B@5:5@8 
<>6CBP 1CB8 :>@8A=V C ?@>є:B0E V7 AC2>@8<8 ?@>AB>@>28<8 >1<565==S<8, 45 
:;RG>28< є <V=V<V70FVS B5E=VG=>W A:;04=>ABV B0 =04V9=VABP 70 2V4ACB=>ABV 
>1A;C3>2C20==S [1 A. 5; 2, A. 7]. �81V@ <V6 F8<8 42><0 A8AB5<0<8 <0є 107C20-
B8AP =0 @5B5;P=><C 10;0=AV <V6 ?@>4C:B82=VABR, 4>ABC?=>R ?;>I5R, C<>20-
<8 5:A?;C0B0FVW B0 4>23>AB@>:>2>R 5:>=><VG=>R 5D5:B82=VABR. 

"4=8< V7 :;RG>28E 0@3C<5=BV2 =0 :>@8ABP 2?@>20465==S A>=SG=8E B@5-
:5@V2 є WE=V9 157?>A5@54=V9 2?;82 =0 @V25=P 35=5@0FVW 5;5:B@>5=5@3VW. �024S:8 
48=0<VG=><C AB565==R 70 %>=F5< A8AB5<8 B@5:V=3C 740B=V 7=0G=> 7<5=H8B8 
2B@0B8, ?>2’S70=V 7 =5V450;P=8< :CB>< ?04V==S A>=SG=>3> A2VB;0 =0 ?>25@E=R 
?0=5;V. "A>1;82> 2V4GCB=>R є ?5@52030 B@5:5@V2 C <VAFSE 7V 7=0G=8<8 4>1>-
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28<8 B0 A57>==8<8 :>;820==S<8 V=A>;SFVW. !0?@8:;04, 70 40=8<8 Nagasri D. 
L. S. B0 V=., 28:>@8AB0==S 42>E>AP>28E B@5:5@V2 4>72>;Sє 71V;PH8B8 28@>1VB>: 
5=5@3VW 4> 35340% C ?>@V2=S==V 7V AB0FV>=0@=8<8 :>=AB@C:FVS<8 [5, A. 6], B>4V 
S: HSAT V VSAT 40RBP ?@8@VAB =0 @V2=V 15325% 70;56=> 2V4 @>7B0HC20==S 
>1'є:B0 [6, A. 1835]. 

 
$8AC=>: 1 - �70є<>72’S7>: B8?C B@5:5@0, >@Vє=B0FVW B0 @V2=S 35=5@0FVW 5=5@3VW 

 
' <VAP:8E C<>20E B0 =0 40E0E 1C4V25;P 5D5:B82=VABP B@5:5@V2 >1<56C-

єBPAS ?@>AB>@>< V 70BV=5==S< 2V4 =02:>;8H=P>W V=D@0AB@C:BC@8. ' B0:8E 
28?04:0E =091V;PH 4>FV;P=8< є 70AB>AC20==S 25@B8:0;P=8E >4=>2VA=8E 01> 
078<CB0;P=8E B@5:5@V2, S:V 70157?5GCRBP >?B8<V70FVR @CEC ?@8 715@565==V 
:><?0:B=>ABV A8AB5<8. /: 707=0G0RBP Almadhhachi M. B0 A?V202B., C 3CAB>=0-
A5;5=8E A5@54>28I0E =09:@0I89 @57C;PB0B ?>:07CRBP V=B5;5:BC0;P=V B@5:5-
@8 7 >1<565=8< 4V0?07>=>< ?>2>@>BC, 040?B>20=V 4> A?5F8DV:8 A5@54>28I0 
[7, A. 7]. 

'A?VH=0 V=B53@0FVS A>=SG=8E B@5:5@V2 C ACG0A=V 0@EVB5:BC@8 A>=SG=8E 
5;5:B@>AB0=FV9 (%�%) ?5@5410G0є 2@0EC20==S S: B5E=VG=8E <>6;82>AB59 
>1@0=>W A8AB5<8, B0: V >1<565=P =02:>;8H=P>3> ?@>AB>@C. �0;56=> 2V4 <0A-
HB01V2 %�%, 4>ABC?=>W ?;>IV, >@Vє=B0FVW 4V;S=:8 B0 :;V<0B8G=8E C<>2, >18-
@0RBPAS 2V4?>2V4=V B@5:5@8, S:V <>6CBP 5D5:B82=> 270є<>4VSB8 7 A8AB5<0<8 
<>=VB>@8=3C, 0:C<C;R20==S 5=5@3VW B0 :5@C20==S ?>BC6=VABR. !0?@8:;04, C 
<0;8E V A5@54=VE %�% =0 40E0E ?@><8A;>28E 01> 68B;>28E 1C4V25;P ?@V>@8-
B5B =040єBPAS 25@B8:0;P=8< >4=>2VA=8< B@5:5@0< 01> 078<CB0;P=8< A8AB5-
<0<, I> <>6CBP 1CB8 2AB0=>2;5=V 157 ?>@CH5==S AB0B8G=>W @V2=>2038 >1’є:B0 
[6, A. 1834]. ' 25;8:8E =075<=8E CAB0=>2:0E G0ABVH5 28:>@8AB>2CRBP 3>@87>-
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=B0;P=V 01> 42>E>A=V B@5:5@8, >A>1;82> :>;8 <>20 945 ?@> 35=5@0FVR 2 <530-
20B=><C 4V0?07>=V [5, A. 6]. 

�;RG>28< 5;5<5=B>< DC=:FV>=C20==S B@5:5@V2 C ACG0A=8E %�% є 0;3>-
@8B<8 02B><0B8G=>3> AB565==S 70 %>=F5<, S:V �@C=BCRBPAS =0 35>;>:0FV9=8E 
?0@0<5B@0E, 0AB@>=><VG=8E B01;8FSE 01> 40=8E A5=A>@V2 >A2VB;5==S. %8AB5<8 
:5@C20==S 2 0:B82=8E B@5:5@0E 740B=V =5 ;8H5 287=0G0B8 >?B8<0;P=5 ?>;>-
65==S ?0=5;V ?@>BS3>< 4=S, 0 9 040?BC20B8AS 4> E<0@=>ABV, 70BV=5==S 01> 7<V= 
?>3>4=8E C<>2. �2B><0B87>20=V <>4C;V :5@C20==S, V=B53@>20=V 7 :>=B@>;5@0-
<8 70@S4C, 7=0G=> ?V428ICRBP AB01V;P=VABP @>1>B8 02B>=><=8E 5;5:B@>68-
28;P=8E :><?;5:AV2 [2, A. 47]. 

' @57C;PB0BV 4>A;V465==S 2AB0=>2;5=>, I> 70AB>AC20==S A>=SG=8E B@5-
:5@V2 є 5D5:B82=8< A?>A>1>< ?V428I5==S 35=5@0FVW 5;5:B@>5=5@3VW D>B>5;5:-
B@8G=8<8 A8AB5<0<8. !091V;PH >?B8<0;P=8< @VH5==S< C 1V;PH>ABV 28?04:V2 
є 28:>@8AB0==S >4=>2VA=8E B@5:5@V2, S:V 70157?5GCRBP 10;0=A <V6 5D5:B82=V-
ABR B0 20@BVABR. 

�2>2VA=V B@5:5@8 4>FV;P=> 70AB>A>2C20B8 2 C<>20E 28A>:>W V=A>;SFVW 01> 
>1<565=>W ?;>IV 2AB0=>2;5==S. �81V@ B8?C B@5:5@0 ?>28=5= 107C20B8AS =0 
:><?;5:A=><C B5E=V:>-5:>=><VG=><C 0=0;V7V. 

�=B53@0FVS B@5:5@V2 C %�% 2 C<>20E >1<565=>3> ?@>AB>@C AB8:0єBPAS 7 
=87:>R ?@0:B8G=8E 28:;8:V2. #>-?5@H5, F5 4 =5>1EV4=VABP 70157?5G5==S 
2V;P=>W 7>=8 >15@B0==S, S:0 2 C<>20E IV;P=>W <VAP:>W 701C4>28 01> =5@V2=>3> 
@5;PєDC <>65 1CB8 :@8B8G=> >1<565=>R. #>-4@C35, >A>1;82C C203C ?>B@V1=> 
?@84V;SB8 ?8B0==S< 2VB@>ABV9:>ABV, 0465 @CE><V :>=AB@C:FVW B@5:5@V2 є 1V;PH 
2@07;828<8 4> 2VB@>28E =020=B065=P, >A>1;82> =0 28A>BV. #>-B@5Bє, CA:;04-
=RєBPAS 70E8AB 2V4 70BV=5==S <V6 @S40<8, I> 28<030є B>G=>3> ?@>є:BC20==S 
V=B5@20;V2 B0 28A>B8 @>7<VI5==S. � C@10=V7>20=><C A5@54>28IV =02VBP =57=0-
G=V ?>E81:8 2 :>=DV3C@0FVW <>6CBP 725AB8 =0=V25FP ?5@52038 B@5:V=3C. &><C 
>?B8<0;P=0 V=B53@0FVS B@5:5@V2 ?>B@51Cє 70AB>AC20==S F8D@>2>3> <>45;R-
20==S, V=A>;SFV9=>3> 0=0;V7C B0 ?>3>48==>W A8<C;SFVW 35=5@0FVW. 

 
%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Almadhhachi M., Seres I., Farkas I. Sunflower solar tree vs. flat PV 
module: A comprehensive analysis of performance, efficiency, and land savings in 
urban solar integration. Results in Engineering. 2024. Vol. 21. 101742. P. 1-11. 
https://doi.org/10.1016/j.rineng.2023.101742 

2. Zhang X., Li W., Wang Y., Wang Z., Sun H., Tao K., Ye T., B0 V=. Design 
and Application of Self-Power-Tracking Modular Solar Device. SSRN. 2025. P. 1-
23. http://dx.doi.org/10.2139/ssrn.5164912 

3. Kazimirov O., Vlasov K., Onypchenko P., Kostenko I. "@Vє=BC20==S A>-
=SG=8E ?0=5;59 A8AB5<8 02B>=><=>3> 5;5:B@>682;5==S AB0FV>=0@=>3> ?C=:-
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BC C?@02;V==S. %8AB5<8 C?@02;V==S, =02V30FVW B0 72’S7:C. 2021. 7 1(63). %. 453
48. https://doi.org/10.26906/SUNZ.2021.1.045 

4. #0=G5=:> �. �., )0@V= $. ".  >45;R20==S B0 B5E=V:>-5:>=><VG=89 
@>7@0EC=>: @>1>B8 A>=SG=>W 5;5:B@>AB0=FVW =0 BS3>2V9 ?V4AB0=FVW. �=D>@<0-
FV9=>-:5@CRGV A8AB5<8 =0 70;V7=8G=><C B@0=A?>@BV. 2023. 7 2. %. 3313. 
https://doi.org/10.18664/ikszt.v28i2.283295  

5. �C1;V:>2 �. �., �20=AP:89 �. �. %8=B57 B0 4>A;V465==S A8AB5<8 >?B8-
<0;P=>3> :5@C20==S ?>;>65==S< A>=SG=>W D>B>5;5:B@8G=>W CAB0=>2:8. �;5:-
B@>B5E=VG=V B0 V=D>@<0FV9=V A8AB5<8. 2024. 7 105. %. 23331. 
https://doi.org/10.32782/EIS/2024-105-5 

6. Nagasri D. L. S., Pathipooranam P., bin Mohd Salleh M. F., Marimuthu R. 
Evaluating the performance and feasibility of integrating thermoelectric generators 
with solar photovoltaic panels: A case study. Case Studies in Thermal Engineering. 
2024. Vol. 64. 105572. https://doi.org/10.1016/j.csite.2024.105572 

7. Manzoor H. U., Aaqib S. M., Manzoor T., Azeem F., Ashraf M. W., 
Manzoor S. Effect of Optimized Tilt Angle of PV Modules on Solar Irradiance for 
Residential and Commercial Buildings in Different Cities of Pakistan: 
Simulation0Based Study. Energy Science & Engineering. 2025. P. 1831-1845. 
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(@VG=>W, A57>==>W 01> 4>1>2>W), I> 45B5@<V=Cє 5=5@35B8G=89 28EV4 A8AB5<8. 
�;RG>28< <5E0=V7<>< 4>AS3=5==S 3@0=8G=8E ?>:07=8:V2 є <V=V<V70FVS :CB0 
?04V==S A>=SG=>3> 28?@><V=R20==S 2V4=>A=> =>@<0;V 4> @>1>G>W ?>25@E=V 
?0=5;V. �@0E>2CRG8 48=0<VG=89 E0@0:B5@ ?>;>65==S %>=FS, I> 287=0G0єBPAS 
20@V0B82=VABR 28A>B8 A2VB8;0 B0 078<CB0;P=>3> :CB0 70;56=> 2V4 G0A>28E 
V=B5@20;V2 (V 35>3@0DVG=8E :>>@48=0B, ?@>F5A =0;0HBC20==S >@Vє=B0FVW ?>B@5-
1Cє :><?;5:A=>3> 2@0EC20==S 0AB@>=><VG=8E B0 B>?>3@0DVG=8E G8==8:V2. 

�;S 70157?5G5==S ?@5F87V9=>W B>G=>ABV @>7@0EC=:V2 4>FV;P=> 287=0G0B8 
:CB A>=SG=>3> AE8;5==S · 4;S 4>2V;P=>3> G0A>2>3> V=B5@20;C @VG=>3> F8:;C. 
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#0@0<5B@ AE8;5==S 45B5@<V=CєBPAS S: :CB>20 25;8G8=0 <V6 25:B>@>< A>=SG-
=>3> 28?@><V=R20==S B0 ?;>I8=>R 75<=>3> 5:20B>@0; 9>3> 7=0G5==S 20@VR-
єBPAS 2 <560E 2V4 +23,45° 4> -23,45° 2=0A;V4>: @VG=>W 48=0<V:8 @CEC �5<;V. 
�030;P=>?@89=SB8< V=65=5@=8< AB0=40@B>< 4;S 0=0;VB8G=>3> >1G8A;5==S 
40=>3> ?>:07=8:0 є D>@<C;0 �C?5@0 

 δ=23,45∙sin(360/365∙(284+N))  (1) 

45 N - 45=P @>:C 2V4 1 (4;S 01.01) 4> 365 (4;S 31.12). 
 

' A>=SG=89 >?V24=V >?B8<0;P=89 :CB =0E8;C 4>@V2=Rє: 

 θ=|,-δ|. (2) 

$>7?>4V; :CB0 =0E8;C D>B>5;5:B@8G=8E ?5@5B2>@R20GV2 4;S <VAB0 �0?>-
@V66S ?> 4=SE :0;5=40@=>3> @>:C =02545=> =0 @8AC=:C 1. 

  
$8AC=>: 1 3 $>7?>4V; :CB0 =0E8;C D>B>5;5:B@8G=8E ?5@5B2>@R20GV2 
 
�@0DVG=0 70;56=VABP, =02545=0 =0 @8AC=:C 1, 45<>=AB@Cє 28@065=C A5-

7>==C F8:;VG=VABP >?B8<0;P=>3> :CB0 =0E8;C D>B>5;5:B@8G=8E ?5@5B2>@R20-
GV2, I> :>@5;Rє 7 @VG=8< E>4>< 28A>B8 %>=FS =04 3>@87>=B>< 4;S H8@>B8 <. 
�0?>@V66S. 

�=0;V7 @>7?>4V;C 4>72>;Sє 284V;8B8 =0ABC?=V 70:>=><V@=>ABV. ' 78<>289 
?5@V>4 A?>AB5@V30єBPAS 7@>AB0==S >?B8<0;P=>3> :CB0 4> ?V:>28E 7=0G5=P (1;8-
7P:> 65-70 °), I> 7C<>2;5=> =87P:8< AB>S==S< %>=FS B0 =5>1EV4=VABR <V=V<V-
70FVW :CB0 ?04V==S ?@><5=V2 2V4=>A=> =>@<0;V 4> ?>25@E=V <>4C;S. ' ;VB=V9 
?5@V>4: 3@0DV: DV:ACє <V=V<0;P=V 7=0G5==S :CB0 =0E8;C (1;87P:> 25-30 °), 
>A:V;P:8 %>=F5 4>AS30є A2>єW <0:A8<0;P=>W 28A>B8, 0 ?@S<0 @04V0FVS ?040є ?V4 
:CB0<8, 1;87P:8<8 4> 75=VB=8E. ' ?5@5EV4=V ?5@V>48 7<V=0 7=0G5=P 2V41C20-
єBPAS ?;02=>, 2V4>1@060RG8 157?5@5@2=C 20@V0FVR A>=SG=>3> AE8;5==S 2V4 
4=S 25A=S=>3> 4> 4=S >AV==P>3> @V2=>45==S. 
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&0:8< G8=><, ?@54AB02;5=89 @>7?>4V; ?V4B25@46Cє, I> 4;S AB0FV>=0@-
=8E A8AB5< V7 DV:A>20=8< =0E8;>< C 40=><C @53V>=V =091V;PH 5=5@3>5D5:B8-
2=8< є :><?@><VA=89 A5@54=P>@VG=89 :CB C 4V0?07>=V 40-45 °, B>4V S: 4;S 
A8AB5< V7 <>6;82VABR A57>==>3> @53C;R20==S 4>FV;P=>R є 040?B0FVS ?>;>-
65==S ?0=5;59 2V4?>2V4=> 4> =02545=>W :@82>W. 
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B@0=AD>@<0B>@0 2 A5@54>28IV G8A5;P=>3> 0=0;V7C 4;S ?@5F87V9=>3> 287=0-
G5==S V=4C:B82=>ABV @>7AVR20==S 7 C@0EC20==S< @50;P=>W 35><5B@VW <03=VB=>W 
A8AB5<8 B0 >1<>B>:. 

' S:>ABV >1’є:BC <>45;R20==S 28ABC?0є B@8D07=89 A8;>289 <0A;S=89 
B@0=AD>@<0B>@ B8?C &�!-16000/110. �C;8 287=0G5=V 5;5:B@8G=V V 35><5B@8G-
=V ?0@0<5B@8 B@0=AD>@<0B>@0, @>7@0E>20=V >1<>B:>2V 40=V.  

$>7@0EC=>: V=4C:B82=>ABV @>7AVR20==S 70728G09 28:>=CєBPAS >4=8< V7 
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>A=>2V G8A5;P=>-?>;P>2>3> <>45;R20==S. #@0:B8G=89 <5B>4 ?5@5410G0є 
28?@>1C20==S :>@>B:>3> 70<8:0==S =0 @50;P=><C B@0=AD>@<0B>@V V =5 @>73-
;S40єBPAS 2 FV9 @>1>BV. �=0;VB8G=89 <5B>4 70 >A=>2C 15@5 D>@<C;C $>3>2AP-
:>3> V 107CєBPAS =0 ?@8?CI5==V, I> <03=VB=89 ?>BV: @>7AVR20==S ?@>E>48BP 
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=>3> C ?@>AB>@V 70 D>@<C;>R (2). #>78B82=>R >A>1;82VABR 40=>3> <5B>4C є 
C@0EC20==S @50;P=8E 2838=V2 ;V=V9 ?>;S V =0A8G5==S AB0;V. 
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�V4<V==>ABV 2 @>7@0EC=:0E A:;0;8 <5=H5 =V6 6%. &0:8< G8=><, <>6=0 
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- A:;04=C :>=DV3C@0FVR <03=VB=>3> ?>;S =0 :@0SE >1<>B>: (:@09>2V 
5D5:B8). 

- 2?;82 <0B5@V0;C <03=VB>?@>2>4C, S:89 G0AB:>2> 2BS3Cє 2 A515 ?>BV: 
@>7AVR20==S. 

- @50;P=5 @>7B0HC20==S >1<>B>: C 2V:=V B@0=AD>@<0B>@0. 
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AS 2 A8AB5<8 <VAP:>3> 5;5:B@>B@0=A?>@BC, ACG0A=5 =0A>A=5 >1;04=0==S :><C-
=0;P=>3> 3>A?>40@AB20 B0 28A>:>B>G=V 25@AB0B8, 70157?5GCRG8 7=0G=C 5:>=>-
<VR 5;5:B@>5=5@3VW B0 B>G=VABP :5@C20==S. &0:8< G8=><, B5E=>;>3VS 4283C=V2 
V7 ?>ABV9=8<8 <03=VB0<8 AP>3>4=V 28ABC?0є :;RG>28< V=AB@C<5=B>< B5E=>;>-
3VG=>W <>45@=V70FVW :@0W=8, 4>72>;SRG8 5D5:B82=> 28@VHC20B8 70240==S I>4> 
70157?5G5==S =0FV>=0;P=>W 157?5:8, ?V428I5==S :>=:C@5=B>A?@><>6=>ABV 
3@><04S=AP:>W V=D@0AB@C:BC@8 2 C<>20E 45DVF8BC 5=5@3>@5AC@AV2. 

�;S C:@0W=AP:>3> ?@><8A;>2>3> A5:B>@0 25:B>@ <0B5@V0;>7=02AB20 C 28-
@>1=8FB2V 4283C=V2 =0 ?>ABV9=8E <03=VB0E A?@S<>20=89 =0 ?>4>;0==S :@8B8-
G=>W 70;56=>ABV 2V4 V<?>@BC @V4:VA=>75<5;P=8E <5B0;V2. ' ACG0A=8E @50;VSE 
F5 ?5@5410G0є ?5@5EV4 4> AB2>@5==S ?>2=>3> F8:;C 28@>1=8FB20: 2V4 >A2>є==S 
2;0A=8E @>4>28I ;VBVR B0 @V4:VA=>75<5;P=8E @C4 4> 2?@>20465==S B5E=>;>-
3V9 «70<:=5=>3> F8:;C» B0 @>7@>1:8 V==>20FV9=8E <03=VBV2 =0 >A=>2V 4>ABC?-
=8E D5@8BV2 01> =VB@84C 70;V70. &0:0 AB@0B53VS V<?>@B>70<VI5==S, ?V4:@V?;5=0 
>?B8<V70FVєR 35><5B@VW @>B>@V2 4;S 715@565==S 28A>:>W ?>BC6=>ABV, 4>72>-
;8BP 2VBG87=S=8< ?V4?@8є<AB20< 2V4 >1>@>==>3> :><?;5:AC 4> 28@>1=8:V2 
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?>1CB>2>W B5E=V:8 VAB>B=> 7=878B8 A>1V20@BVABP ?@>4C:FVW B0 70157?5G8B8 B5E-
=>;>3VG=C ABV9:VABP =570;56=> 2V4 :>;820=P A2VB>28E FV= =0 A8@>28=C. 

�5:B>@ >?B8<V70FVW 35><5B@VW B0 B>?>;>3VW 4283C=V2 2 ':@0W=V >@Vє=B>20-
=89 =0 ?5@5EV4 4> 0@EVB5:BC@8 7 0:AV0;P=8< <03=VB=8< ?>B>:><, I> 4>72>;Sє 
AB2>@R20B8 =04:><?0:B=V B0 ;53:V 48A:>2V 5;5:B@>?@82>48 7 28A>:>R ?8B>-
<>R ?>BC6=VABR. �;S 2VBG87=S=>3> <0H8=>1C4C20==S, >A>1;82> 2 A53<5=B0E 
157?V;>B=>W 02V0FVW B0 ;53:>3> 5;5:B@>B@0=A?>@BC, 2?@>20465==S B0:8E @VH5=P 
>7=0G0є <>6;82VABP V=B53@0FVW <>B>@V2 157?>A5@54=P> 2 :>;5A0 01> 2C7;8 :@V-
?;5==S 328=BV2 157 206:8E @54C:B>@V2. �8:>@8AB0==S 048B82=8E B5E=>;>3V9 
B0 V==>20FV9=8E <03=VB>?@>2>4V2 C 28@>1=8FB2V F8E 4283C=V2 70157?5GCє 3=C-
G:VABP ?@>5:BC20==S ?V4 A?5F8DVG=V ?>B@518 �#� B0 F82V;P=>3> A5:B>@0, 
?V428ICRG8 7030;P=C 5=5@3>5D5:B82=VABP A8AB5< ?@8 ACBBє2><C 7=865==V WE 
2038 B0 3010@8BV2. 

�5:B>@ B5E=>;>3VG=>W V=B53@0FVW 2 ':@0W=V ?5@5410G0є ?5@5EV4 4> AB2>-
@5==S V=B5;5:BC0;P=8E <5E0B@>==8E <>4C;V2, S:V ?>є4=CRBP 4283C= =0 ?>A-
BV9=8E <03=VB0E B0 A8;>2C 5;5:B@>=V:C 2 є48=><C :><?0:B=><C :>@?CAV. �;S 
C:@0W=AP:8E @>7@>1=8:V2 F59 =0?@S< 2V4:@820є H;SE 4> 28:>@8AB0==S 28A>-
:>G0AB>B=8E V=25@B>@V2 =0 107V :0@1V4C :@5<=VR, I> є :@8B8G=> 206;828< 4;S 
?V428I5==S 5=5@3>5D5:B82=>ABV A8AB5< 02B>=><=>3> 682;5==S B0 7=865==S 
B5?;>28E 2B@0B 2 C<>20E >1<565=8E @5AC@AV2. &0:0 :>=A>;V40FVS :><?>=5=BV2 
4>72>;Sє =5 ;8H5 7<5=H8B8 3010@8B8 ?@82>4V2 4;S ?>B@51 ACG0A=>W @>1>B>-
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F8D@>28< :5@C20==S<. 
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BV2, I> <V=V<V7Cє 5:>;>3VG=89 A;V4 B0 7=86Cє =020=B065==S =0 =02:>;8H=є 
A5@54>28I5. $50;V70FVS B0:8E ?@>3@0< C ?>є4=0==V 7 ?5@5E>4>< =0 5=5@3>715-
@V30RGV AB0=40@B8 5:A?;C0B0FVW 4283C=V2 =0 ?>ABV9=8E <03=VB0E C :><C=0;P-
=><C B0 V=4CAB@V0;P=><C A5:B>@0E 4>72>;Sє ':@0W=V V=B53@C20B8AS 4> є2@>-
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:C B0 2V4?>2V4=VABP <V6=0@>4=8< 5:>;>3VG=8< =>@<0<. 
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':@0W=V є AB@0B53VG=8< ?5@5E>4>< 2V4 ?@>AB>W 5:A?;C0B0FVW V<?>@B=8E @VH5=P 
4> AB2>@5==S 28A>:>B5E=>;>3VG=>W A0<>4>AB0B=P>W 30;C7V. 'A?VE FP>3> 25:B>@0 
107CєBPAS =0 A8=5@3VW 3;81>:>W <>45@=V70FVW ?@>5:BC20==S B0 D>@<C20==V 2=C-
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B@VH=P>W @5AC@A=>W 157?5:8 G5@57 >A2>є==S 2;0A=8E @>4>28I B0 2?@>20465=-
=S B5E=>;>3V9 «70<:=5=>3> F8:;C». �@5HB>R, @50;V70FVS F8E ?@V>@8B5BV2 4>-
72>;8BP ':@0W=V =5 ;8H5 70157?5G8B8 ?>B@518 >1>@>==>3> B0 5=5@35B8G=>3> 
A5:B>@V2 5D5:B82=8<8 B0 :><?0:B=8<8 ?@82>40<8, 0 9 709=SB8 :>=:C@5=B=C 
=VHC =0 є2@>?59AP:><C @8=:C 2 @0<:0E «75;5=>3>» ?5@5E>4C, ?5@5B2>@82H8 
A8@>28==89 ?>B5=FV0; =0 3>B>2C ?@>4C:FVR 7 28A>:>R 4>40=>R 20@BVABR. 
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$8=>: 5;5:B@>B5E=VG=8E AB0;59 %EV4=>W Є2@>?8 C 202432025 @>:0E E0-
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(GOES), 28:;8:0=8< <>45@=V70FVєR 5=5@35B8G=8E <5@56 B0 @>728B:>< 2V4=>-
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"A=>2=V 28@>1=8GV ?>BC6=>ABV 7>A5@5465=V 2 $C<C=VW, #>;PIV B0 %;>-
20GG8=V, B>4V S: ':@0W=0 є 206;828< A?>6820G5< B0 @53V>=0;P=8< E01>< 4;S 
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' 4>A;V46C20=V9 2V1V@FV ?V4?@8є<AB2 [1-6] A?>AB5@V30єBPAS GVB:0 48D5-
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=89 F8:; 28@>1=8FB20 28A>:>B5E=>;>3VG=8E 0=V7>B@>?=8E (GOES) B0 V7>B@>-
?=8E (NGO) AB0;59 7 0:F5=B>< =0 <0@:8 7 5:AB@5<0;P=> =87P:8<8 ?8B><8<8 
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IV;P=>ABV <03=VB=>3> ?>B>:C, >@Vє=BCRG8AP =0 <0A>289 @8=>: 5;5:B@><0H8-
=>1C4C20==S. ES Steel s.r.o. [5] B0 &"� «':@5;5:B@>AB0;P» [6] S2;SRBP A>1>R 
<>45;P 28A>:>B5E=>;>3VG=8E A5@2VA=8E E01V2: A;>20FP:5 ?V4?@8є<AB2> D>:C-
ACєBPAS =0 ?@5F87V9=V9 >1@>1FV B0 28@>1=8FB2V 3>B>28E :><?>=5=BV2 <03=VB>-
?@>2>4V2 (Step-Lap), B>4V S: C:@0W=AP:89 >?5@0B>@ 28:>=Cє @>;P :@8B8G=>W 
V=D@0AB@C:BC@=>W ;0=:8, 040?BCRG8 V<?>@B=89 ?V4:0B ?V4 AB0=40@B8 �%&' B0 
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�>=:C@5=B=V ?5@52038 ArcelorMittal [4] 107CRBPAS =0 5D5:BV <0AHB01C B0 
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4><V=C20B8 C ?@>5:B0E 7 1C4V2=8FB20 <03VAB@0;P=8E 5;5:B@><5@56 B0 V=D@0-
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:C@Cє C =VHV 28<V@R20;P=8E B@0=AD>@<0B>@V2 B0 ?>1CB>2>W 5;5:B@>B5E=V:8 70 
@0EC=>: >?B8<V70FVW ;>3VAB8G=8E 28B@0B C +>@=><>@AP:><C @53V>=V B0 3=CG:>W 
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%?>682G89 ;0=4H0DB :><?0=V9 2V41820є Vє@0@EVR A:;04=>ABV 5;5:B@>-
B5E=VG=>W ?@>4C:FVW. #@>4C:FVS ?>;PAP:8E ?>BC6=>AB59 ArcelorMittal [4] V=B5-
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?59AP:8< :;0AB5@>< 28@>1=8FB20 BS3>28E 4283C=V2 V @>7?>4V;PG8E B@0=AD>@-
<0B>@V2. ':@0W=AP:89 A53<5=B >1A;C3>2Cє B@048FV9=V :;0AB5@8 206:>3> 5;5:-
B@><0H8=>1C4C20==S (C <. �0?>@V66S V <. )0@:V2), 70157?5GCRG8 <0B5@V0;0-
<8 28@>1=8:V2 @>7?>4V;PG8E ?@8AB@>W2 B0 A?5FV0;V7>20=8E 28<V@R20;P=8E 
?@8;04V2, I> ?V4B25@46Cє AB@0B53VG=C 7=0GCIVABP ?V4?@8є<AB20 4;S 5=5@35-
B8G=>W 157?5:8 :@0W=8. 

&0:8< G8=><, @8=>: 5;5:B@>B5E=VG=8E AB0;59 @53V>=C %EV4=>W Є2@>?8 є 
710;0=A>20=>R 5:>A8AB5<>R, 45 ArcelorMittal 70157?5GCє B5E=>;>3VG=89 D@>-
=B8@, Erdemir Romania 4 A8@>28==C 107C A5@54=P>3> ?5@54V;C, 0 ES Steel B0 
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INVESTIGATION OF ENERGY CHARACTERISTICS IN A HIGH-

VOLTAGE INDUCTION ELECTRIC DRIVE 

A. Synetskyi 

High-voltage induction motors (HVIMs) traditionally form the basis of elec-
tric drives for powerful industrial mechanisms, such as main pumps, compressors, 
and traction draft machines. Given the significant installed capacity of such units, 
even a slight decrease in their efficiency leads to colossal electricity overconsump-
tion on a plant-wide scale. The introduction of frequency converters into a high-
voltage electric drive opens up broad possibilities for technological optimization; 
however, supplying the stator windings with non-sinusoidal voltage is accompa-
nied by the occurrence of additional harmonic losses in the machine's steel and 
copper. In view of this, an in-depth investigation of the energy characteristics of 
HVIMs, taking into account the specifics of high-voltage insulation, current dis-
placement effects in deep rotor bars, and magnetic core saturation, is an extremely 
relevant task of modern electrical engineering. 

The specificity of electromagnetic processes in high-voltage induction 
machines requires abandoning simplified linear models and transitioning to a 
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detailed mathematical description capable of adequately reflecting the spatio-
temporal field distribution and energy conversion. The study is based on an 
enhanced mathematical model of an HVIM implemented in the 
MATLAB/Simulink simulation environment, which relies on a T-equivalent circuit 
accounting for the stator core loss loop and non-linear parameters of the rotor 
circuit. This approach allows for a highly accurate separation of total power losses 
into constant (magnetic and mechanical) and variable (electrical losses in the stator 
and rotor windings), as well as accounting for additional losses from higher spatial 
and temporal harmonics. During the simulation of the operating modes of the 
frequency-controlled drive, a non-linear dependence was established between the 
machine's magnetic flux level and the total active power losses at a given load 
torque. The application of optimization search methods made it possible to identify 
so-called energy wells4zones of minimum total losses PΣ, which correspond to 
well-defined values of slip and rotor flux linkage amplitude. Reducing the supply 
voltage at partial loads leads to a decrease in the magnetizing current and iron 
losses, which significantly offsets the slight increase in electrical copper losses due 
to increased slip. The obtained analytical dependencies and simulation results form 
a rigorous mathematical basis for synthesizing adaptive control systems that adjust 
the supply voltage and frequency in real time, constantly keeping the high-voltage 
electric drive at the point of maximum energy optimum regardless of disturbances 
from the mechanical load. 

The conducted study proves that the energy characteristics of a high-voltage 
induction electric drive significantly depend on the magnetic flux control law, 
especially in partial load modes. The use of refined mathematical models in the 
MATLAB/Simulink environment allows localizing the minimums of total power 
losses with high reliability. The obtained results serve as a scientific basis for the 
development and implementation of intelligent energy-saving frequency control 
algorithms, guaranteeing a substantial reduction in operating costs and an im-
provement in the thermal state of high-voltage electrical machines at industrial 
enterprises. 
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MODELING OF THE ELECTROMAGNETIC FIELD OF AN INDUCTION 

MOTOR WITH A SHORT-CIRCUIT ROTOR IN THE EMERGENCE OF 

ECCENTRICITY 

T. Demchenko, D. Kolyada  

Squirrel-cage induction motors are widely used in various applications due to 
their simple design, low cost, and reliable operation. 

 Motor vibration and noise issues have become important performance 
indicators. This can be avoided by promptly identifying the eccentricity, 
disconnecting the motor from the power supply, and adjusting the air gap. 

Under the influence of uneven load distribution in a three-phase electrical 
network, voltage asymmetry occurs.   

Voltage asymmetry occurs only in a three-phase network under the influence 
of uneven load distribution across its phases. 

 Sources of voltage asymmetry are arc steelmaking furnaces,  traction 
substations, electric welding machines, single-phase electrothermal installations 
and other single-phase, two-phase and asymmetrical three-phase electricity 
consumers, including household. 

 Causes of eccentricity: operation at critical speed; incorrect manufacturing 
technology; mechanical resonance during critical load; bearing wear.  

A radial unbalanced magnetic pull arises between the rotor and stator due to 
eccentricity, which increases the degree of eccentricity of the motor.  

The worst thing happens when eccentricity causes rotor-stator friction, which 
irreversibly damages the stator and rotor cores.  
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A number of works are devoted to the study of the eccentricity of electric 
machines.  

A distinctive feature of this work is that the studies are carried out using field 
analysis methods, which ensures the detection and justification of reliable 
diagnostic signs of eccentricity. 

The purpose of this work is to study using the FEMM 4.2 program. 
electromagnetic processes in an asynchronous motor with a squirrel-cage rotor 
when eccentricity occurs.  

Using the example of an asynchronous motor of type 4A225M2U3, the 
features of the magnetic field distribution when eccentricity occurs are considered 
and a harmonic analysis of the field in the air gap is performed.  

Determining the distribution pattern and analyzing the electromagnetic field 
of the AD, its spectral composition, allows us to conclude that there is a 
malfunction in the engine being diagnosed and to determine its typ. 
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40=8=0 5:>;>3VG=8< B@5=40<, F5 є48=89 ?@03<0B8G=89 H;SE 4> 70157?5G5==S 
5=5@35B8G=>W =570;56=>ABV, @>728B:C 45F5=B@0;V7>20=8E A8AB5< 35=5@0FVW B0 
715@565==S 4>2:V;;S 4;S <091CB=VE ?>:>;V=P. 

 
 

'�� 621.316.71 
�>FV;> �.".  
ABC4. 3@. �-274 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

��%&"%'��!!/ &�)!"�"��� ,&'+!"�" �!&����&' � 
%�%&� �) '#$����!!/ ��&$"#�$�� � ��/  ��%� ���*�� 

�) ��� 

�.". �>FV;> 

%CG0A=89 @>728B>: 5=5@35B8:8 E0@0:B5@87CєBPAS 0:B82=8< ?5@5E>4>< 
4> 28:>@8AB0==S 2V4=>2;R20=8E 465@5; 5=5@3VW, A5@54 S:8E 206;825 <VAF5 
709<0є 2VB@>20 5=5@35B8:0. �VB@>2V 5;5:B@>AB0=FVW 4>72>;SRBP >B@8<C20B8 
5;5:B@>5=5@3VR 157 7=0G=>3> =530B82=>3> 2?;82C =0 =02:>;8H=є A5@54>28I5, 
>4=0: WE 5D5:B82=VABP 7=0G=>R <V@>R 70;568BP 2V4 7<V==8E ?@8@>4=8E D0:-
B>@V2, 7>:@5<0 H284:>ABV B0 =0?@S<:C 2VB@C. ' 72'S7:C 7 F8< 0:BC0;P=8< є 
28:>@8AB0==S ACG0A=8E <5B>4V2 >1@>1:8 40=8E, 7>:@5<0 HBCG=>3> V=B5;5:BC, 
4;S >?B8<V70FVW @>1>B8 2VB@>?0@:V2. 

#>BC6=VABP 2VB@>2>W BC@1V=8 287=0G0єBPAS 70;56=VABR 2V4 H284:>ABV 2V-
B@C, ?@8G><C 2>=0 ?@>?>@FV9=0 :C1C H284:>ABV ?>2VB@S=>3> ?>B>:C. *5 >?8-
ACєBPAS :;0A8G=>R 70;56=VABR: 

 (1) 

45 P 4 ?>BC6=VABP, ρ 4 3CAB8=0 ?>2VB@S, A 4 ?;>I0 @>B>@0, v 4 H284:VABP 
2VB@C, Cp 4 :>5DVFVє=B 28:>@8AB0==S 5=5@3VW 2VB@C. 
 

�;S V;RAB@0FVW F8E @>7@0EC=:V2 1C;> @>7@>1;5=> ?@>3@0<=89 0;3>@8B< 
<>2>R Python (482. 8A. 1), S:89 >1G8A;Rє ?>BC6=VABP 4;S @V7=8E H284:>AB59 
2VB@C =0 >A=>2V 7040=8E ?>G0B:>28E ?0@0<5B@V2. 
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$8AC=>: 1 4 #@>3@0<=0 @50;V70FVS 0;3>@8B<C @>7@0EC=:C ?>BC6=>ABV 2VB@>-

BC@1V=8 
 

�V4?>2V4=>, =02VBP =57=0G=V D;C:BC0FVW H284:>ABV 2VB@C ?@872>4SBP 4> 
ACBBє28E :>;820=P >1AS3V2 28@>1;5=>W 5;5:B@>5=5@3VW. #>@S4 V7 F8<, =0 7030-
;P=C 5D5:B82=VABP DC=:FV>=C20==S 2VB@>?0@:V2 2?;820є :><?;5:A 4>40B:>28E 
D0:B>@V2, 7>:@5<0: @V25=P BC@1C;5=B=>ABV ?>2VB@S=>3> ?>B>:C, 05@>48=0<VG=0 
270є<>4VS <V6 BC@1V=0<8, ?@>AB>@>289 :CB 0B0:8 ;>?0B59 B0 5:A?;C0B0FV9=V 
@568<8 @>1>B8 35=5@0B>@0. �030B>28<V@=VABP V 28A>:0 48=0<V:0 F8E ?0@0<5B-
@V2 CA:;04=RRBP WE :>=B@>;P B@048FV9=8<8 45B5@<V=>20=8<8 <5B>40<8, I> 
7C<>2;Rє >1’є:B82=C =5>1EV4=VABP 2?@>20465==S V=B5;5:BC0;P=8E A8AB5< 
C?@02;V==S. 

�=B53@0FVS B5E=>;>3V9 HBCG=>3> V=B5;5:BC (,�) B0 <0H8==>3> =02G0==S 
2V4:@820є ?@8=F8?>2> =>2V <>6;82>ABV 4;S ?V428I5==S ��� 2VB@>?0@:V2. 
"1@>1:0 <0A82V2 40=8E V7 A5=A>@V2 B0 A8AB5< SCADA 4>72>;Sє 74V9A=R20B8 
28A>:>B>G=5 ?@>3=>7C20==S <5B5>@>;>3VG=8E C<>2, 040?B82=> :5@C20B8 ?0-
@0<5B@0<8 BC@1V= C @50;P=><C G0AV B0 A8=E@>=V7C20B8 WE=R @>1>BC. �@V< B>3>, 
,� є >A=>2>R 4;S ?@548:B82=>3> B5E=VG=>3> >1A;C3>2C20==S (predictive 
maintenance): 157?5@5@2=89 0=0;V7 B5;5<5B@VW (2V1@0FV9, B5<?5@0BC@, =020=B0-
65=P) 40є 7<>3C V45=B8DV:C20B8 0=><0;VW B0 ?@>3=>7C20B8 2V4<>28 >1;04=0==S 
4> WE 28=8:=5==S, I> <V=V<V7Cє G0A ?@>AB>R B0 5:A?;C0B0FV9=V 28B@0B8. 

�;S ?@0:B8G=>W V;RAB@0FVW 28:>@8AB0==S <5B>4V2 <0H8==>3> =02G0==S 2 
FV9 ?@54<5B=V9 >1;0ABV 4>FV;P=> @>73;S=CB8 A?@>I5=C <>45;P ?@>3=>7C20==S 
28EV4=>W ?>BC6=>ABV 2VB@>2>W BC@1V=8 70;56=> 2V4 H284:>ABV 2VB@C. #@>3@0<-
=C @50;V70FVR 40=>3> 0;3>@8B<C <>2>R Python =02545=> =0 @8A. 2.   

� <5B>R 25@8DV:0FVW <>6;82>AB59 B5E=>;>3V9 HBCG=>3> V=B5;5:BC 2 @0-
<:0E 4>A;V465==S 1C;> @>7@>1;5=> B0 70AB>A>20=> @53@5AV9=C <>45;P, I> 
D>@<0;V7Cє DC=:FV>=0;P=C 70;56=VABP <V6 H284:VABR 2VB@>2>3> ?>B>:C (2EV-
4=0 7<V==0) B0 >1AS30<8 35=5@0FVW 5;5:B@>5=5@3VW (FV;P>20 7<V==0). �?@>10FVS 
=02G5=>W <>45;V ?@>45<>=AB@C20;0 28A>:C B>G=VABP ?@548:B82=>3> 0=0;V7C: 
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7>:@5<0, @>7@0EC=:>20 28EV4=0 ?>BC6=VABP 70 H284:>ABV 2VB@C 6 </A AB0=>28;0 
82,5 C<>2=8E >48=8FP. 

 
$8AC=>: 2 4 (@03<5=B ?@>3@0<=>3> :>4C 0;3>@8B<C <0H8==>3> =02G0==S 

4;S ?@>3=>7C20==S 35=5@0FVW 
 

"B@8<0=V 5<?V@8G=V @57C;PB0B8 ?5@5:>=;82> 4>2>4SBP 4>FV;P=VABP V 28-
A>:C 5D5:B82=VABP V<?;5<5=B0FVW <5B>4V2 <0H8==>3> =02G0==S 4;S <0B5<0B8-
G=>3> <>45;R20==S B0 ?@>3=>7C20==S A:;04=8E B5E=>;>3VG=8E ?@>F5AV2 C 
AD5@V 2V4=>2;R20=>W 5=5@35B8:8. 

 
 

'�� 621.311 
�@8;5=:> Є. Є. 
ABC4. 3@. �-254 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
�!&����&'��Ь!� ����&$�+!�  �$��� (SMART GRID) /� 
"%!"��  "��$!���*�� �!�$�"%�%&�  '�$��!� 

Є. Є. �@8;5=:> 

%CG0A=89 5B0? @>728B:C 5=5@35B8:8 E0@0:B5@87CєBPAS ?5@5E>4>< 2V4 
B@048FV9=8E 5;5:B@8G=8E <5@56 4> V=B5;5:BC0;P=8E A8AB5< :5@C20==S, 2V4>-
<8E S: Smart Grid. � ':@0W=V ?@>1;5<0 7=>H5=>ABV 5;5:B@><5@56 є >4=VєR 7 
=090:BC0;P=VH8E: 70 40=8<8 4>A;V465=P  V=VAB5@AB2> 5=5@35B8:8 ':@0W=8, 
1;87P:> 65375% 5;5:B@><5@56 B0 ?>=04 70% B@0=AD>@<0B>@=>3> >1;04=0==S 
5:A?;C0BCRBPAS ?>=04 =>@<0B82=89 B5@<V= (25330 @>:V2). #>4VW >AB0==P>3> 
45ASB8;VBBS, 7>:@5<0 5=5@35B8G=0 :@870 2014 @>:C B0 <0A>20=V 0B0:8 =0 5=5@-
3>A8AB5<C C 202232024 @>:0E, ?@8725;8 4> 2B@0B ?>=04 40% 35=5@CRG8E ?>-
BC6=>AB59 C ?V:>2V ?5@V>48. ' F8E C<>20E, S: 707=0G0RBP C:@0W=AP:V =0C:>2FV 
";5:A0=4@ �8@8;5=:> B0 �0;5@V9 �C;8:, 2?@>20465==S Smart Grid є :@8B8G-
=> =5>1EV4=8< 4;S ?V428I5==S ABV9:>ABV 5=5@3>A8AB5<8. 
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Smart Grid 4 F5 V=B5;5:BC0;P=0 5;5:B@><5@560, S:0 ?>є4=Cє B@048FV9=V 
5=5@35B8G=V >1’є:B8 7 ACG0A=8<8 V=D>@<0FV9=>-:><C=V:0FV9=8<8 B5E=>;>3VS-
<8. �>=F5?FVS 0:B82=> @>72820;0AS 7024S:8 @>1>B0< B0:8E 4>A;V4=8:V2, S: 
Massoud Amin, S:>3> G0AB> =07820RBP «10BP:>< Smart Grid». "A=>2=>R >A>1-
;82VABR A8AB5<8 є 42>AB>@>==V9 >1<V= V=D>@<0FVєR <V6 ?>AB0G0;P=8:>< V 
A?>6820G5< 5;5:B@>5=5@3VW 7 V=B5@20;>< ?5@540GV 40=8E 2V4 1 A5:C=48 4> 15 
E28;8=. �> A:;04C Smart Grid 2E>4SBP 5;5:B@>AB0=FVW (?>BC6=VABR 2V4 :V;P:>E 
:�B 4> 1000+  �B), ?V4AB0=FVW, ;V=VW 5;5:B@>?5@540G, V=B5;5:BC0;P=V ;VG8;P-
=8:8 (Smart Meter), A8AB5<8 SCADA B0 F5=B@8 >1@>1:8 40=8E. �?@>20465==S 
Smart Meter 4>72>;Sє 7=878B8 2B@0B8 5;5:B@>5=5@3VW =0 10315% B0 ?V428I8B8 
B>G=VABP >1;V:C 4> 99,5%. 

%E5<0 Smart Grid 107CєBPAS =0 V=B53@0FVW 2AVE 5;5<5=BV2 5=5@3>A8AB5<8 2 
є48=C F8D@>2C ?;0BD>@<C. �5=5@0FVS 2:;RG0є S: 25;8:V 5;5:B@>AB0=FVW, B0: V 
45F5=B@0;V7>20=V 465@5;0 (A>=SG=V B0 2VB@>2V CAB0=>2:8 ?>BC6=VABR 53500 
:�B 4;S 4><>3>A?>40@AB2). +5@57 <5@56V ?5@540GV (1103750 :�) B0 @>7?>4V;C 
(0,4335 :�) 5;5:B@>5=5@3VS =04E>48BP 4> A?>6820GV2. «$>7C<=V» ;VG8;P=8:8 
?5@540RBP 40=V 2 F5=B@8 :5@C20==S, 45 02B><0B87>20=V A8AB5<8 0=0;V7CRBP 
V=D>@<0FVR B0 @53C;RRBP =020=B065==S. *5 4>72>;Sє 7<5=H8B8 ?V:>2V =020-
=B065==S =0 20330% B0 A:>@>B8B8 020@V9=V 2V4:;RG5==S 4> 25%. 

�06;82>R ?>4VєR C @>728B:C Smart Grid AB0;> ?@89=SBBS C %,� C 2007 
@>FV �0:>=C ?@> 5=5@35B8G=C =570;56=VABP B0 157?5:C (EISA), V=VFV9>20=>3> 70 
?V4B@8<:8 C@S4C B0 5:A?5@BV2, A5@54 S:8E George W. Bush. ' Є2@>?59AP:><C 
%>R7V @>728B>: Smart Grid 0:B82=> ?V4B@8<CєBPAS 7 2010 @>:C 2 @0<:0E ?@>-
3@0< «Horizon 2020», 1R465B S:>W A:;02 ?>=04 80 <;@4 є2@>, B0 «Green Deal», 
I> ?5@5410G0є A:>@>G5==S 28:84V2 CO₂ =0 55% 4> 2030 @>:C. � ':@0W=V, S: 
707=0G0є �5@<0= �0;CI5=:>, ?5@HV ?V;>B=V ?@>є:B8 Smart Grid ?>G0;8 2?@>-
2046C20B8AP ?VA;S 2015 @>:C, 0 @V25=P 2AB0=>2;5==S V=B5;5:BC0;P=8E ;VG8;P-
=8:V2 C 2024 @>FV 4>AS3 ?@81;87=> 15320% 4><>3>A?>40@AB2. 

"A=>2=8<8 ?@>1;5<0<8 2?@>20465==S Smart Grid 2 ':@0W=V є 28A>:0 20-
@BVABP <>45@=V70FVW (70 >FV=:0<8 4 ?>=04 10315 <;@4 4>;0@V2), =54>AB0B=V9 
@V25=P F8D@>2V70FVW (<5=H5 25% <5@56 02B><0B87>20=>) B0 703@>78 :V15@157-
?5:8. �>4=>G0A ?5@52038 є 7=0G=8<8: 7=865==S B5E=VG=8E 2B@0B 7 12314% 4> 
738%, ?V428I5==S =04V9=>ABV 5;5:B@>?>AB0G0==S 4> 99,9% B0 <>6;82VABP 
V=B53@0FVW ?>=04 30% 2V4=>2;R20=8E 465@5; 5=5@3VW 2 5=5@3>10;0=A. 

#5@A?5:B828 @>728B:C Smart Grid 2 ':@0W=V ?>2’S70=V 7 V=B53@0FVєR 4> 
є2@>?59AP:>W <5@56V ENTSO-E (A8=E@>=V70FVS 2V41C;0AS C 2022 @>FV), @>728B-
:>< 5;5:B@><>1V;P=>ABV (>GV:C20=5 7@>AB0==S 4> 1 <;= 5;5:B@><>1V;V2 4> 
2035 @>:C) B0 2?@>20465==S< «@>7C<=8E <VAB». �0 ?@>3=>70<8 5:A?5@BV2, 4> 
2030 @>:C @V25=P F8D@>2V70FVW 5=5@3>A8AB5<8 <>65 4>AS3B8 50360%. 

�0240==S<8 =0 <091CB=є є <>45@=V70FVS 5;5:B@><5@56, 2?@>20465==S 
V=B5;5:BC0;P=8E A8AB5< >1;V:C, @>728B>: F8D@>2>W V=D@0AB@C:BC@8, 70157?5-
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G5==S :V15@70E8ABC (7 C@0EC20==S< ?>=04 200 :V15@0B0: =0 5=5@3>A5:B>@ C 
202232023 @>:0E) B0 ?V43>B>2:0 28A>:>:20;VDV:>20=8E A?5FV0;VABV2. $50;V70FVS 
F8E 70E>4V2 4>72>;8BP ?V428I8B8 5D5:B82=VABP 5=5@3>A8AB5<8 ':@0W=8 =0 
20330% B0 70157?5G8B8 WW AB01V;P=89 @>728B>:. 

 
 

'�� 621.3:004.43:681.3 
�0309:528G  .�.¹, �@VBV=0 �.%.¹ 
1 ABC4. 3@. �-274 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
1 ABC4. 3@. �-274 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
#$��&�+!� $������*�/  "���.��!!/ ����&$�+!�) ��� 

��%"�� � PYTHON 

 .�. �0309:528G  �.%. �@VBV=0  

� ?>?5@54=VE 4>A;V465==SE 1C;> B5>@5B8G=> >1�@C=B>20=> 4>FV;P=VABP 
28:>@8AB0==S Python 4;S 7040G 5;5:B@>B5E=V:8: 0=0;V7 A83=0;V2, <>45;R20==S 
AE5<, A8AB5<8 :5@C20==S, IoT. "4=0: B5>@5B8G=8E ?5@5203 =54>AB0B=P>, =5>1-
EV4=0 ?@0:B8G=0 ?5@52V@:0.  5B>R 40=>3> 4>A;V465==S 1C;0 @50;V70FVS G8A5-
;P=>3> B0 A8<2>;P=>3> <>45;R20==S ?5@5EV4=8E ?@>F5AV2 C RLC-:>;0E 70A>-
10<8 Python, ?>@V2=S==S 7 0=0;VB8G=8<8 @>7@0EC=:0<8 B0 >FV=:0 ?@>4C:B82-
=>ABV 2V4=>A=> 0;PB5@=0B82=8E V=AB@C<5=BV2 (MATLAB, C++). 

�;S <>45;R20==S >1@0=> =0ABC?=89 AB5: 1V1;V>B5:. 
PySpice 3 V=B5@D59A 4> SPICE-A8<C;SB>@0 NGSPICE, 4>72>;Sє 28:>=C-

20B8 B@0=7Vє=B=89 0=0;V7 157 =0?8A0==S netlist-D09;V2 2@CG=C. 
Lcapy 3 A8<2>;P=89 0=0;V7 5;5:B@8G=8E :V; =0 >A=>2V SymPy, 02B><0B8-

G=5 282545==S 48D5@5=FV0;P=8E @V2=S=P B0 ?5@54020;P=8E DC=:FV9. 
SciPy.integrate 3 G8A5;P=5 @>72’S70==S A8AB5< 728G09=8E 48D5@5=FV0;P-

=8E @V2=S=P (��$) <5B>4>< $C=35-�CBB0 4-5 ?>@S4:C. 
NumPy 3 25:B>@=V >1G8A;5==S 4;S <0A82V2 40=8E. 
Matplotlib 3 2V7C0;V70FVS ?5@5EV4=8E E0@0:B5@8AB8: C @50;P=><C G0AV. 
� ?@>F5AV  @>1>B8 1C;> @>7@>1;5=> A:@8?B 4;S <>45;R20==S ?>A;V4>2-

=>3> RLC-:>=BC@C (R=10 "<, L=0.1 �=, C=100 <:() ?@8 AB@81:>?>4V1=><C 
2EV4=><C A83=0;V (0<?;VBC40 10 �) 7 =C;P>28<8 ?>G0B:>28<8 C<>20<8. ":@5-
<> @50;V7>20=> <>45;P 7 28:>@8AB0==S< PySpice (B@0=7Vє=B=89 0=0;V7 =0 50 
<A 7 :@>:>< 0.1 <A) B0 <>45;P G5@57 @>72’S70==S ��$ 4@C3>3> ?>@S4:C: 

 ( ) ( ) ( ) ( )tututuCRtuCL inCCC =++   (1) 

�=0;VB8G=89 @>72’S7>: >B@8<0=> 70 4>?><>3>R Lcapy B0 ?5@52V@5=> 
2@CG=C 4;S B@P>E @568<V2 (:>;820;P=89, 0?5@V>48G=89, :@8B8G=89). 

�;S 7040=8E ?0@0<5B@V2 (R=10 "<) >1G8A;5=> :>5DVFVє=B 70BCE0==S 
502 == LRñ  A⁻¹ B0 @57>=0=A=C G0AB>BC 23,31610 = LC÷  @04/A, I> 
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2V4?>2V40є :>;820;P=><C @568<C ( 0÷ñ ü ). "B@8<0=V 70;56=>ABV AB@C<C i(t) 
B0 =0?@C38 =0 :>=45=A0B>@V ( )tuC  ?>2=VABR 71V30RBPAS <V6 @50;V70FVS<8 
PySpice, SciPy B0 0=0;VB8:>R.  0:A8<0;P=0 2V4=>A=0 ?>E81:0, ?>@V2=S=> 7 
0=0;VB8G=8< @>72’S7:><, =5 ?5@528ICє 0.5% 4;S SciPy B0 0.7% 4;S PySpice 
(G5@57 48A:@5B870FVR). +0A 28:>=0==S >4=>3> A8<C;SFV9=>3> ?@>3>=C (5000 
B>G>:) AB0=>282: SciPy 3 0.12 A, PySpice (7 28:;8:>< NGSPICE) 3 0.45 A, I> є 
?@89=SB=8< 4;S V=B5@0:B82=>W @>1>B8. 

�=B5@0:B82=0 2V7C0;V70FVS (sliders 4;S R, L, C) 4>72>;Sє 2 @50;P=><C G0AV 
7<V=R20B8 ?0@0<5B@8 B0 A?>AB5@V30B8 ?5@5EV4 2V4 :>;820;P=>3> 4> 0?5@V>48G-
=>3> @568<C 157 ?5@5:><?V;SFVW :>4C. *5 40є 7<>3C 28:>@8AB>2C20B8 @>7@>1-
;5=89 A:@8?B S: =02G0;P=89 V=AB@C<5=B C ;01>@0B>@=><C ?@0:B8:C<V 7 5;5:B-
@>B5E=V:8. 

�C;> ?@>2545=> ?>@V2=S==S 7 0=0;>3VG=8<8 @50;V70FVS<8 2 MATLAB 
(Simulink + ode45) B0 =0 C++ (1V1;V>B5:0 Boost.Odeint, 7 :><?V;SFVєR GCC -
O2). +0A @>7@>1:8 A:@8?BC MATLAB AB0=>282 1;87P:> 20 E28;8= ?@8 28:>-
@8AB0=V 21C4>20=8E 1;>:V2 Simulink, B>G=VABP є 0=0;>3VG=>R. �;S %++ G0A 
@>7@>1:8 A:;02 1;87P:> 2 3>48=, G5@57 =5>1EV4=VABP @CG=>3> =0?8A0==S AE5<8 
�9;5@0-�@><5@0 B0 @>1>BC 7 D09;0<8 22545==S/282545==S.. +0A 28:>=0==S 
A:;02 0.01 A, I> H284H5 70 Python 2 12 @07V2, 0;5 A:;04=VABP <>48DV:0FVW :>4C 
B0 2V7C0;V70FVW 7=0G=> 28I0. #@8 28:>@8AB0==V Python G0A @>7@>1:8 A:;02 30 
E28;8=, 7 C@0EC20==S< G0AC =0 2AB0=>2;5==S 1V1;V>B5:. ,284:>4VS ?@8 FP><C 
1C;0 4>AB0B=S 4;S =02G0;P=8E B0 1030BP>E V=65=5@=8E 7040G. 

&0:8< G8=><, Python 70157?5GCє =09:@0I89 10;0=A <V6 H284:VABR @>7-
@>1:8, 20@BVABR B0 ?@>4C:B82=VABR 4;S 7040G <>45;R20==S 5;5:B@8G=8E :V; 
A5@54=P>W A:;04=>ABV (4> :V;P:>E B8ASG 2C7;V2). !54>;V:>< 70;8H0єBPAS =86G0 
H284:>4VS ?@8 <>45;R20==V 25;8:8E 5=5@3>A8AB5< (?>=04 10⁵ @V2=S=P), 45 
4>FV;P=> 28:>@8AB>2C20B8 C++ 01> A?5FV0;V7>20=V ?0:5B8 (PSCAD, EMTP). 
"4=0: 4;S 1V;PH>ABV 7040G :0D54@8 5;5:B@8G=8E <0H8= (0=0;V7 ?5@5EV4=8E 
?@>F5AV2 C 4283C=0E, <>45;R20==S 28?@S<;SGV2, DV;PB@V2) @5AC@AV2 Python 
4>AB0B=P>. 

#@0:B8G=5 <>45;R20==S ?V4B25@48;>, I> Python 7 1V1;V>B5:0<8 PySpice, 
Lcapy B0 SciPy є ?>2=>FV==>R 70<V=>R MATLAB C 7040G0E 0=0;V7C ?5@5EV4-
=8E ?@>F5AV2 2 RLC-:>;0E. $>7@>1;5=89 A:@8?B <>65 1CB8 28:>@8AB0=89 C 
;01>@0B>@=><C ?@0:B8:C<V, 0 B0:>6 S: >A=>20 4;S 1V;PH A:;04=8E 4>A;V-
465=P. 

"B@8<0=V @57C;PB0B8 A2V4G0BP, I> Python є =5 ;8H5 ?5@A?5:B82=8<, 0;5 
9 ?@0:B8G=> 3>B>28< V=AB@C<5=B>< 4;S ACG0A=>W 5;5:B@>B5E=V:8, >A>1;82> 2 
C<>20E >1<565=>3> 1R465BC. 
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'�� 621.314.222.6 
/:C1V= $.".1, &5@5I5=:> �.�.2 
1 ABC4. 3@. �-273 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-213 !' «�0?>@V7P:0 ?>;VB5E=V:0» 

#$"�$� !� $������*�/ &� FEM-������*�/  �&"�' 
$"�$�)'!�' �!�'�&��!"%&� %��"�"�" &$�!%("$ �&"$� 

$.". /:C1V=, �.�. &5@5I5=:> 

� ?>?5@54=VE 4>A;V465==SE 1C;> @>7@>1;5=> 0=0;VB8G=89 <5B>4 @>7@0-
EC=:C V=4C:B82=>ABV B@8D07=>3> B@8AB5@6=52>3> B@0=AD>@<0B>@0, I> 2@0E>-
2Cє 25@B8:0;P=C B0 3>@87>=B0;P=C A:;04>2V ?>B>:V2 @>7AVR20==S.  5B>4 ?>:0-
702 ?>E81:C <>45;R20==S AB@C<C :>@>B:>3> 70<8:0==S 4> 8%, >4=0: ?>B@5-
1C202 ?>40;PH>W 25@8DV:0FVW =0 V=H8E @568<0E @>1>B8 B0 ?>@V2=S==S 7 G8A5-
;P=8<8 <5B>40<8 28I>3> ?>@S4:C.  5B>R 4>A;V465==S є ?@>3@0<=0 @50;V70-
FVS 70?@>?>=>20=>3> <5B>4C, 9>3> ?>@V2=S;P=89 0=0;V7 7 FEM-<>45;R20==S< 
(ANSYS) B0 5:A?5@8<5=B0;P=0 ?5@52V@:0 =0 @50;P=><C B@0=AD>@<0B>@V ?>BC-
6=VABR 10 :��. 

�;S 02B><0B870FVW @>7@0EC=:V2 @>7@>1;5=> ?@>3@0<=89 <>4C;P =0 <>2V 
Python 7 28:>@8AB0==S< 1V1;V>B5: NumPy B0 SymPy. �EV4=8<8 ?0@0<5B@0<8 
<>4C;S є 35><5B@8G=V @>7<V@8 B@0=AD>@<0B>@0 (28A>B0 B0 @04V0;P=0 B>2I8=0 
>1<>B>: �! V !!, H8@8=0 2V:=0 <03=VB>?@>2>4C, 4>268=0 >A5@4S, :V;P:VABP 
28B:V2, B8? H8EB>2:8).  >4C;P 02B><0B8G=> 1C4Cє A8AB5<C @V2=S=P 4;S @>7-
@0EC=:C 270є<=>W V=4C:B82=>ABV M B0 V=4C:B82=>ABV @>7AVR20==S LÃ 7 C@0EC-
20==S< :>5DVFVє=BV2 $>3>2AP:>3> B0 ?>?@02>G=8E DC=:FV9 =0 3>@87>=B0;P=V 
?>B>:8. 

#0@0;5;P=> AB2>@5=> 3D-<>45;P B>3> 6 B@0=AD>@<0B>@0 2 ANSYS. #@>-
2545=> A5@VR A8<C;SFV9 4;S B@P>E @568<V2: E>;>AB89 EV4, =><V=0;P=5 =020=-
B065==S B0 :>@>B:5 70<8:0==S. �;S 25@8DV:0FVW 28:>@8AB0=> @50;P=89 B@0=A-
D>@<0B>@ & -10/0,4, 7 S:>3> 7=SB> >AF8;>3@0<8 AB@C<V2 :>@>B:>3> 70<8:0=-
=S. 

�;S @568< :>@>B:>3> 70<8:0==S 4;S @>7@>1;5=>3> 0=0;VB8G=>3> <5B>4C 
402 ?>E81:C 7.8% 2V4=>A=> 5:A?5@8<5=BC, FEM-<>45;P 3 3.2%. &0:0 @V7=8FS 
<>65 1CB8 7C<>2;5=0 A?@>I5==S< D>@<8 <03=VB>?@>2>4C B0 V3=>@C20==S< 
S28I0 3VAB5@578AC 2 0=0;VB8G=><C <5B>4V. �;S @568<C =><V=0;P=>3> =020=-
B065==S ?>E81:0 0=0;VB8G=>3> <5B>4C 7@>A;0 4> 11% G5@57 =52@0EC20==S 
=0A8G5==S >A5@4S, 4;S FEM 7 C@0EC20==S< :@82>W =0<03=VGC20==S 3 4.5%. 
#@8 FP><C G0A @>7@0EC=:C 4;S 0=0;VB8G=>3> <5B>4C =0 Python A:;02 0.3 A5:C-
=48, 4;S  FEM, 7 28:>@8AB0==S< 8-S45@=>3> ?@>F5A>@C 3 12 E28;8=. 

&0:8< G8=><, 0=0;VB8G=89 <5B>4 є 4>FV;P=8< 4;S ?>?5@54=VE V=65=5@-
=8E @>7@0EC=:V2 B0 A8AB5< @5;59=>3> 70E8ABC @50;P=>3> G0AC, B>4V S: FEM 
@5:><5=4CєBPAS 4;S >AB0B>G=>W 25@8DV:0FVW B0 4>A;V465==S ;>:0;P=8E 7>= 
=0A8G5==S. 
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'�� 621.47:523.9-852:621.5.015.2 
";V9=8: �.Є.1,  >:@>CA>2 �.%.2 
ABC4. 3@. �-273 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
ABC4. 3@. �-214A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 
#$"�$� !� $������*�/ %�%&� � ��&��!"�" ���%&���!!/ 

%"!*/ ��/ #����-�!!/ �(��&��!"%&� %"!/+!�) 
�"���&"$�� 

�.Є. ";V9=8:, �.%.  >:@>CA>2 

' ?>?5@54=P><C 4>A;V465=V 1C;> B5>@5B8G=> >1�@C=B>20=>, I> 28:>@8-
AB0==S @CE><8E A>=SG=8E :>;5:B>@V2 4>72>;Sє ?V428I8B8 71V@ A>=SG=>W @04V-
0FVW 4> 25% ?>@V2=S=> 7 =5@CE><8<8. "4=0: @>7@0EC=:8 28:>=C20;8AS 4;S 
48A:@5B=8E <><5=BV2 G0AC 157 C@0EC20==S @50;P=8E <5B5>C<>2 B0 48=0<V:8 
@>1>B8 AB565==S.  5B>R 40=>3> 4>A;V465==S 1C;0 @>7@>1:0 ?@>3@0<=>W <>-
45;V A8AB5<8 0:B82=>3> 2V4AB565==S %>=FS, WW A8<C;SFVS 4;S @V7=8E B8?V2 
B@5:5@V2 (>4=>>AP>289 B0 42>E>AP>289) B0 >FV=:0 @50;P=>3> ?@8@>ABC 35=5@0-
FVW 5;5:B@>5=5@3VW 7 C@0EC20==S< 2;0A=>3> 5=5@3>A?>6820==S A8AB5<8 AB5-
65==S. $50;V70FVR <>45;V 28:>=0=> =0 <>2V Python, 28:>@8AB>2C20;8AP 1V1;V-
>B5:8: pvlib 4;S @>7@0EC=:C A>=SG=8E :CBV2 B0 V=A>;SFVW 4;S 1C4P-S:>W 35>3@0-
DVG=>W B>G:8, numpy 4;S 25:B>@=8E >1G8A;5=P, pandas 4;S >1@>1:8 G0A>28E 
@S4V2 B0 matplotlib 4;S 2V7C0;V70FVW. �EV4=8<8 40=8<8 1C;8 35>3@0DVG=V :>>@-
48=0B8 (A. ,8@>:5, �0?>@V7P:0 >1;.: 47.69° ?=.H., 35.31° AE.4.), B8? B@5:5@0 
(=5@CE><89 7 DV:A>20=8< :CB>< =0E8;C, >4=>>AP>289 3>@87>=B0;P=89, >4=>-
>AP>289 25@B8:0;P=89, 42>E>AP>289), ?>BC6=VABP :>;5:B>@0 (C<>2=> 1 :�B), 
:>5DVFVє=B :>@8A=>W 4VW (0.18), 0 B0:>6 A?>6820=0 ?>BC6=VABP ?@82>40<8 
B@5:5@0 (4;S 0:B82=8E A8AB5< 3 50 �B·3>4 =0 4>1C 4;S >4=>>AP>2>3>, 100 
�B·3>4 4;S 42>>AP>2>3>). $>7@0EC=:8 28:>=0=> 4;S :>6=>3> 4=S @>:C 7 :@>-
:>< 10 E28;8=. �;S =5@CE><>3> :>;5:B>@0 >1@0=> >?B8<0;P=89 :CB =0E8;C, 
I> 4>@V2=Rє H8@>BV <VAF52>ABV, B>1B> ?@81;87=> 47°. �;S @CE><8E A8AB5< 
7<>45;P>20=> 0;3>@8B<8 AB565==S: 42>>AP>289 B@5:5@ CB@8<Cє =>@<0;P 4> 
?>25@E=V ?0@0;5;P=>R A>=SG=8< ?@><5=S<, 70157?5GCRG8 :CB ?04V==S 0°, 0 
>4=>>AP>289 ?>25@B0єBPAS =02:>;> 25@B8:0;P=>W >AV, DV:ACRG8 :CB =0E8;C 70 
<VASG=8< >?B8<C<><. "B@8<0=> @VG=C AC<0@=C A>=SG=C @04V0FVR =0 ?>E8;C 
?>25@E=R 4;S :>6=>3> B8?C A8AB5<8. !5@CE><89 :>;5:B>@ 7 >?B8<0;P=8< 
:CB>< 40є 1420 :�B·3>4/@V: =0 1 :�B 2AB0=>2;5=>W ?>BC6=>ABV. "4=>>AP>289 
3>@87>=B0;P=89 B@5:5@, S:89 >15@B0єBPAS 70 078<CB><, 70157?5GCє 1680 
:�B·3>4/@V:, I> =0 18.3% 1V;PH5 2V4=>A=> =5@CE><>3>. "4=>>AP>289 25@B8-
:0;P=89 B@5:5@, I> >15@B0єBPAS 70 28A>B>R, 40є 1590 :�B·3>4/@V:, 70157?5GC-
RRG8 ?@8@VAB 12.0%. �2>>AP>289 B@5:5@ 4>72>;Sє >B@8<0B8 1775 :�B·3>4/@V:, 
I> ?V4B25@46Cє ?>?5@54=R >FV=:C ?@8@>ABC 2 25%. "4=0: ?VA;S 2@0EC20==S 
2;0A=>3> 5=5@3>A?>6820==S ?@82>4V2 AB565==S G8AB0 35=5@0FVS 7<5=HCєBPAS. 
�;S 42>>AP>2>3> B@5:5@0 4>1>25 A?>6820==S 100 �B·3>4 70 @V: 40є 
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36.5:�B·3>4 2B@0B, B><C G8AB89 ?@8@VAB 7=86CєBPAS 4> 23.5%. �;S >4=>>AP>-
2>3> 3>@87>=B0;P=>3> B@5:5@0 @VG=5 A?>6820==S 18.25 :�B·3>4 7<5=HCє G8A-
B89 ?@8@VAB 4> 17.3%. �>40B:>2> 1C;> 22545=> :>5DVFVє=B @50;P=>W E<0@=>ABV 
4;S �0?>@V7P:>W >1;0ABV, 45 A5@54=P>@VG=0 :V;P:VABP A>=SG=8E 3>48= AB0=>28BP 
1;87P:> 2250.  >45;R20==S ?>:070;>, I> 2 ?>E<C@V 4=V, :>;8 ?5@52060є 
48DC7=0 @04V0FVS, 5D5:B82=VABP AB565==S ?040є 4> 3-5% ?@8@>ABC, 0;5 2 A5@5-
4=P><C 70 @V: F5 7<5=HCє 7030;P=89 ?@8@VAB ;8H5 =0 2%. &0:>6 4>A;V465=> 
2?;82 ?>E81>: >@Vє=B0FVW 4> ±5°, I> 7=86Cє 5D5:B82=VABP =0 1-2%, I> є 4>-
?CAB8<8< 4;S 1R465B=8E B@5:5@V2. �;S B8?>2>W 4><0H=P>W A>=SG=>W 5;5:B-
@>AB0=FVW ?>BC6=VABR 5 :�B 20@BVABP 42>>AP>2>3> B@5:5@0 A:;040є 1;87P:> 67 
500 3@=. $VG=89 4>40B:>289 28@>1VB>: AB0=>28BP 355 :�B·3>4, 0 4;S 5 :�B 3 
1775 :�B·3>4. #@8 «75;5=><C B0@8DV» 5.4 3@=/:�B·3>4 70 :V;>20B-3>48=C, I> 
5:2V20;5=B=> 5.4 3@= 70 :V;>20B-3>48=C, 4>40B:>289 @VG=89 4>EV4 A:;040є 9 
585 3@=. &0:8< G8=><, B5@<V= >:C?=>ABV 42>>AP>2>3> B@5:5@0 AB0=>28BP 1;8-
7P:> 7 @>:V2. �;S >4=>>AP>2>3> B@5:5@0 20@BVABP 4>@V2=Rє 36 000 3@=, 4>40B-
:>289 28@>1VB>: =0 5 :�B AB0=>28BP 1300 :�B·3>4 =0 @V:, I> ?@8 B><C 6 B0-
@8DV 40є @VG=89 4>EV4 7 020 3@=, 0 >B65 >:C?=VABP AB0=>28BP ?@81;87=> 5.1 
@>:C. �@0E>2CRG8 7=865==S 20@B>ABV :><?>=5=BV2, >4=>>AP>2V A8AB5<8 є 
1V;PH 5:>=><VG=> 4>FV;P=8<8 4;S ?><V@=8E H8@>B.  

&0:8< G8=><, 2 @>1>BV @>7@>1;5=> ?@>3@0<=C <>45;P =0 Python 7 28:>-
@8AB0==S< 1V1;V>B5:8 pvlib, S:0 4>72>;Sє 7 28A>:>R B>G=VABR @>7@0E>2C20B8 
@VG=89 28@>1VB>: A>=SG=8E :>;5:B>@V2 7 @V7=8<8 B8?0<8 AB565==S 4;S 1C4P-
S:>W ;>:0FVW. #V4B25@465=>, I> 42>>AP>289 B@5:5@ 70157?5GCє <0:A8<0;P=89 
?@8@VAB C 25%, >4=0: ?VA;S 2@0EC20==S 5=5@3>A?>6820==S B0 20@B>ABV >1;04-
=0==S >4=>>AP>289 3>@87>=B0;P=89 B@5:5@ 1C45 1V;PH 283V4=8< 7024S:8 >:C-
?=>ABV 2 5 @>:V2. �AB0=>2;5=>, I> 4;S �0?>@V7P:>W >1;0ABV >?B8<0;P=8< є 
28:>@8AB0==S >4=>>AP>28E B@5:5@V2 7 >15@B0==S< 70 078<CB><, I> 4>72>;Sє 
>B@8<0B8 G8AB89 ?@8@VAB 35=5@0FVW ?>=04 17% 157 ACBBє2>3> CA:;04=5==S 
A8AB5<8. 
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1 ABC4. 3@. �-215A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 
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�V9=0 7@>18;0 C:@0W=AP:C 5=5@35B8:C 2@07;82>R S: =V:>;8. $0:5B=V 0B0-
:8 282>4SBP 7 ;04C &�*, ?V4AB0=FVW B0 <03VAB@0;P=V <5@56V. � A0<5 2 F59 <>-
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<5=B 0;PB5@=0B82=0 5=5@35B8:0 ?5@5AB0є 1CB8 «75;5=>R @>7:VHHR» - 2>=0 
AB0є ?8B0==S< =0FV>=0;P=>W 157?5:8. 

-> <8 <0є<>? 
%>=F5, 2VB5@, 2>40 9 B5?;> �5<;V. *V 465@5;0, =0 2V4<V=C 2V4 2C3V;;S G8 

307C, =5 B@510 2>78B8 7-70 :>@4>=C G8 70E8I0B8 2V4 2>@>68E >1AB@V;V2 =0 4>2-
38E ;>3VAB8G=8E <0@H@CB0E. %>=SG=0 ?0=5;P =0 40EC 1030B>?>25@EV2:8 01> 
2VB@S: C AB5?C - F5 =5 ?@>AB> 5:>;>3VG=>, F5 I5 9 =570;56=>. 

� ':@0W=V 1V;PH5 A>=SG=8E 4=V2 =0 @V:, =V6 C !V<5GG8=V, 45 A>=SG=0 35-
=5@0FVS 402=> AB0;0 728G=>R A?@02>R. �AB0=>28B8 ?0=5;V =0 2;0A=><C 4><>-
3>A?>40@AB2V G8 1V7=5AV - F5 =5 ;8H5 7<5=H8B8 @0EC=:8, 0 9 <0B8 A2VB;> =0-
2VBP B>4V, :>;8 F5=B@0;P=C <5@56C 2V4:;RG8;8. �C65 206;82> B5,  I>  %>=F5 
A2VB8B8<5 I5 ?@81;87=> 5 <V;PS@4V2 @>:V2. � F5 >7=0G0є, I> A>=SG=0 5=5@3VS є 
=5 ;8H5 2V4=>2;R20=>R, 0;5 9 ?@0:B8G=> =528G5@?=>R. �@V< B>3>, WW 28:>@8-
AB0==S =5 AB2>@Rє =51060=8E 5:>;>3VG=8E =0A;V4:V2 (=5<0є 28:84V2 CO₂, 
=5<0є B5?;>2>3> 701@C4=5==S). 

%B5?>2V 7>=8 ':@0W=8 (�0?>@V66S, )5@A>=I8=0, "45I8=0) <0RBP GC4>-
289 2VB@>289 ?>B5=FV0;. %CG0A=V 2VB@S:8 <0965 =5 HC<;SBP V 709<0RBP <V=V-
<C< 75<;V. &0:, WE =5 @>7<VAB8H C 3CAB>=0A5;5=><C @09>=V, 0;5 =0 C715@566SE 
G8 ?>;SE - FV;:><. (�AB>@8G=0 4>2V4:0: �=5@3VR 2VB@C 2 Є2@>?V 28:>@8AB>2C-
RBP I5 7 XII AB>;VBBS - 7024S:8 2VB@S=8< <;8=0<. %P>3>4=V 25;8:V 2VB@>2V 
BC@1V=8 ?5@5B2>@RRBP 5=5@3VR 2VB@C =0 5;5:B@8:C 7 ���, ?@> S:89 A5@54=P>-
2VGGS =5 <>3;> 9 <@VSB8.) 

� =0HV9 :@0W=V є V 25;8:V ��%, V <>6;82VABP 1C4C20B8 <0;V 3V4@>5;5:B@>-
AB0=FVW =0 =525;8:8E @VG:0E. �>;>2=89 ?;RA - AB01V;P=VABP (=0 2V4<V=C 2V4 
2VB@C, S:89 <>65 AB8E=CB8, 2>40 B5G5 ?>ABV9=>).  V=CA - 28A>:0 20@BVABP 1C4V-
2=8FB20 B0 5:>;>3VG=V @878:8 4;S @VG>:. 

�V4@>5=5@35B8:0 40є <0965 B@5B8=C 5;5:B@>5=5@3VW, I> A?>6820єBPAS C 
A2VBV. !0?@8:;04, !>@253VS, 45 28@>1=8FB2> 5;5:B@>5=5@3VW =0 4CHC =0A5;5==S 
є >4=8< V7 =0928I8E, 6825 <0965 28:;RG=> 70 @0EC=>: 3V4@>5=5@3VW. 
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DEVELOPMENT AND ENHANCEMENT OF MATHEMATICAL 

MODELS OF INTERCONNECTED AC ELECTROMECHANICAL 

CONVERTERS ON A COMMON SHAFT 

M. Hizenko, D. Lukash, M. Kotsur  

In modern industrial complexes and autonomous power supply systems, mul-
ti-machine units, where several AC electromechanical converters are connected by 
a single mechanical shaft (for example, «motor-generator» systems or multi-motor 
electric drives), have become widespread. The study of such complexes is compli-
cated by the presence of cross-electromagnetic and electromechanical couplings. 
The use of classical linear models of individual machines does not allow estimating 
with sufficient accuracy the influence of elastic shaft line oscillations, the effects of 
magnetic system saturation, and mutual energy exchange in dynamic modes. 
Therefore, the enhancement of the mathematical apparatus for the comprehensive 
description of such objects is a relevant scientific and technical task. 

Traditional approaches to modeling isolated electrical machines do not fully 
account for the mutual influence of converters connected by a rigid or elastic me-
chanical link. The enhancement of the mathematical apparatus in this case is based 
on integrating the differential equations of the electromagnetic state of each indi-
vidual machine with a single equation of motion for a multi-mass electromechani-
cal system. The use of refined T-equivalent circuits for AC converters creates a 
basis for the correct consideration of non-linearities, in particular, the effects of 
magnetic core saturation by the main magnetic flux and current displacement in the 
rotor bars. 

By applying dynamic modeling methods in the MATLAB/Simulink envi-
ronment, it becomes possible to investigate complex transient processes with high 
detailing of currents, torques, and speeds. An important stage in the development 
of the mathematical description is the creation of hybrid circuit-field models, 
which successfully combine the computational speed of macromodels with the 
accuracy of analyzing the spatio-temporal field distribution. Such a comprehensive 
approach allows for an adequate assessment of the system's behavior during heavy 
starts, synchronization processes, or sudden load applications on the actuating 
mechanism. The developed models serve as a powerful tool for optimizing the 
energy characteristics of the entire electromechanical complex. An in-depth analy-
sis of the power loss components in both converters forms a scientific foundation 
for finding loss minimums (energy «wells») depending on the current slip and 
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control parameters, which is a critically important aspect for increasing the overall 
efficiency of the interconnected system. 

The enhancement of mathematical models for AC electromechanical con-
verters connected by a common shaft allows transitioning from approximate esti-
mates to the precise forecasting of the dynamics of complex units. The application 
of refined equivalent circuits and simulation modeling tools in the 
MATLAB/Simulink environment provides a deep understanding of the physics of 
interconnected processes. The obtained mathematical models serve as an effective 
basis for designing energy-saving control algorithms aimed at minimizing total 
power losses in the electromechanical system. 
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FEATURES OF THE OPERATING MODES OF A SYNCHRONOUS 

GENERATOR WITH COMBINED WINDINGS 

O. Klishchevskyi, M. Kotsur  

In the current context of developing autonomous power supply systems and 
distributed generation complexes, issues of improving the quality of generated 
electricity, energy efficiency, and the static stability of electrical machines are of 
critical importance. The use of traditional synchronous generators (SGs) with non-
linear and asymmetrical loads is accompanied by the distortion of the output volt-
age waveform and the occurrence of additional losses from higher spatial and tem-
poral harmonics. The application of synchronous generators with combined wind-
ings (SGCWs) on the stator is a highly effective circuit design solution that signifi-
cantly improves the harmonic composition of the magnetomotive force (MMF), 
reduces the size and weight of the machine, and increases its stability in transient 
modes, particularly during grid synchronization. 

A comprehensive analysis of the steady-state and transient operating modes 
of a synchronous generator with combined windings to evaluate its electromechan-
ical characteristics, power quality indicators, and dynamic stability during syn-
chronization and load variations. 

The specific operation of SGCWs is determined by the special configuration 
of the stator circuit, which typically consists of two three-phase winding systems 
spatially shifted relative to each other (e.g., by 30 electrical degrees) and connected 
in a «star-delta» or similar multiphase configurations. 

An in-depth analysis of the operating modes of such a generator highlights 
the following key features: 
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 3 due to the spatial shift and electromagnetic coupling between the sections 
of the combined winding, mutual compensation of the spectrum of higher harmon-
ics (primarily the most pronounced 5th and 7th harmonics) occurs in the stator 
MMF waveform. This leads to a significant improvement in the output voltage 
waveform (reduction of the total harmonic distortion, THD) even when operating 
with rectifier or rapidly fluctuating loads. Stator differential leakage is reduced, 
contributing to a decrease in additional iron losses and an increase in the overall 
efficiency of the machine; 

 3 the presence of combined structures creates specific damping properties in 
the stator circuit. During exact synchronization or self-synchronization, SGCWs 
demonstrate a reduction in the amplitudes of peak transient currents and electro-
magnetic torques. The conditions for pulling the generator into synchronism are 
improved due to a stiffer electromechanical coupling and the smoothing of torque 
pulsations, which is critically important for ensuring the stability of local power 
grids; 

 3 when load current asymmetry occurs, the combined winding creates an ef-
fect of redistributing zero- and negative-sequence currents. This reduces the heat-
ing of the solid parts of the rotor and the damper system caused by negative-
sequence currents, expanding the permissible asymmetry range without the need to 
derate the generator's nominal power. 

The analysis of the operational features of an SGCW proves its undeniable 
advantages over machines of classical design. By suppressing the higher harmonic 
components of the stator MMF, the generation of voltage with high-quality indica-
tors is ensured. The circuit integration of the windings increases the dynamic sta-
bility of the machine during synchronization and damps the negative consequences 
of asymmetrical modes. Further research should be directed towards the develop-
ment of detailed field and circuit mathematical models (e.g., in the 
MATLAB/Simulink environment) to optimize the parameters of combined wind-
ings for the specific requirements of autonomous power complexes. 
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APPLICATION OF POLAR COORDINATES IN MATHEMATICAL 

MODELS OF AC ELECTROMECHANICAL CONVERTERS 
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The classical theory of a generalized electrical machine traditionally operates 
with the projections of space vectors of currents, voltages, and flux linkages onto 
rigidly defined Cartesian axes of orthogonal reference frames. However, given the 
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development of modern vector control systems and the need to ensure high energy 
efficiency indicators, such an approach complicates the physical interpretation of 
the rotation processes of electromagnetic fields. The application of polar coordi-
nates, where the main state variables are the moduli of space vectors and their 
angular positions, is a highly relevant direction for improving mathematical mod-
els. This makes it possible to directly analyze amplitude-phase relationships and 
synthesize control algorithms focused on minimizing electrical losses in dynamic 
modes. 

The transition from a Cartesian to a polar coordinate system in the mathemat-
ical description of AC converters fundamentally changes the structure of the dif-
ferential equations for electromechanical energy conversion. Instead of operating 
with orthogonal projections (for example, along the d and q axes), the dynamic 
equations are divided into two functionally independent groups: components re-
sponsible for forming the magnetic flux amplitude (vector modulus) and compo-
nents determining its instantaneous angular velocity of rotation (the derivative of 
the spatial angle). In a spatial modeling environment, particularly when creating 
complex simulation models in MATLAB/Simulink, this approach significantly 
simplifies the synthesis and tuning of control loops. It provides a clear visualiza-
tion of the hodographs of space vectors, which is critically important for evaluating 
the quality of transient processes and predicting the effects of local magnetic core 
saturation. The mathematical representation of the machine's electromagnetic 
torque in polar coordinates holds particular scientific value. The expression for the 
torque takes the form: 

( )= sin
2

3
sr

r

m
n i

L

L
pM , 

where np  is the number of pole pairs; r  and si  are the modules of the rotor flux 

linkage and stator current space vectors, respectively; and   is the spatial angle 
between them. 

 
This equation reveals direct mechanisms of influence on the energy efficiency 

of the electromechanical converter. Maintaining an optimal spatial angle  in any 
dynamic operating mode allows for maximizing the specific electromagnetic 
torque per ampere of stator current, which automatically leads to the minimization 
of thermal losses and an increase in the overall efficiency of the system. 

The application of polar coordinates in the mathematical models of AC elec-
tromechanical converters is an effective tool for an in-depth analysis and optimiza-
tion of electromagnetic processes. The separation of variables into amplitude and 
phase components ensures the physical transparency of the models and significant-
ly simplifies the development of energy-saving control algorithms. The implemen-
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tation of such models creates a solid scientific foundation for finding energy opti-
mums and increasing the dynamic stability of electromechanical systems. 
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10@’є@ =0 <5675@=>28E :>=B0:B0E V 70 C<>28 E B0 E:@ ?5@52>48BP A8AB5<C B5<C 
2 @568< 2V42>4C V<?C;PA=>3> 70@S4C 157 ABV9:>3> ?@>1>R, I> 7<5=HCє 
5=5@35B8G=C IV;P=VABP Wpd = ½·¸0·¸′·E2 C :@8B8G=8E B>G:0E. 

 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 
1. �>@=S: �. �., �D0=0APє2 ". �., -CAP �.  . "?B8<V70FVS A8AB5<8 2=CB-

@VH=P>3> 5:@0=C20==S 2 307>=0?>2=5=8E 28A>:>2>;PB=8E 5;5:B@8G=8E 0?0@0-
B0E V7 ?>;V<5@=>R V7>;SFVєR. �VA=8: !0FV>=0;ь=>3> B5E=VG=>3> C=V25@A8B5BC 
«)#І». %5@VO: #@>1;5<8 C4>A:>=0;5==O 5;5:B@8G=8E <0H8= V 0?0@0BV2. &5>-
@VO V ?@0:B8:0. 2022. 7 1 (7). %. 8312. 

 
 

'�� 621.316 
�>@=S: �. �., �52G5=:> ". #.2 

1 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
#����-�!!/ !����!"%&� ����&$"'%&�!"�"� ��% #$� 

«���Ь!Ь" ' $���$�'��!!�» 
�.�. �>@=O:, ".#. �52G5=:>  

�57?5@51V9=0 @>1>B0 5;5:B@>CAB0B:C20==S <>6;820 BV;P:8 70 =0S2=>ABV 
70E8A=8E ?@8AB@>W2, I> @503CRBP =0 ?>@CH5==S =>@<0;P=>W @>1>B8 5;5:B@>C-
AB0=>2>: V 2G0A=> 2V4:;RG0RBP ?>H:>465=V 5;5<5=B8 2V4 =5CH:>465=8E. �;S 
F8E FV;59 A;C60BP 02B><0B8G=V 28<8:0GV, I> H8@>:> 28:>@8AB>2CRBPAS S: C 
<VAP:8E 5;5:B@8G=8E <5@560E, B0: V 2 5;5:B@>CAB0=>2:0E ?@><8A;>28E ?V4?-
@8є<AB2. �8A>:0 GCB;82VABP 02B><0B8G=8E 28<8:0GV2 4>72>;Sє 287=0G0B8 
020@V9=V @568<8 =0 @0==V9 AB04VW 28=8:=5==S, >1<56C20B8 4> <V=V<C<C 020-
@V9=89 AB@C< V 28:;8:0=5 =8< B5?;>25, 5;5:B@>48=0<VG=5 B0 V=HV =51060=V 
2848 2?;82C. &8< A0<8< 70157?5GCєBPAS FV;VA=VABP 5=5@3>A8AB5<8, V 72>4SBPAS 
4> <V=V<C<C =0A;V4:8 020@VW 3 =5?@8?CAB8<V ?@>AB>W 5;5:B@>>1;04=0==S, ?>-
@CH5==S B5E=>;>3VG=>3> F8:;C B>I>. 

#V428I5==S =04V9=>ABV 70E8ABC 5;5:B@8G=8E <5@56 =0?@C3>R 0,4 :� 
22060єBPAS 0:BC0;P=>R ?@>1;5<>R 2=0A;V4>: B>3>, I> 02B><0B8G=V 28<8:0GV, 
I> 7=0E>4SBPAS 2 5:A?;C0B0FVW V 2AB0=>2;5=V 2 VA=CRGV <5@56V, 2 1V;PH>ABV 
28?04:V2 =5 2V4?>2V40RBP ACG0A=8< 28<>30< =04V9=>ABV, S: 70 :V;P:VABR @50-
;V7>20=8E 70E8ABV2, B0: V 70 ?>:07=8:0<8 157 ?>:07=8:V2. $>7H8@5==S 70E8A-
=8E DC=:FV9 V ?V428I5==S =04V9=>ABV <>6;825 70 @0EC=>: =>28E ?5@A?5:B82-
=8E B5E=>;>3V9, 4> S:8E 2V4=>ASBPAS <V:@>?@>F5A>@=V ?@8AB@>W, I> 70AB>A>-
2CRBPAS 4;S @>7H8@5=>3> 0=0;V7C 020@V9=8E ?@>F5AV2 ?@8 @>7?>4V;V ?>BC6=>-
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ABV 2V4 0B><=8E 5;5:B@8G=8E AB0=FV9 (��%) ?> >A=>2=8< ?5@5BV:0==S< 5=5@-
3>A8AB5< :@0W=8 [1]. �;S 5;5:B@>>1;04=0==S ��% 2 FV;><C V, 7>:@5<0, 4;S 
5;5:B@>CAB0=>2>: 2;0A=8E ?>B@51 (%!) =0?@C3>R 0,4 :� =091V;PH 0:BC0;P-
=8< є ?V428I5==S ?>:07=8:V2 =04V9=>ABV 70E8ABC B0 70 @0EC=>: FP>3> 7=865=-
=S 9<>2V@=>ABV 28=8:=5==S ?>656V 2 B0:8E CAB0=>2:0E, I>, C A2>R G5@3C, 
?@872>48BP 4> 1V;PH 6>@AB:8E 28<>3 4> A8AB5< WE 70E8ABC [2]. 

!0 @8A. 1 =02545=0 70E8A=0 G0AB:>20 E0@0:B5@8AB8:0 02B><0B8G=>3> 28-
<8:0G0, I> ?@0FRє A?V;P=> 7 <V:@>?@>F5A>@=8< ?@8AB@>є< 70E8ABC ( '�), 
I> >B@8<0=0 2 @57C;PB0BV <>45@=V70FVW 02B>@0<8 [2].  
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$8AC=>: 1 3 +0A>-AB@C<>20 70E8A=0 E0@0:B5@8AB8:0 28<8:0G0, I> ?@0FRє 
A?V;P=> 7  '� ?VA;S <>45@=V70FVW: L 3 70E8AB 7>=8 =020=B065==S; S 3 70E8AB 
7>=8 ��; S1 3 70E8AB 2V4 2V440;5=>3> �� 01> @575@2C20==S; S2 3 H284:>4VRG89 

V=B53@0;P=89 A5;5:B82=89 70E8AB; I 3 70E8AB C 7>=V «2V4AV:0==S» 
 
%CFV;P=8<8 ;V=VS<8 ?>:070=V 70E8A=V E0@0:B5@8AB8:8, I> D>@<CRBPAS 

A0<8< 0?0@0B><. #C=:B8@=8<8 ;V=VS<8 ?>:070=V 70E8A=V E0@0:B5@8AB8:8, I> 
V;RAB@CRBP @>1>BC  '�. %B@C<>20 CAB02:0 Isd, I> 2818@0єBPAS 70 C<>2>R 
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?CA:C ��, 4>?>2=RєBPAS <5=H>R 70 25;8G8=>R CAB02:>R I'sd, I> 70157?5GCє 
28A>:C GCB;82VABP 4> AB@C<V2 ��. �> <>45@=V70FVW ?5@5EV4 2V4 7>=8 =020=B0-
65==S 4> 7>=8 �� 2V41C202AS B@0є:B>@VєR 2-3. ' =>2><C 70E8ABV 707=0G5=89 
?5@5EV4, 70;56=> 2V4 ?@8G8=8 >1C@5==S ;0=FR30, <>65 2V41C20B8AS S: ?> ;V=VW 
2-3 (CAB02:0 Isd), B0: V ?> B@0є:B>@VW 2-7-8 (CAB02:0 I'sd). %?@0FP>2C20==S 70-
E8ABC <>65 2V41C20B8AS 2 <><5=B G0AC, I> 287=0G0єBPAS S: 728G09=>R B8<-
G0A>2>R CAB02:>R tsd, B0: V «V=B53@0;P=>W» Qsd, B><C G0A A?@0FP>2C20==S ?@8 
25;8:8E AB@C<0E �� VAB>B=> 7=86CєBPAS. *5 @>18BP =>289 70E8AB H284:>4VR-
G8< V 28A>:>GCB;828< 4> AB@C<V2 ��.  >45@=V70FVS 5;5:B@>CAB0=>2>: %!-0,4 
:� ��% 70 @0EC=>: 70AB>AC20==S <V:@>?@>F5A>@=8E ?@8AB@>W2 7 =>28<8 28-
40<8 70E8ABC ?>B@51C20B8<5 7=0G=> <5=H8E G0A>28E V DV=0=A>28E 28B@0B 2 
?>@V2=S==V 7 V=H8<8 20@V0=B0<8 <>45@=V70FVW, 2 B><C G8A;V V 70 @0EC=>: 70AB>-
AC20==S 28<8:0GV2 B0:>W DV@<8 S: «Schneider Electric». 

 
%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Sereda O., Zhorniak L., Sereda O. Improving the protective properties of 
electrical equipment in low-voltage cabinets of complete transformer substations 
auxiliaries NPP. Electrical Engineering and Power Engineering. 2025. 7 2. 
P. 37348. 

 
'�� 621.383:620.91:537.312 
&0B0@GC: &.�.1,  >E=0G $.�.2 
14>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
248@5:B>@ V=>20FV>==>3> @>728B:C, Flight Control LLC 

(���+!� "%!"�� &� ����&$�+!� )�$��&�$�%&��� 
("&"����&$�+!�) ��� �!&�� 

&.�. &0B0@GC:, $.�.  >E=0G  

%>=SG=0 ?0=5;P (D>B>5;5:B@8G=89 <>4C;P) =0A?@024V A:;040єBPAS 7 25-
;8:>W :V;P:>ABV A>=SG=8E 5;5<5=BV2, :>65= V7 S:8E є =0?V2?@>2V4=8:>28< PN-
?5@5E>4>< 3 B>1B> 48>4><, I> 35=5@Cє AB@C< ?V4 4VєR A2VB;0[1,2]. � >:@5<89 
<><5=B >A2VB;5==S >48= B0:89 5;5<5=B AB2>@Rє =525;8:C =0?@C3C (~0,53
0,6 �) V AB@C<, ?@>?>@FV9=89 >A2VB;5==R. ->1 >B@8<0B8 ?@0:B8G=> :>@8A=V 
7=0G5==S =0?@C38 B0 AB@C<C (=0?@8:;04, 12 � B0 :V;P:0 0<?5@), 5;5<5=B8 2 
<>4C;V 7’є4=CRBP ?>A;V4>2=> V ?0@0;5;P=>. ' FV9 AB0BBV @>73;S=CB> 5;5:B@8G-
=V AE5<8 B0:8E 7’є4=0=P, ?@82545=> @>7@0EC=:8 E0@0:B5@8AB8: V =02545=> 
?@8:;048 :>=AB@CR20==S PV-;0=>: @V7=8E :>=DV3C@0FV9. 

(>B>SG59:0 (A>=SG=89 5;5<5=B) 3 F5 ?;>A:89 PN-?5@5EV4. "48= H0@ 
:@5<=VR ;53CєBPAS B0:, I>1 AB02 =530B82=8< (N-B8?), V=H89 3 ?>78B82=8< (P-
B8?). #@8 ?>B@0?;S==V A2VB;0 PN-?5@5EV4 35=5@Cє D>B>-AB@C<. (0:B8G=>, 
A>=SG=0 :><V@:0 3 F5 25;8:0 (?;>I5R ~103100 A<²) A2VB;>GCB;820 4V>4=0 

https://www.electronics-tutorials.ws/diode/bypass-diodes.html#:~:text=light,big%2C%20flat%20photo%20sensitive%20diodes
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AB@C:BC@0 [3]. �06;820 >A>1;82VABP: «E0@0:B5@8AB8:8 D>B>5;5<5=B0 4C65 
1;87P:V 4> E0@0:B5@8AB8: 728G09=>3> 4V>40 [2]. !0?@8:;04, 70 ?>2=>W >A2VB;5-
=>ABV ?@8 2V4:@8B><C :>;V 2V= @>72820є =0?@C3C 1;87P:> 0,58 � [4], 0 9>3> 
5:2V20;5=B=0 AE5<0 2V4?>2V40є 465@5;C ?>ABV9=>3> AB@C<C, ?0@0;5;P=> ?V4:-
;RG5=><C 4> 4V>4C (Shockley diode) 7 4>40B:>28<8 @578AB>@0<8 (4;S HC=B- V 
?>A;V4>2=8E 2B@0B) [3,4]. � ?@>ABV9 <>45;V B0:>W AE5<8 AB@C< G5@57 4V>4 >?8-
ACєBPAS @V2=S==S< Shockley, 0 <0:A8<0;P=0 ?>BC6=VABP 4>AS30єBPAS 2 «<0:-
A8<0;P=V9 B>GFV ?>BC6=>ABV» =0 :@82V9 I3V [7]. 

�;NG>2V V45W: 
- %>=SG=89 5;5<5=B 3 PN-4V>4, I> 35=5@Cє AB@C< ?V4 >A2VB;5==S< [1, 2]. 
- #@8 2V4:@8B><C :>;V =0 1 5;5<5=BV ~0,530,6 �, AB@C< ?@>?>@FV9=89 V=-

B5=A82=>ABV A2VB;0 [4]. 
- �:2V20;5=B=0 AE5<0 PV-5;5<5=B0 3 465@5;> AB@C<C (?@S<> ?@>?>@FV9-

=5 >A2VB;5==R) C ?0@0;5;V 7 4V>4>< V @578AB>@0<8 (HC=B, ?>A;V4>2=89 >?V@) 
[3, 4]. 

- I3V E0@0:B5@8AB8:0 7040єBPAS Shockley: AB@C< G5@57 4V>4 5:A?>=5=FV9-
=> 70;568BP 2V4 =0?@C38; ?V4 A2VB;>< 2V41C20єBPAS 7AC2 I3V :@82>W 225@E. 

�:2V20;5=B=0 AE5<0, I3V B0 P-V E0@0:B5@8AB8:8  
' AB0=40@B=><C >4=>4V>4=><C 5:2V20;5=BV D>B>5;5<5=B0 V 4;S >:@5<>3> 

AB>2?G8:0 A>=SG=8E >A5@54:V2 28:>@8AB>2CєBPAS AE5<0: V450;P=5 465@5;> 
AB@C<C  (?@S<> ?@>?>@FV9=5 >A2VB;5==R) V 4V>4 ?0@0;5;P=> 9><C, 7 <0;8<8 
>?>@0<8. #@8 71V;PH5==V =0?@C38 4V>4 ?>G8=0є ?@>BV:0B8, V AB@C< G5@57 =0-
20=B065==S 7<5=HCєBPAS (@8A. 1 0). ' B0:V9 <>45;V @V2=S==S AB@C<C G5@57 
=020=B065==S 2V4 =0?@C38 V <0є 283;S4: 

 

45  3 D>B>35=5@>20=89 AB@C<,  3 AB@C< =0A8G5==S 4V>40 (72>@>B=89 AB@C< 

4V>40),  3 :>5DVFVє=B V450;P=>ABV,  3 HC=BCRG89 >?V@ (?0@0;5;P=89 >?V@), 

 3 ?>A;V4>2=89 >?V@ (2B@0B8 C ?@>2V4=8:0E, :>=B0:B0E), k 3 AB0;0 �>;PF<0-
=0, T 3 01A>;RB=0 B5<?5@0BC@0 [2,3]. 
 

#@8 AB0;><C >A2VB;5==V :@82C I3V <>6=0 @>718B8 =0 B>G:8: 
- ISC (:>@>B:5 70<8:0==S): <0:A8<0;P=89 AB@C< (=0?@C30 0) 
- VOC (2V4:@8B5 :>;>): <0:A8<0;P=0 =0?@C30 (AB@C< 0). 

�@820 P3V E0@0:B5@87CєBPAS @>1>G8<8 B>G:0<8 (Vm, Im) B0 :>5DVFVє=B>< 
70?>2=5==S (Fill Factor, FF), ?@8 S:8E ?>BC6=VABP <0:A8<0;P=0 (B>G:0  $P). 
FF E0@0:B5@87Cє ABC?V=P =01;865==S @50;P=>W :@82>W 4> V450;P=>W ?@S<>:CB-
=>W. 

https://www.electronics-tutorials.ws/diode/bypass-diodes.html#:~:text=treated%20with%20a%20substance%20to,similar%20to%20transistors%20and%20diodes
https://www.researchgate.net/publication/309611376_Photovoltaic_solar_cell_simulation_of_shockley_diode_parameters_in_matlab#:~:text=coefficient%2C%20which%20is%20provided%20by,
https://www.electronics-tutorials.ws/diode/bypass-diodes.html#:~:text=by%20a%20single%20solar%20cell,the%20intensity%20of%20the%20light
https://www.ossila.com/pages/equivalent-circuit-of-solar-cell#:~:text=The%20equivalent%20circuit%20of%20a,other%20components%20in%20the%20circuit
https://www.ossila.com/pages/equivalent-circuit-of-solar-cell#:~:text=cells%3A%20optimizing%20current%20often%20means,are%20optimized%2C%20maximizing%20power%20output
https://www.electronics-tutorials.ws/diode/bypass-diodes.html#:~:text=light,big%2C%20flat%20photo%20sensitive%20diodes
https://www.electronics-tutorials.ws/diode/bypass-diodes.html#:~:text=by%20a%20single%20solar%20cell,the%20intensity%20of%20the%20light
https://www.ossila.com/pages/equivalent-circuit-of-solar-cell#:~:text=The%20equivalent%20circuit%20of%20a,other%20components%20in%20the%20circuit
https://www.researchgate.net/figure/Equivalent-circuit-of-a-solar-panel_fig1_271158300#:~:text=,20%5D%29.
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$8AC=>: 1 3 )0@0:B5@8AB8:8 D>B>5;5<5=B0: 0 3 I3V E0@0:B5@8AB8:0, 1 3 P3V 

E0@0:B5@8AB8:0 
 
�;S 287=0G5==S :>5DVFVє=B0 70?>2=5==S B0 ��� A:>@8ABCє<>AP =0ABC?-

=8<8 @V2=S==S<8:  
#>BC6=VABP D>B>5;5<5=B0:  

 

'<>20 <0:A8<0;P=>W ?>BC6=>ABV: 

 

�2V4A8 :>5DVFVє=B 70?>2=5==S 287=0G0єBPAS B0:8< G8=><:  

 

��� (5D5:B82=VABP) D>B>5;5<5=B0: 

 

!0?@8:;04, 73V4=> 7 B8?>28<8 7=0G5==S<8, :@8AB0; :@5<=VR 40є 
, 0  70;568BP 2V4 ?;>IV B0 >A2VB;5=>ABV (4;S 100 A<² ?@8 

1000 �B/<² ~536 �) [4]. �0;V 4;S 4>AS3=5==S 7=0G=>W =0?@C38 G8 AB@C<C <8 
?V4:;RG0є<> 1030B> B0:8E «4V>4V2» C :><1V=>20=V AE5<8. 

%?>A>18 7’є4=0==O PV-5;5<5=BV2: ?>A;V4>2=5, ?0@0;5;ь=5 B0 :><1V=>20-
=5 «A5@V9=>-?0@0;5;ь=5» 

!0 @8A. 2 ?@54AB02;5=> 2848 7’є4=0=P PV-5;5<5=BV2.  
 

https://www.electronics-tutorials.ws/diode/bypass-diodes.html#:~:text=by%20a%20single%20solar%20cell,the%20intensity%20of%20the%20light
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$8AC=>: 2 3 �;RAB@0FVS >A=>2=8E A?>A>1V2 7’є4=0==S PV-5;5<5=BV2: ?>A;V4>-
2=5 (7;V20), ?0@0;5;P=5 (?> F5=B@C) B0 :><1V=>20=5 «A5@V9=>-?0@0;5;P=5» 

(A?@020)[7,8] 
 
#@8 ?>A;V4>2=><C 7’є4=0==V PV-5;5<5=BV2 28EV4=V =0?@C38 4>40RBPAS, 0 

AB@C< G5@57 CAV 5;5<5=B8 >4=0:>289 (?@8 V45=B8G=8E C<>20E). �=H8<8 A;>20-

<8, S:I> :>65= 5;5<5=B 40є  V B>: , B> 10 5;5<5=BV2 ?>A;V4>2=> 

70157?5G0BP AC<0@=C =0?@C3C  ?@8 B><C 6 B>:>2V . &0:0 :>=DV3C@0FVS 
70AB>A>2CєBPAS 4;S ?V428I5==S =0?@C38 A8AB5<8 3 =0?@8:;04, I>1 C73>48B8 

12 � 0:C<C;SB>@, ?>B@V1=>  :@5<=Vє28E 5;5<5=BV2 ?> 0,6 � (@07>< ≈12 �). 

 

 

45  3 G8A;> >A5@54:V2.  

#@8 FP><C AC<0@=0 ?>BC6=VABP , B>1B> 7@>AB0є ?@>?>@-

FV9=> . !54>;V: 3 S:I> >48= 5;5<5=B 70BV=5=89 G8 ?>H:>465=89, B> 25AP 

https://www.electricaltechnology.org/2020/09/series-parallel-and-series-parallel-connection-of-solar-panels.html#:~:text=When%20N,Parallel%20Connection%20of%20Solar%20Panels
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AB@C< >1<56CєBPAS =093V@H8< 5;5<5=B><: «2 ?>A;V4>2=V9 AE5<V AB@C< @V2=89 
=09<5=H><C 7 CAVE 5;5<5=BV2»[5,8]. !0 ?@0:B8FV B><C 2 @S4 G0AB> 4>40RBP 
1;>:C20;P=V 4V>48 01> 109?0A=V 4V>48, I>1 C @07V G0AB:>2>3> 70BV=5==S AB@C< 
9H>2 V=H8< H;SE>< (482. 40;V). 

/: 284=> =0 @8AC=:C 2, C ?>A;V4>2=><C ;0=FR7V 2V4’є<=89 :>=B0:B ?5@-
H>3> 5;5<5=BC 7’є4=0=> 7 ?>78B82=8< =0ABC?=>3>, =0?@C38 4>40RBPAS. (>@-

<0;P=>: S:I> 420 5;5<5=B0 A V B <0RBP  V , B> AC<0@=5 

 [8]. #@8:;04 @>7@0EC=:C: S:I> =5>1EV4=> >B@8<0B8  7V 

AB0=40@B=8E 5;5<5=BV2 ?> 0,6 �, B>  HBC:. 
#@8 ?0@0;5;P=><C 7’є4=0==V PV-5;5<5=BV2 =0?@C38 =0 :>6=><C 5;5<5=-

BV >4=0:>2V, 0 AC<0@=89 AB@C< є AC<>R AB@C<V2 :>6=>3> <>4C;S. /:I> >48= 

5;5<5=B 40є AB@C<  ?@8 =0?@C7V , B>  B0:8E 5;5<5=BV2 2 ?0@0;5;P 404CBP 

 ?@8 B><C 6 =0?@C7V . &0:0 AE5<0 ?V4E>48BP, :>;8 ?>B@V1-
=> ?V428I8B8 28EV4=89 AB@C< (?@8:;04 3 682;5==S ?>BC6=>3> 4283C=0) 01> 2 
A8AB5<C 22>4SBPAS @S4 >4=0:>28E ?0=5;59. 

 

 

45  3 G8A;> 5;5<5=BV2 2 ?0@0;5;P 
 
!0?@8:;04, S:I> =0 >48= 5;5<5=B <0є<> 5 � ?@8 0,6 �, B> B@8 B0:8E ?0-

@0;5;V 404CBP  ?@8 0,6 � (?>BC6=VABP B@8GV 1V;PH0). ' ?0@0;5;V B0:>6 

7@>AB0є AC<0@=0 ?>BC6=VABP . �>;>2=5 >1<565==S 3 C ?0@0;5-
;P=V9 AE5<V 2AV 3V;:8 <0RBP >4=0:>2C =0?@C3C; S:I> >48= <>4C;P 40є <5=HC 
=0?@C3C (G5@57 2V4<V==>ABV G8 CH:>465==S), B> A0<5 2V= «704020B8<5» =0?@C-
3C ;0=FR30. '=8:0RBP 7’є4=0==S 2 ?0@0;5;P @V7=8E <>45;59 ?0=5;59, I>1 =5 
7<5=HC20B8 5D5:B82=VABP. 

!0 @8A.1 (F5=B@0;P=0 AE5<0) ?>:070=> 42V ?0@0;5;P=V 3V;:8, 45 ?>78B82=V 
:>=B0:B8 7’є4=0=V @07><, S: V 2V4’є<=V. #V4:;RG5==S PV-5;5<5=BV2 C ?0@0;5;P 
G0AB> @>1;SBP ?> «AB@>:0E» 2A5@548=V ?0=5;V, 0 B0:>6 ?> @S40E ?0=5;59 <V6 
A>1>R. 

� @50;P=8E <0A82=8E CAB0=>2:0E 4;S 4>AS3=5==S 25;8:8E =0?@C3 B0 
AB@C<V2 ?>є4=CRBP >18420 ?V4E>48. %?>G0B:C D>@<CRBP AB@>:8 (?>A;V4>2=>-
ABV >A5@54:V2 01> ?0=5;59) ?>B@V1=>W =0?@C38, 0 ?>BV< 7’є4=CRBP B0:V AB@>:8 
?0@0;5;P=> 4;S 71V;PH5==S AB@C<C. !0?@8:;04, C 25;8:><C <0A82V <>65 1CB8 

https://www.pveducation.org/pvcdrom/modules-and-arrays/mismatch-for-cells-connected-in-series#:~:text=For%20two%20cells%20connected%20in,equal%20to%20the%20lowest%20current
https://www.electricaltechnology.org/2020/09/series-parallel-and-series-parallel-connection-of-solar-panels.html#:~:text=If%20a%20module%20has%20an,the%20summation%20of%20two%20voltages
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10 5;5<5=BV2 C @S4 (AB@>:0) 4;S ~6 �, 0 5 B0:8E AB@>: ?0@0;5;P=> 40RBP ~30 � 
?@8 6 �. �030;P=0 =0?@C30 70;8H0єBPAS =0?@C3>R >4=VєW AB@>:8, 0 AB@C< 4>@V-
2=Rє AC<V ?> 2AVE AB@>:0E. 

 

&0:V A5@V9=>-?0@0;5;P=V 7’є4=0==S ?>:070=V ?@02>@CG =0 @8A. 2. �>=8 
A?@>ICRBP ?@>5:BC20==S: 5;5<5=B8 >4=0:>2>W B5E=>;>3VW 7’є4=CRBP ?>A;V4>-
2=>, 0 ?>BV< «<0A828» ?V4:;RG0RBP ?0@0;5;P=>. 

$>7@0EC=:8 ?@8:;04V2 
#@8:;04 1 (A5@VS): !5E09 C =0A є 5;5<5=B8 . %:V;P:8 

5;5<5=BV2 ?>B@V1=> 4;S ? �V4?>2V4P: .  >4C;P 7 20 5;5-
<5=BV2 40ABP , AB@C< 4>AV 5 � (?@8 :>@>B:><C 70<8:0==V). #>BC6-
=VABP <0:A8<0;P=0 1C45 ?>@S4:C . 

#@8:;04 2 (?0@0;5;P):  >4C;P 7 >4=>3> 5;5<5=B0 (0,6 �, 5 �) <>65 28-
4020B8 ~3 �B ?@8  $$. &@8 B0:8E ?0@0;5;P=> 3 =0?@C30 0,6 �, AB@C< 4> 15 �, 
?>BC6=VABP ~ . 

#@8:;04 3 (B01;8FS): �>@>B:> 4;S V;RAB@0FVW 7’є4=0==S: 
 
&01;8FS 1 3 #@8:;04 

�>=DV3C@0FVS !0?@C30, � %B@C<, � #>BC6=VABP, �B 
1 5;5<5=B (1×0,6 �) 0,6 5 3 
10 ?>A;V4>2=> (6 �×1) 6 5 30 
3 ?0@0;5;P=> (0,6 �×3) 0,6 15 9 
3×10 (7V1@0B8 3 AB@>:8 ?> 10) 6 15 90 

 
&CB 284=>, I> ?@8 ?0@0;5;P=><C 7’є4=0==V 7@>AB0є AB@C< (V ?>BC6=VABP), 

?@8 A5@V9=><C 3 =0?@C30. 
' 25;8:8E PV-<>4C;SE B0 <0A820E 28:>@8AB>2CRBP 109?0A=V 4V>48 (?0-

@0;5;P=> 3@C?0< >A5@54:V2) B0 1;>:C20;P=V 4V>48 (=0 2E>4V 2V4 ?0=5;V). �;>:C-
20;P=V 4V>48 ?5@5H:>460RBP 72>@>B=><C AB@C<C 2 B5<@S2V. �09?0A=V 3 70E8-
I0RBP 2V4 B>G:>28E 70BV=5=P. 

/: ?>SA=Rє PVEducation, 109?0A=89 4V>4 ?V4:;RG0RBP =02?@>B8 >A5@5-
4:C (0=>4 4> «-», :0B>4 4> «+» <>4C;S) [6]. �0 =>@<0;P=>W @>1>B8 :>65= 5;5-
<5=B 1C45 ?@S<>7<VI5=8<, 0 109?0A=89 4V>4 3 28<:=5=8< (72>@>B=89). /:I> 
6 S:89AP >A5@54>: @0?B>< >?8=8BPAS 70BV=5=8< V 28S28BPAS 72>@>B=>7<VI5-
=8< (=0?@8:;04, G5@57 =5@V2=><V@=89 :>@>B:>70<:=5=89 AB@C<), B> 109?0A-
=89 4V>4 2V4:@8єBPAS V ?@>?CAB8BP AB@C< <=02:>;>= FP>3> >A5@54:0 [6]. *5 
70?>1V30є ?5@53@V2C B0 ?>H:>465==R, 0465 CAV @5HB0 >A5@54:V2 715@V30RBP 
AB@C< 70<VABP B>3>, I>1 AB2>@R20B8 =0 70BV=5=><C 5;5<5=BV =0?@C3C C 45:V;P-
:0 2>;PB. 

https://www.pveducation.org/pvcdrom/modules-and-arrays/bypass-diodes#:~:text=The%20destructive%20effects%20of%20hot,the%20poor%20cell%20is%20reduced
https://www.pveducation.org/pvcdrom/modules-and-arrays/bypass-diodes#:~:text=The%20destructive%20effects%20of%20hot,the%20poor%20cell%20is%20reduced
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�8A=>2>:: A>=SG=V ?0=5;V :>=AB@CRRBPAS S: =87:0 4V>4V2 3 PV-
5;5<5=BV2 3 I> ?@0FRRBP 70 70:>=0<8 PN-?5@5E>4C[1,2]. #>A;V4>2=5 
7’є4=0==S 4>40є =0?@C3C (AB@C< >4=0:>289), ?0@0;5;P=5 3 4>40є AB@C< (=0-
?@C30 >4=0:>20)[5,8]. �’є4=0==S 4>?>2=RRBPAS 4V>40<8-@575@20<8 4;S AB01V-
;P=>W @>1>B8 ?@8 =5@V2=><V@=><C >A2VB;5==V. 
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12. &5E=V:0 A>=SG=>W 5=5@35B8:8 : =02G. ?>AV1. �8W2, 2020. 300 A. 
 

'�� 621.314 
%B@C=:V= �. .1, �V;89 �.�.2, �5@18FP:89  .%.2 

1 <03VAB@, V=65=5@ &"� «#;CB>= �%», AB59:E>;45@ 
2 ABC4. 3@. �-814A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 
$������*�/ � #'�Ь%!"�" $��� ' #$�  "��$!���*�� 

���$��� �����!!/ ��$%&�&� �)%-5� 

�. . %B@C=:V=, І.І. �V;89,  .%. �5@18Fь:89  

�;5:B@>EV<VG=0 >1@>1:0 (�)") H8@>:> 70AB>A>2CєBPAS C 28@>1=8FB2V 
;>?0B>: 4;S BC@1>@50:B82=8E 4283C=V2. �5@AB0B=89 ?0@: �)" 4> AP>3>45==S 
?@54AB02;5=89 <>@0;P=> 70AB0@V;8<8 AB0=:0<8: >4=>D07=8< �)%-50, B0 B@8-
D07=8< �)%-51. )>G0 =0 @8=:C є ?@>?>78FVW ACG0A=8E 25@AB0BV2 [1], 28@>1=8-
:8 4283C=V2 ?@>2>4SBP <>45@=V70FVR 9 VA=CRG>3> >1;04=0==S, =0A0<?5@54, WE 
465@5;0 682;5==S [2]. �8:>@8AB0==S B8@8AB>@=>3> @525@A82=>3> 28?@S<;SG0 
70<VABP 4V>4=>3> 20@V0=BC 7 <5E0=VG=8< @525@A>@>< 4>72>;8;0 @50;V7C20B8 
V<?C;PA=89 @568< @>1>B8 465@5;0 682;5==S, I> ?V428ICє S:VABP >1@>1:8 
;>?0B>:. 

!0 @8A. 1 ?>:070=0 AE5<0 <>45@=V7>20=>3> 70 CG0ABR 02B>@0 465@5;0 4;S 
25@AB0B0 �)%-50.  

$525@A82=89 >4=>D07=89 28?@S<;SG � C A:;04V AE5<8 4>72>;Sє ?5@5<8-
:0B8 682;5==S 25@AB0B0 <V6 @568<0<8 B@02;5==S B0 ?@>DV;R20==S (7<V=RR-
G8 ?>;S@=VABP 4;S >1@>1:8 5;5:B@>4V2). �>=BC@ :5@C20==S, C A:;04V S:>3> є 
@53C;SB>@ AB@C<C $%, =0 S:89 ?@8E>48BP 72>@>B=V9 72’S7>: 7 40BG8:0 AB@C<C 
�%, 70157?5GCє 70E8A=5 AB@C<>>1<565==S. �024S:8 A8AB5<V V<?C;PA=>-
D07>2>3> C?@02;V==S %�(' 28?@S<;SG ?@0FRє C 157?5@5@2=><C 01> V<?C;PA-
=><C @568<0E (<5B>4 G0AB:>28E A8=CA>W4). ,284:>4VRG89 70E8AB 2V4 ?@8?V-
:0=P [2] @50;V7>20=> 70 4>?><>3>R B@0=78AB>@=>3> :;RG0 7<V==>3> AB@C<C 
(�) C ?5@28==><C ;0=FR7V B@0=AD>@<0B>@0, S:89 4>40B:>2> 70E8I5=> 70?>-
1V6=8:>< F.  5B>4 G0AB:>28E A8=CA>W4 C 28?@S<;SGV, S: ?>:070=> =0 @8A. 2, 
70 A2>W< ?@8=F8?>< є ?5@5@82G0AB8< @568<>< @>1>B8 28?@S<;SG0 [3], I> 2 
AC:C?=>ABV 7 =020=B065==S<, 1;87P:8< 4> 0:B82=>3>, 40є V<?C;PA8 AB@C<C 2 
:0<5@V 25@AB0BC. 

�;S 5:A?5@8<5=BV2 7V ABC?5=5< >1@>1:8 ?>25@E=V ;>?0B>: <>6;825 D>-
@<C20==S ?0G>: V<?C;PAV2, S: ?>:070=> =0 @8A. 2, 0, 01> ?@>AB> ?>A;V4>2=>ABV 
V<?C;PAV2 (@8A. 2, 1). #@8 B0:V9 >@30=V70FVW V<?C;PA=>3> @568<C <>6;820 V 
AB01V;V70FVS AB@C<C 2 =020=B065==V D07>28< 01> @5;59=8< <5B>4><. 

�>2>;V =5A:;04=0 <>45@=V70FVS VA=CRG>3> 465@5;0 682;5==S 25@AB0BC 
4>72>;8;0 @50;V7C20B8 V<?C;PA=89 @568< >1@>1:8, =5>1EV4=89 4;S ?V428-
I5==S S:>ABV ?>25@E=V ;>?0B>:. 
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$8AC=>: 1 3 %B@C:BC@0 <>45@=V7>20=>3> 465@5;0 682;5==S 25@AB0B0 �)%-50. 

 

 
$8AC=>: 2 3  5B>4 G0AB:>28E A8=CA>W4 C 28?@S<;SGV. 

 
 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. The Cost-Effective Solution for Complex Turbine-Blade Machining with 
PECM Technology. URL: https://www.emag.com/products-
services/machines/ecm-pecm-machines/po-100-sf/ (40B0 725@=5==S 02.04.2026). 

2. ";V9=8:  . �. �;5:B@>B5E=>;>3VG=V >1'є:B8 B0 WE 5;5:B@>?>AB0G0==S: 
=02G. ?>AV1. !0F. C=-B «�P2V2. #>;VB5E=V:0». �P2V2 : �84-2> �P2V2. ?>;VB5E-
=V:8, 2016. 342 A. 

3. %B@C=:V= �.  . �0AB>AC20==S ?@8AB@>W2 A8;>2>W 5;5:B@>=V:8. �=V?@ : 
%5@54=S: &. �., 2024. 408 A. 

 
 

https://www.emag.com/products-services/machines/ecm-pecm-machines/po-100-sf/
https://www.emag.com/products-services/machines/ecm-pecm-machines/po-100-sf/
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'�� 628.9/ 330.322 
 54254є2 �.  .1, %5;5FP:0 /. �.2 
1 ABC4. 3@. �-415< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

&�)!��"-��"!" �+!� "�Ґ$'!&'��!!/  "��$!���*�� 
�"�!�,!Ь"�" "%��&��!!/ &�$�&"$�� #��#$�Є %&�� 

�.  .  54254є2, /. �. %5;5Fь:0  

�>2=VH=є >A2VB;5==S ?@><8A;>28E <0940=G8:V2 є 5=5@3>є<=8< A53<5=-
B>< 3>A?>40@AB20. &@048FV9=V =0B@Vє2V ;0<?8 28A>:>3> B8A:C (�!0&) <0RBP 
7=0G=C V=5@FV9=VABP ?@8 22V<:=5==V B0 28A>:V ?CA:>2V AB@C<8. �?@>20465==S 
A2VB;>4V>4=8E (LED) A8AB5< 4>72>;Sє =5 ;8H5 7=878B8 A?>6820==S, 0 9 V=B53-
@C20B8 A8AB5<8 02B><0B870FVW [1,2,3]. 

$>73;S40єBPAS A8AB5<0 ?5@8<5B@0;P=>3> >A2VB;5==S ;>3VAB8G=>3> 2C7;0 
?;>I5R 12 000 <2. �;S ?>@V2=S==S >1@0=>: 

1. �07>289 20@V0=B: %2VB8;P=8:8 7 ;0<?0<8 �!0&-250 (?>BC6=VABP 
280 �B). 

2. #@>є:B=89 20@V0=B: �>=A>;P=V LED-A2VB8;P=8:8 (?>BC6=VABP 110 �B). 
 

&01;8FS 1 3 #>@V2=S==S B5E=VG=8E E0@0:B5@8AB8: 
#>:07=8: �!0&-250 (�07>289) LED-110 (#@>є:B=89) 
&8? ;0<?8 !0B@Vє20 28A>:>3> 

B8A:C 
%2VB;>4V>4=0 <0B@8FS 

#>BC6=VABP A2VB8;P=8-
:0 ($;), �B 

280 110 

%2VB;>289 ?>BV:, �< 26 000 14 500 
%2V;>2V440G0, �</�B 92 131 
�V;P:VABP A2VB8;P=8:V2 
(N), HB 

50 50 

�AB0=>2;5=0 ?>BC6-
=VABP, :�B 

14,0 5,5 

&5@<V= A;C618, 3>4 12 000 50 000 
 

�:>=><VG=5 >1�@C=BC20==S: $>7@0EC=>: ?@>2545=> 70 C<>28 @>1>B8 
10 3>4/4>1C (3650 3>4/@V:) B0 B0@8DC 9,50 3@=/:�B·3>4. 

$VG=5 A?>6820==S �!0B: 
50×0.28×3650=51 100 :�B·3>4 (485 450 3@=/@V:). 
$VG=5 A?>6820==S LED: 
50×0.11×3650=20 075 :�B·3>4 (190 712 3@=/@V:). 
$VG=0 5:>=><VS: 294 738 3@=. 
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#@8 20@B>ABV 70<V=8 >4=VєW B>G:8 C 8500 3@= (7030;P=V V=25AB8FVW 
425 000 3@=), B5@<V= >:C?=>ABV ?@>є:BC AB0=>28BP 1,44 @>:8. 

�?@>20465==S LED 4>72>;Sє 7=878B8 ?>2=C ?>BC6=VABP A8AB5<8 >A2VB-
;5==S =0 60,7 %. *5 72V;P=Sє ?>BC6=VABP B@0=AD>@<0B>@=>W ?V4AB0=FVW B0 7<5-
=HCє ?04V==S =0?@C38 2 ;V=VSE 7=0G=>W ?@>BS6=>ABV.  8BBє289 70?CA: LED-
465@5; 28:;RG0є ?5@5=020=B065==S <5@56V ?CA:>28<8 AB@C<0<8, ?@8B0<0=-
=8<8 307>@>7@S4=8<8 ;0<?0<8. 

�8A=>2:8.  >45@=V70FVS 7>2=VH=P>3> >A2VB;5==S є 28A>:>5D5:B82=8< 
@VH5==S< V7 :>@>B:8< B5@<V=>< >:C?=>ABV. ":@V< ?@S<>W 5:>=><VW :>HBV2, 
?V4?@8є<AB2> >B@8<Cє AB01V;P=C @>1>BC A8AB5<8 7024S:8 28A>:><C V=45:AC 
?5@540GV :>;P>@C B0 2V4ACB=>ABV ?C;PA0FV9 A2VB;>2>3> ?>B>:C. 
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A. ISBN 978-617-529-425-3. 
 
 
'�� 621.32:658.26 
#5B@CH8=  . %. 
¹ ABC4. 3@. �-814A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 

"*�!�� ��"-����!!/ ����&$�+!"� �!�$��� !� 
#$" �%�"�" '  ����!+��' !� #��#$�Є %&�� #$�& 

«'�$�$�(�&» 
 . %. #5B@CH8=  

!0 ?V4?@8є<AB2V #@�& «':@3@0DVB» C <. �0?>@V66V 28:>@8AB>2CRBP 4;S 
7>2=VH=P>3> >A2VB;5==S ?V4?@8є<AB20 @BCB=V ;0<?8: B8?C �$� 125 �27, �$� 
250 �40, I> <0є 2V4=>A=V =87P:V :0?VB0;>2:;045==S, 0;5 <0є 28A>:C 5=5@3>є<-
=VABP V <0є B5@<V= A;C618 2V4 6 000 4> 11 000 3>48=. �82G5==S D0EV2FV2 =0 
?V4?@8є<AB2V ?>:07Cє =5>1EV4=VABP ?@>1;5<8 <>45@=V70FVW A8AB5<8 7>2=VH-
=P>3> >A2VB;5==S ?V4?@8є<AB20 ?@><. <0940=G8:0 71. %2VB;>4V>4=V ?@>65:-
B>@8 LED 50W 6500K B8?C PowerLux 4>72>;SRBP 70>I048B8 7=0G=C :V;P:VABP 
5;5:B@>5=5@3VW, WE A5@54=V9 B5@<V= A;C618 AB0=>28BP 2V4 30 000 4> 50 
0003>48= (B5@<V= A;C618 7@>:V2), 0;5 28:>@8AB0==S A2VB;>4V>4=8E ;0<? 28-
<030є 7=0G=8E :0?VB0;P=8E 28B@0B, 0 0AB@>=><VG=5 @5;5 G0AC theben selecta 170 
top 2 C?@02;Sє =020=B065==S< (70728G09 >A2VB;5==S<) 70 @>7:;04>< AE>4C B0 
70E>4C A>=FS =0 >A=>2V 22545=8E 35>3@0DVG=8E :>>@48=0B. �;RG>28<8 E0@0:-
B5@8AB8:0<8 @5;5 G0AC є 02B><0B8G=0 :>@5:FVS G0AC 70 A57>=0<8, =0S2=VABP 
5=5@3>=570;56=>W ?0<'SBV (4> 10 @>:V2) B0 ?5@5<8:0RGV :>=B0:B8, 7024S:8 
FP><C :>@83C20==S G0AC (70 2-3 3>48=8 4> ?>G0B:8 7<V=8) 7<5=HCє A?>68-
20==S 5;5:B@8G=>W 5=5@3VW =0 ?V4?@8є<AB2V. 
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#@>5:BC20==S =>2>W 01> <>45@=V70FVS VA=CRG>W A8AB5<8 7>2=VH=P>3> 
>A2VB;5==S є 1030B>20@V0=B=8< 70240==S< 28:;RG0є ?>HC: =5 BV;P:8 :@0I8E 
B5E=VG=8E @VH5=P, 0 9 =091V;PH 283V4=8E 7 5:>=><VG=8E ?>3;S4V2 20@V0=BV2 
4;S ?V4?@8є<AB20. $>7@0EC=>: A8AB5<8 4;S 7>2=VH=P>3> >A2VB;5==S ?V4?@8є<-
AB20 7@>1;5=> 70 4>?><>3>R ?@>5:B=>3> :>=AB@C:B >@=>3> 2V44V;C ?V4?@8є<A-
B20 #@�& «':@3@0DVB». 

�;S 7>2=VH=P>3> >A2VB;5==S ?V4?@8є<AB20 (?@><.<0940=G8: 71): =>@-
<>20=0 >A2VB;5=VABP: �= = 400 �:; 4>268=0: �=450<; H8@8=0: �=450<; ?;>-
I0: S = 202500 <2; 

� B01;. 1 =02545=> @>7@0EC=:>2V E0@0:B5@8AB8:8 A8AB5<8 >A2VB;5==S 
?@><8A;>2>3> <0940=G8:0. 

 
&01;8FS 1 3 $>7@0EC=:>2V E0@0:B5@8AB8:8 A8AB5<8 >A2VB;5==S ?@><8A-

;>2>3> <0940=G8:0 
$>7@0EC=:>2V E0@0:B5@8AB8:8  �$� �$� LED 

�65@5;> A2VB;0 �07>@>7-
@S4=0 

�07>@>7-
@S4=0 

%2VB;>-
4V>4=0 

&8? A2VB8;P=8:0 125 (�27) 250 (�40) 
Power-
LUX 

!><V=0;P=89 ?>G0B:>289 ?>BV: ;0<-
?8, �< 

6000 11000 6500� 

%2VB;>2V440G0 A2VB8;P=8:0, �</�B 45 50 120 
#>BC6=VABP ;0<?8, $;, �B 125 250 50 
�V;P:VABP ;0<? N, HB  100 100 200 

�:B82=0 ?>BC6=VABP >A2VB;5==S 
(=><), :�B ( РлNP =BE6

AB@ ) 

100×125=
12500�B 
=12,5:�B 

100×250=
25000�B 
=25:�B 

50×200=
10000�B 
=10:�B 

�>5DVFVє=B ?>BC6=>ABV cosφ 0,6 0,9 0,9 

�>5DVFVє=B #$�, �#$� 1,1 1,1 1 

�>5DVFVє=B ?>?8BC, �# 0,9 0,9 0,9 
�:B82=0 @>7@0EC=:>20 ?>BC6=VABP 
>A2VB;5==S, :�B  12,37 24,75 9,9 

$50:B82=0 @>7@0EC=:>20 ?>BC6=VABP 
>A2VB;5==S, :��@ 10 20 6 

#>2=0 ?>BC6=VABP >A2VB;5==S (
BE6
DP ), 

:�� 
15 30 12,5 

#>BC6=VABP B@0=AD>@<0B>@C F5EC 630 
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$>7@0EC=:>2V E0@0:B5@8AB8:8  �$� �$� LED 
10/0,4:� (S=>< Ä), :�� 

%100

 τAB@

BE6
D 

S

S

 
2,38 4,76 1,98 

"B65, 0:B82=0 @>7@0EC=:>20 ?>BC6=VABP >A2VB;5==S ?@8 28:>@8AB0=V 
�$� ;0<? = 37,5 :�B AC<0@=0, ?@8 28:>@8AB0=V LED ;0<? = 10 :�B. #@8 28-
:>@8AB0=V LED ;0<? 0:B82=0 ?>BC6=VABP 7<5=HCєBPAS =0 72,5 %. 

� ?@>F5=B=><C 2V4=>H5==V ?>2=0 @>7@0EC=:>20 ?>BC6=VABP >A2VB;5==S 
A8AB5<8 >A2VB;5==S ?@8<VI5==S F5EC 2V4 ?>BC6=>ABV B@0=AD>@<0B>@0 F5EC. 

�;S �$� ;0<?: 

%76,4%100
630

30
%100

AB@

BE6
p ==

S

S

 

�;S LED ;0<?: 

%98,1%100
630

5,12
%100

AB@

BE6
p ==

S

S

 

#@8 <>45@=V70FVW A8AB5<8 7>2=VH=P>3> >A2VB;5==S ?V4?@8є<AB20 <>6=0 
4>AS3B8 7<5=H5==S ?>BC6=>ABV >A2VB;5==S 7 4,76 % (28:>@8AB0==S �$� ;0<?) 
4> 1,98 % (?@8 28:>@8AB0==V LED ;0<?) B0 4;S 7<5=H5==S 28B@0B 5;5:B@8G=>W 
5=5@3VW ?V4?@8є<AB20, I> A?>6820єBPAS 7>2=VH=V< >A2VB;5==S<, 0AB@>=><VG=5 
@5;5 G0AC 4>40B:>2> =0;0HB>20=5, =0 2V4:;RG5==S >A2VB;5==S 2 =VG=89 G0A 7 
22:00 4> 5:00 (7 3>48=), ?@8 A5@54=V9 B@820;>ABV =>GV 11 3>4.30E2., C 72’S7:C 7 
@568<>< @>1>B8 ?V4?@8є<AB20. 

 
 

'�� 621.365:641.5 
)@8AB8G  . �. 
2 ABC4. 3@. �-415< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
$��!�*/ ���"$�%&�!!/ �!�'�&��!"� &� ����&$�+!"� 

!��$��!"� #"��$)!� ��/ �" �,!�) #��& 

 . �. )@8AB8G 

#>1CB>2V ?;8B8 <>6CBP <0B8 =03@V20;P=C ?>25@E=R, 283>B>2;5=C 7V 
A:;>:5@0<V:8 01> 7030@B>20=>3> A:;0. #@>B5 3>;>2=0 WE 203><0 2V4<V==VABP 3 
F5 @V7=V =03@V20;P=V 5;5<5=B8. �=4C:FV9=0 ?;8B0 28@>1;Sє B5?;> 7024S:8 <03-
=VB=><C ?>;R, I> CB2>@RєBPAS 7024S:8 A?5FV0;P=V9 :>BCHFV. !03@V20єBPAS 
?>AC4, 0;5 =5 ?>25@E=S ?;8B8. �;5:B@8G=0 ?;8B0 @>7V3@V20єBPAS 7024S:8 AB@C-
<C, I> ?@>E>48BP. &><C A?>G0B:C ?>25@E=S 3@VєBPAS, 0 ?>BV< 3 ?>AC4. /:I> C 
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20A W60 ?>B@0?8BP =0 ?>25@E=R ?V4 G0A 3>BC20==S, B> =0 V=4C:FV9=V9 ?;8BV 
?@81@0B8 WW <>6=0 ?@>B5@H8 <’S:>R 30=GV@:>R. � >B 7 5;5:B@8G=>R B@>H:8 
V=0:H5. +5@57 B5, I> ?>25@E=S 265 =03@VB0, B> W60 ?@83>@8BP V ?@81@0B8 WW 
1C45 206G5, 157 4>40B:>28E «?><VG=8:V2» =5 >1V9B8AP. +0A ?@83>BC20==S =0 
V=4C:FV9=V9 ?;8BV 2 @078 A:>@>GCєBPAS, ?@>B5 =5 <0є DC=:FVW BCH:C20==S (2 
4>@>6G8E <>45;SE 2>=0 ?@8ACB=S). �;5:B@8G=0 ?;8B0, E>G V =03@V20єBPAS 4>-
2H5, ?@>B5 70 4>?><>38 :5@C20==S B5<?5@0BC@8 є <>6;82VABP BCH:C20B8. 

 
0    1 

$8AC=>: 1 3 !03@V20;P=V ?>25@E=V V=4C:FV9=>W (0) B0 5;5:B@8G=>W (1) ?>1CB>-
28E ?;8B 

 
�=4C:FV9=5 =03@V20==S 284V;SєBPAS B8<, I> <0є 28A>:89 ��� (?@81;87-

=> 90%), H284:5 =03@V20==S, <8BBє2> @503Cє =0 7<V=C ?>BC6=>ABV, ?>4V1=> 4> 
307>28E ?;8B B0 є 1V;PH 157?5G=8< E>G V 4>@>6G8< 20@V0=B>< >A:V;P:8 =03@V-
20єBPAS ;8H5 ?>AC4, B5?;> =5 28B@0G0єBPAS =0 ?@>3@V2 A:;>:5@0<V:8 B0 ?>2VB-
@S =02:>;>. )>G0 2>=8 <>6CBP ?@0FR20B8 2V4 2203240 �>;PB, 4;S WE=P>W ?>2-
=>FV==>W @>1>B8 (28:>@8AB0==S 2AVE :>=D>@>: =0 28A>:V9 ?>BC6=>ABV) @5:>-
<5=4CєBPAS ?V4:;RG5==S 4> A8;>2>W ;V=VW 7 =0?@C3>R 3803400 �>;PB (B@8 
D078) 01> >1;0HBC20==S >:@5<>W 284V;5=>W ;V=VW 220 � V7 :015;5< 25;8:>3> 
?5@5@V7C, >A:V;P:8 ?>BC6=VABP B0:8E ?;8B 4>AS30є 6.537 :�B. �;S AB0FV>=0@-
=8E ?;8B =5>1EV4=0 A?5FV0;P=0 @>75B:0 =0 25332 �. �C65 206;82> =5 701C20-
B8, I> 4;S B0:>3> 284C =03@V2=>W ?>25@E=V =5>1EV4=> 28:>@8AB>2C20B8 A?5FV-
0;P=89 <03=VB=89 ?>AC4 01> <VAB8BP A?5FV0;P=C ?V4:;04:C =0 4=V ?>AC48=8 7 
D5@><03=VB=8< <0B5@V0;>< S: - 70;V7>, G02C=, =5@602VRG0 AB0;P. �� =0S2=VABP 
>1>2’S7:>20 4;S 28:>@8AB0==S V=4C:FVW. 

�;5:B@>B5?;>25 =03@V20==S є 1V;PH C=V25@A0;P=8< 1> <>6=0 28:>@8AB>-
2C20B8 AB0@V 0;R<V=Vє2V G8 A:;S=V :0AB@C;V. !03@V2 2V41C20єBPAS 1V;PH ?>ABC-
?>2>, I> V=>4V 7@CG=> 4;S B@820;>3> BCH:C20==S. �0;8H:>20 B5<?5@0BC@0 
?VA;S 28<:=5==S ?;8B0 4>23> 70;8H0єBPAS 30@SG>R, I> 4>72>;Sє «4>20@R20-



215 

B8» AB@02C, 0;5 ?V428ICє @878: B@02<. 220-230 � (>4=>D07=0 <5@560) 01> 
380-400 � (B@8D07=0 <5@560, I> є :@0I8< 20@V0=B>< 4;S ?>BC6=8E ?;8B). 
�;S >:@5<8E @>75B>: ?V4 20@8;P=V ?0=5;V B0 ?;8B8 =5>1EV4=0 ?@>2>4:0, I> 
28B@8<Cє AB@C< 2V4 32 4> 40 �, 4;S ?>BC6=8E ?;8B ?>B@V1=5 ?V4:;RG5==S I> 
<>65 28B@8<0B8 ?>BC6=VABP ?>=04 18 :�B. )>G0 F59 20@V0=B є 1V;PH 4>ABC?-
=8<, <0є <5=H5 ��� (60375%) B>1B> 1V;PHV 5;5:B@8G=V 2B@0B8 =0 @>7V3@V2 B0 
?V4B@8<0==S B5<?5@0BC@8. 

�8A=>2>:. �81V@ <V6 5;5:B@8G=>R B0 V=4C:FV9=>R ?;8B>R 70;568BP 2V4 
20H8E ?>B@51 V 1R465BC. /:I> 206;82V 157?5:0 B0 H284:VABP 3 20@B> >1@0B8 
V=4C:FVR. /:I> 6 3>;>2=5 3 ?@>AB>B0 B0 4>ABC?=VABP, 5;5:B@8G=0 ?;8B0 AB0=5 
:@0I8< 281>@><. 

 
 

'�� 621.316:621.74:620.179 
�0A8;52AP:89 �. �.1, �0A8;52AP:0 /. �.2 

1 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �(7-515< !' «�0?>@V7P:0 ?>;VB5E=V:0» 

 �&"�� !�$'�!��!"�" �"!&$"�. ��&�) ��&���� � 
����&$"�#�$�&"�'�'��!!� 
�. �. �0A8;52Aь:89, /. �. �0A8;52Aь:0  

�8BV 45B0;V 5;5:B@8G=8E 0?0@0BV2 (:>@?CA8 02B><0B8G=8E 28<8:0GV2 V 
:>=B0:B>@V2, ?>;RA=V =0:>=5G=8:8, AB@C<>?@>2V4=V 5;5<5=B8) є :>=AB@C:B82-
=> 2V4?>2V40;P=8<8 :><?>=5=B0<8. �820@=5 ?>E>465==S 7C<>2;Rє A?5F8DV-
G=89 =01V@ 45D5:BV2 4;S B0:8E 45B0;59: CA04:>20 ?>@8ABVABP, 307>2V @0:>28=8, 
E>;>4=V A?0W, =5<5B0;52V 2:;RG5==S. *V 45D5:B8 157?>A5@54=P> 7=86CRBP 
<5E0=VG=C <VF=VABP, 5;5:B@8G=C ?@>2V4=VABP V 4C3>ABV9:VABP 28@>1V2, I> @>-
18BP =5@C9=V2=89 :>=B@>;P (!�) >1>2'S7:>28< 5;5<5=B>< A8AB5<8 C?@02;V=-
=S S:VABR. 

� ?>3;S4C :>=B@>;5?@840B=>ABV ;8BV 45B0;V 5;5:B@>0?0@0BV2 4>FV;P=> @>-
74V;8B8 =0 42V 3@C?8. �> ?5@H>W 3@C?8 =0;560BP 45B0;V 7 6>@AB:8<8 28<>30-
<8 4> 5;5:B@>DV78G=8E 2;0AB82>AB59 3 :>=B0:B=V <VAB:8, H8=8, AB@C<>?@>-
2V4=V 2AB02:8, 4;S S:8E :@8B8G=8<8 є ?>25@E=52V B0 ?V4?>25@E=52V ?>@8, I> 
71V;PHCRBP ?5@5EV4=89 >?V@ V є >A5@54:0<8 4C3>2>W 5@>7VW. �> 4@C3>W 3 =5ACGV 
B0 :>@?CA=V 45B0;V, 45 287=0G0;P=8<8 є 2=CB@VH=V @0:>28=8 V B@VI8=8, I> 
7=86CRBP C40@=C 2'S7:VABP V >?V@ F8:;VG=8< =020=B065==S< C ?@>F5AV :><C-
B0FVW. &0:89 ?>4V; 4>72>;Sє >1�@C=B>20=> 2818@0B8 <5B>48 V =>@<8 :>=B@>;R 
4;S :>6=>W =><5=:;0BC@=>W ?>78FVW, C=8:0RG8 S: =04<V@=>3>, B0: V =54>AB0B-
=P>3> :>=B@>;R. 

�;S ;8B8E 45B0;59 5;5:B@>0?0@0BV2 70AB>A>2CRBP :V;P:0 >A=>2=8E <5B>-
4V2 !�. $5=B35=V2AP:0 @04V>3@0DVS B0 :><?'RB5@=0 B><>3@0DVS 70157?5GCRBP 
28S2;5==S 2=CB@VH=VE >1'є<=8E 45D5:BV2 V є 206;828<8 <5B>40<8 2V4?@0FR-
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20==S B5E=>;>3VG=>3> ?@>F5AC, ?@>B5 <0RBP >1<565=C ?@840B=VABP 4;S A5@V9-
=>3> :>=B@>;R G5@57 B@820;VABP F8:;C V 28B@0B8 =0 @04V0FV9=89 70E8AB. ';PB-
@072C:>289 :>=B@>;P V7 D07>20=8<8 @5HVB:0<8 (phased array) 4>72>;Sє :>=B-
@>;R20B8 45B0;V A:;04=>W D>@<8 C @50;P=><C G0AV B0 є =091V;PH B5E=>;>3VG=> 
3=CG:8< <5B>4>< 4;S ?>B>:>2>3> 28@>1=8FB20. �8E@>AB@C<>289 :>=B@>;P 
5D5:B82=89 4;S 28S2;5==S ?>25@E=528E V ?V4?>25@E=528E 45D5:BV2 C 45B0;SE 
V7 :>;P>@>28E <5B0;V2, 0 B0:>6 4>72>;Sє :>=B@>;R20B8 S:VABP B5@<>>1@>1:8 
70 7<V=>R 5;5:B@>?@>2V4=>ABV. �0?V;S@=0 45D5:B>A:>?VS 70;8H0єBPAS =09?@>-
ABVH8< V =0945H52H8< <5B>4>< 28S2;5==S ?>25@E=528E B@VI8= ?@8 2EV4=>-
<C :>=B@>;V 4@V1=8E 45B0;59. 

�>45= V7 <5B>4V2 =5 є C=V25@A0;P=8<. �;S :>@?CA=8E 45B0;59 V7 0;R<V-
=Vє28E A?;02V2 @0FV>=0;P=8< є B0=45< '�� V 28E@>AB@C<>2>3> :>=B@>;R; 4;S 
<V4=8E AB@C<>?@>2V4=8E 5;5<5=BV2 3 28E@>AB@C<>289 :>=B@>;P C ?>є4=0==V 7 
:0?V;S@=>R 45D5:B>A:>?VєR. #5@A?5:B82=8< =0?@S<>< є V=B53@0FVS 70A>1V2 
!� 2 02B><0B87>20=V 28@>1=8GV ;V=VW V7 70AB>AC20==S< =59@><5@56528E 0;3>-
@8B<V2 :;0A8DV:0FVW 45D5:BV2, I> ?V428ICє 2V4B2>@R20=VABP @57C;PB0BV2 V 
A:>@>GCє :V;P:VABP ?><8;:>28E A?@0FR20=P. 

�?@>20465==S :><?;5:A=8E <5B>4V2 !� 4>72>;Sє 7=878B8 @V25=P ?@8E>-
20=>3> 1@0:C, ?V428I8B8 =04V9=VABP 3>B>28E 28@>1V2 V A:>@>B8B8 28B@0B8 =0 
30@0=BV9=5 >1A;C3>2C20==S. 

 
 

'�� 621.314 
�D0=0APє2 ". �.1, %:@C?A:0S �. %.2, �C@689 ". %.3 

1 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 ABC4. 3@. �-415< !' «�0?>@V7P:0 ?>;VB5E=V:0» 
�"%�����!!/ �#���' �"!%&$'�&��!�) +�!!���� &� 

$��� �� !���!&���!!/ !� #"���!��� 
��%#�'�&�*��!"� !����!"%&� ��%"�"�"�Ь&!�) 

$"�#"���Ь!�) #$�%&$"�� 

". І. �D0=0Aьє2, �. %. %:@C?A:0O, ". %. �C@689  

#V428I5==S 28<>3 I>4> 5:A?;C0B0FV9=>W =04V9=>ABV B@0=AD>@<0B>@=8E 
?V4AB0=FV9 B0 WE @>7?>4V;P=8E ?@8AB@>W2 ($#) 7=0G=>R <V@>R 70;568BP 2V4 WE 
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&0:89 ?V4EV4 4>72>;Sє =5 ;8H5 ?V428I8B8 =04V9=VABP, 0 9 7@>18B8 A8A-
B5<C 1V;PH @578;Pє=B=>R - 740B=>R ?@0FR20B8 =02VBP ?@8 G0AB:>28E ?>H:>-
465==SE. �03><8< G8==8:>< ?V428I5==S @578;Pє=B=>ABV ��% ':@0W=8 AB02 
?5@5EV4 =0 ?0@0;5;P=C @>1>BC 7 ENTSO-E . *5 40;> 7<>3C 70;CG0B8 020@V9=C 
4>?><>3C 2V4 ACAV4=VE ��% 4;S ?>4>;0==S :@87>28E A8BC0FV9 B0 74V9A=R20B8 
V<?>@B 5;5:B@>5=5@3VW. ' <V@C CA:;04=5==S ��% ':@0W=8 B@048FV9=V <5B>48 
C?@02;V==S AB0RBP =54>AB0B=V<8. �=0G=C @>;P 2 45F5=B@0;V70FVS ��% 3@0є 
HBCG=89 V=B5;5:B (,�), S:89 28:>@8AB>2CєBPAS 4;S: ?@>3=>7C20==S A?>68-
20==S 5;5:B@>5=5@3VW; ?5@5410G5==S 35=5@0FVW A>=SG=8<8 B0 2VB@>28<8 5;5:B-
@>AB0=FVS<8, C?@02;V==S =0:>?8GC20G0<8 B0 10;0=AC20==S A8AB5<8 2 @50;P-
=><C G0AV. #> >FV=:0< 5:A?5@BV2 <0A>25 2?@>20465==S ?>1CB>28E =0:>?8GC-
20GV2 2 @>7?>4V;5=C 35=5@0FVR <>65 G0AB:>2> 70<V=8B8 B5?;>2C 35=5@0FVR S:0 
1C;0 2B@0G5=0 2 2025 @>FV, 0 ,� 28ABC?0є :;RG>28< V=AB@C<5=B>< :>>@48=0-
FVW F8E @5AC@AV2. 
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%CG0A=0 B@0=AD>@<0FVS ��% ':@0W=8 ?5@5410G0є: 
 3 @>728B>: @>7?>4V;5=>W 35=5@0FVW (A>=SG=V, 2VB@>2V 5;5:B@>AB0=FVW, <0;V 

&�*, :>35=5@0FV9=V CAB0=>2:8); 
 3 AB2>@5==S ;>:0;P=8E 5=5@35B8G=8E 2C7;V2 V <V:@><5@56 (microgrids), 

740B=8E ?@0FR20B8 02B>=><=>; 
 3 V=B53@0FVR A8AB5< =0:>?8G5==S 5=5@3VW (0:C<C;SB>@=V 10B0@5W, 3V4@>0-

:C<C;RRGV AB0=FVW); 
 3 ?V428I5==S 3=CG:>ABV B0 :5@>20=>ABV <5@56 70 @0EC=>: F8D@>2V70FVW 

B0 02B><0B870FVW. 
 

 
$8AC=>: 1 3 %B0= 35=5@0FVW ��% ':@0W=8 =0 :V=5FP 3@C4=S 2024 [1] 
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$8AC=>: 2 3 %B0= 35=5@0FVW ��% ':@0W=8 =0 A5@?5=P 2020 [2] 

 
&0:8< G8=><, ':@0W=0 ?>ABC?>2> ?5@5E>48BP 2V4 F5=B@0;V7>20=>W 4> 

1V;PH 3=CG:>W, 45F5=B@0;V7>20=>W B0 ABV9:>W 5=5@3>A8AB5<8, 740B=>W 5D5:B82-
=> DC=:FV>=C20B8 =02VBP 2 C<>20E ?V428I5=8E @878:V2 V 703@>7. 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. Ukraine: From War To Peace and Recovery. Analytical Assessments. De-
cember 2024. URL: https://razumkov.org.ua/images/2025/01/16/2024-PAKT-
December-RC.pdf (40B0 725@=5==S: 13.01.2025). 

2. !5<8:V=0 ". �. #>=>2;R20;P=V B0 0;PB5@=0B82=V 465@5;0 5=5@3VW: =02-
G0;P=89 ?>AV1=8:. �0?>@V66S : �8402=8FB2> !' «�0?>@V7P:0 ?>;VB5E=V:0», 
2020. 187 A. 

 
 

'�� 621.311 
!5<8:V=0 ". �.1, &5@B8H=89 �. ".2 

1 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-814A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 

"*�!�� �(��&��!"%&� �" #�!%�*�� $���&��!"� 
#"&'�!"%&� #$� $���"� �!!�) !���!&���!!/) 

#$" �%�"�"�" #��#$�Є %&�� 

". �. !5<8:V=0, �. ". &5@B8H=89  

�=0G=0 :V;P:VABP ?@><8A;>28E ?V4?@8є<AB2, >A>1;82> <5B0;C@3V9=V 28-
@>1=8FB20, 2 ':@0W=V 5:A?;C0BCє >1;04=0==S 7 @V7:>7<V==8< B0 =5;V=V9=8< 
E0@0:B5@>< =020=B065==S (720@R20;P=V :><?;5:A8, 4C3>2V ?5GV, ?V49><=>-



228 

B@0=A?>@B=V <5E0=V7<8). *5 ?@872>48BP 4> 7=0G=>3> A?>6820==S @50:B82=>W 
5=5@3VW, ?>3V@H5==S S:>ABV 5;5:B@>5=5@3VW, 28=8:=5==S :>;820=P =0?@C38 
(D;V:5@0) B0 4>40B:>28E 2B@0B C <5@560E. 

�82G5==S ?@>1;5<8 ?>:07Cє, I> B@048FV9=V :>=45=A0B>@=V CAB0=>2:8 7 
:>=B0:B>@=8< :5@C20==S< =5 740B=V 5D5:B82=> B0 H284:> @503C20B8 =0 B0:V 
@V7:V 7<V=8 =020=B065==S G5@57 70B@8<:8 2 :><CB0FVW. 

�8:>@8AB0==S ACG0A=8E A8AB5< 48=0<VG=>W :><?5=A0FVW, B0:8E S: AB0B8-
G=V B8@8AB>@=V :><?5=A0B>@8 (%&�) 01> 0:B82=V DV;PB@8 (STATCOM) (Static 
Synchronous Compensator), =0?@C3>R 2V4 6 4> 220 :� (?@><8A;>2V ?V4?@8є<A-
B20, @>7?>4V;PGV 01> 6828;P=V <5@56V) 01> 02B><0B8G=8E :>=45=A0B>@=8E 
CAB0=>2>: (��'), =0?@C3>R 0,4-10 :�, 4>72>;Sє 2 @568<V @50;P=>3> G0AC 
2V4AB56C20B8 7<V=8 B0 <8BBє2> 35=5@C20B8 =5>1EV4=C @50:B82=C ?>BC6=VABP. 
)>G0 B0:5 >1;04=0==S 28<030є 1V;PH8E :0?VB0;P=8E 28B@0B, 2>=> 7=0G=> ?V4-
28ICє 5=5@3>5D5:B82=VABP. 

�;S 0=0;V7C 1C;> @>73;S=CB> A8AB5<C 5;5:B@>?>AB0G0==S 4V;S=:8 720@R-
20;P=>3> F5EC 4> B0 ?VA;S 2?@>20465==S A8AB5<8 02B><0B8G=8E :>=45=A0B>@-
=8E CAB0=>2>: (��'). 

�0=V 4;S @>7@0EC=:C: #>BC6=VABP B@0=AD>@<0B>@0 F5EC: S=><.B = 
1000 :��; !0?@C30: 10/0,4 :�; %5@54=S 0:B82=0 ?>BC6=VABP =020=B065==S: 
P = 500 :�B. 

 
$8AC=>: 1 3 %E5<0 ?V4’є4=0==S A8AB5<8 48=0<VG=>W :><?5=A0FVW =0 107V 

STATCOM 
 
' B01;8FV 1 =02545=> @>7@0EC=:>2V E0@0:B5@8AB8:8 A8AB5<8 5;5:B@>?>-

AB0G0==S F5EC. 
 

&01;8FS 1 3 $>7@0EC=:>2V E0@0:B5@8AB8:8 A8AB5<8 5;5:B@>?>AB0G0==S 
F5EC 

)0@0:B5@8AB8:0 �57 :><?5=A0FVW � 28:>@8A-
B0==S< ��' 

�>5DVFVє=B ?>BC6=>ABV, cosφ 0,65 0,96 
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�:B82=0 ?>BC6=VABP, P, :�B 500 500 

$50:B82=0 ?>BC6=VABP, Q, :��@ 585 146 

#>2=0 @>7@0EC=:>20 ?>BC6=VABP, 
S, :�� 

769 521 

%B@C< =020=B065==S, I, � 1110 752 

�B@0B8 0:B82=>W ?>BC6=>ABV 2 ;V=VW, 
ΔP, :�B 

18,5 8,5 

�020=B065==S B@0=AD>@<0B>@0 

%100
F.AB@


S

S

 

76,9% 52,1% 

 
"B65, ?@8 2?@>20465==V 48=0<VG=>W A8AB5<8 :><?5=A0FVW ��' :>5DVFV-

є=B ?>BC6=>ABV cosφ ?V428ICєBPAS 7 0,65 4> 0,96. 
#@8 FP><C ?>2=0 @>7@0EC=:>20 ?>BC6=VABP B0 AB@C< =020=B065==S 7<5-

=HCRBPAS =0 32,2 %. *5 4>72>;8;> 7=878B8 7020=B065==S F5E>2>3> B@0=AD>-
@<0B>@0 7 76,9 % 4> 52,1 %, I> 282V;P=Sє 7=0G=89 @575@2 ?>BC6=>ABV (<0965 
248 :��) 4;S <>6;82>3> ?V4:;RG5==S =>2>3> B5E=>;>3VG=>3> >1;04=0==S 157 
70<V=8 VA=CRG>3> B@0=AD>@<0B>@0. 

�B@0B8 0:B82=>W ?>BC6=>ABV 2 ;V=VSE 5;5:B@>?5@540GV 7=878;8AS 7 
18,5 :�B 4> 8,5 :�B. ' ?@>F5=B=><C 2V4=>H5==V 7<5=H5==S 2B@0B A:;0;> 
54 %. 

#@8 <>45@=V70FVW A8AB5<8 :><?5=A0FVW @50:B82=>W ?>BC6=>ABV =0 >1'є:-
B0E 7 @V7:>7<V==8< =020=B065==S< <>6=0 4>AS3B8 =5 ;8H5 7=865==S 2B@0B 
5;5:B@>5=5@3VW B0 ?V428I5==S ?@>?CA:=>W 740B=>ABV <5@56, 0;5 9 ACBBє2> ?>:-
@0I8B8 S:VABP 5;5:B@>5=5@3VW, I> ?>4>26Cє B5@<V= A;C618 ?@><8A;>2>3> 
>1;04=0==S. 

 
 

'�� 621.311 
!5<8:V=0 ". �.1, )0@G5=:> �. $.2, #5B@CH8=  . %.2 
1 4>F. «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. �-814A? !' «�0?>@V7P:0 ?>;VB5E=V:0» 
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��)"�� %"!/+!� ("&"����&$"%&�!*�� /� !�#$/ "� ��/ 
#����-�!!/ �!�$��&�+!"� !������!"%&� %'+�%!"�" 

#$" �%�"�"�" #��#$�Є %&�� 

". �. !5<8:V=0, �. $. )0@G5=:>,  . %. #5B@CH8=  

#5@5EV4 2V4 F5=B@0;V7>20=>W <>45;V 5;5:B@>?>AB0G0==S 4> <5@56V 02B>-
=><=8E :;0AB5@V2, ?V428I5==S ABV9:>ABV 3@><04, @>71C4>2V Microgrids, ?>;S-
30є C 2?@>20465==V 2V4=>2;R20=8E 465@5; B0 A8AB5< =0:>?8G5==S 5=5@3VW. 
�0AB>AC20==S 40E>2>W A>=SG=>W D>B>5;5:B@>AB0=FVW ((�%) 4;S F5EC 01> ?@>-
<8A;>2>3> ?@8<VI5==S S: >4=>3> 7 =09?5@A?5:B82=VH8E @VH5=P 4;S ?V428-
I5==S 02B>=><=>ABV B0 5=5@35B8G=>W =570;56=>ABV ACG0A=>3> ?@><8A;>2>3> 
?V4?@8є<AB20. %2VB>20 B5=45=FVS ?5@5E>4C ?@><8A;>2>ABV 4> 2V4=>2;R20=8E 
465@5; 5=5@3VW 265 402=> AB0;0 G0AB8=>R AB@0B53VW @>728B:C :@0W= Є% B0 V=-
H8E 5:>=><VG=> @>728=5=8E 45@602. �8:>@8AB0==S A>=SG=8E 5;5:B@>AB0=FV9 
=0 40E0E 28@>1=8G8E 1C4V25;P 0:B82=> 2?@>2046CєBPAS C B@0=A?>@B=><C 
<0H8=>1C4C20==V, <5B0;>>1@>1FV, ;>3VAB8G=8E F5=B@0E B0 V=H8E 5=5@3>є<-
=8E 30;C7SE. *5 ?>2’S70=> =5 BV;P:8 7 5:>=><VG=>R 5D5:B82=VABR, 0;5 9 V7 
?V428I5==S< @V2=S 5=5@35B8G=>W 02B>=><VW, I> <0є :@8B8G=5 7=0G5==S 2 C<>-
20E =5AB01V;P=>3> 5=5@3>?>AB0G0==S B0 7@>AB0==S B0@8DV2 =0 5;5:B@>5=5@3VR. 

'AV FV A?>6820GV F5EC ?@0FRRBP ?5@5206=> C 45==89 G0A, ?@8G><C 3@0-
DV: WE 7020=B065==S 1V;PH-<5=H AB01V;P=89 C @>7@V7V @>1>G>W 7<V=8. %0<5 
B0:0 AC<VA=VABP V7 ?@8@>4=>R E0@0:B5@8AB8:>R A>=SG=>W 35=5@0FVW @>18BP 
28:>@8AB0==S (�% <0:A8<0;P=> 283V4=8< ?V4?@8є<AB2> >B@8<Cє 5;5:B@>5-
=5@3VR A0<5 B>4V, :>;8 2>=0 =091V;PH5 ?>B@V1=0. 

�;S B>3> I>1 >FV=8B8 ?>B5=FV9=C :>@8ABP 2V4 2?@>20465==S (�%, 1C;> 
?@>2545=> 0=0;V7 D0:B8G=8E 5;5:B@8G=8E =020=B065=P F5EC. *5 2:;RG0;> 
?>1C4>2C 3@0DV:0 4>1>2>3>, B86=52>3> B0 A57>==>3> A?>6820==S, 4>A;V465=-
=S :>5DVFVє=B0 ?>BC6=>ABV, @>7?>4V; 0:B82=>W B0 @50:B82=>W A:;04>28E, 0 
B0:>6 2@0EC20==S B5E=>;>3VG=8E >A>1;82>AB59 >1;04=0==S. �8S2;5=>, I> 
<0965 70% @VG=>3> A?>6820==S ?@8?040є =0 A2VB;C G0AB8=C 4>18, I> 4>72>-
;Sє 7=0G=C G0AB:C 5=5@3VW >B@8<C20B8 157?>A5@54=P> 2V4 A>=SG=>W 35=5@0FVW, 
7<5=HCRG8 B0:8< G8=>< ?>B@51C 2 5;5:B@>5=5@3VW 7 <5@56V. *5 =5 BV;P:8 
7<5=HCє =020=B065==S =0 B@0=AD>@<0B>@=C ?V4AB0=FVR, 0;5 9 A:>@>GCє 2B@0-
B8 2 <5@56V B0 7=86Cє 7030;P=V 28B@0B8 ?V4?@8є<AB20. 

"4=VєR 7 :;RG>28E ?5@5203 2AB0=>2;5==S A>=SG=8E ?0=5;59 =0 40EC F5-
EC є @0FV>=0;P=5 28:>@8AB0==S =0S2=>W V=D@0AB@C:BC@8. �0E8 ?@><8A;>28E 
?@8<VI5=P, S: ?@028;>, <0RBP 7=0G=C ?;>IC 9 =5 =5ACBP 4>40B:>28E DC=:-
FV9, I> @>18BP WE V450;P=8< <0940=G8:>< 4;S <>=B06C D>B>5;5:B@8G=8E 
<>4C;V2. �024S:8 FP><C ?V4?@8є<AB2C =5 ?>B@V1=> 284V;SB8 4>40B:>2C 75<5-
;P=C 4V;S=:C 01> 2=>A8B8 7<V=8 C 28@>1=8G89 ?@>F5A. &0:5 @VH5==S <V=V<V7Cє 
2B@CG0==S C 2=CB@VH=R ;>3VAB8:C, =5 2?;820є =0 @>7<VI5==S >1;04=0==S V =5 
AB2>@Rє ?5@5H:>4 4;S @>1>B8 ?5@A>=0;C [1,2]. 
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"A>1;820 C2030 2 <560E ?@>є:BC ?@84V;SєBPAS 281>@C >?B8<0;P=>3> :C-
B0 =0E8;C ?0=5;59 B0 WE >@Vє=B0FVW. !0 >A=>2V 40=8E I><VASG=>W V=A>;SFVW 1C;> 
287=0G5=>, I> 2;VB:C =0928IV ?>:07=8:8 4>AS30RBPAS ?@8 :CB0E 2V4 10° 4> 
35°, B>4V S: C <V6A57>==S 5D5:B82=VH8<8 <>6CBP 1CB8 :CB8 35-50°. "A:V;P:8 
40E>20 A8AB5<0 70728G09 є AB0FV>=0@=>R, 206;82> ?V4V1@0B8 C=V25@A0;P=89 
:><?@><VA, S:89 70157?5G8BP 4>AB0B=V9 @V25=P 35=5@0FVW ?@>BS3>< CAP>3> 
@>:C. �>40B:>2> 2@0E>2C20;8AS 2B@0B8, ?>2’S70=V 7 B5<?5@0BC@=8< =03@V20=-
=S< ?0=5;59, 701@C4=5==S< ?>25@E=V B0 =5V450;P=>R >@Vє=B0FVєR. �=0;V7 
?>:07Cє, I> =02VBP V7 2@0EC20==S< F8E D0:B>@V2 40E>20 (�% 70157?5GCє 28A>-
:89 A5@54=P>@VG=C 35=5@0FVR 5;5:B@8G=>W 5=5@3VW.  

(�% AB0=>28B8AS :;RG>28< :><?>=5=B>< C @>728B:C 45F5=B@0;V7>20-
=8E 5=5@35B8G=8E <5@56, A?@8SRG8 AB0;><C @>728B:C 5=5@35B8:8. 

 
%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. !5<8:V=0 ". �., �0?;S �. !., )C4>;V9 �. .., !5<8:V=0 ". %. "FV=:0 
28@>1=8FB20 5;5:B@>5=5@3VW 40E>2>W A>=SG=>W AB0=FVW. �=5@35B8G=89 D@>=B: 
H>AB89 B50B@ 2>є==8E 4V9 (AB@0B53VS 70E8ABC, C?@02;V==S B0 2V4=>2;5==S) : 
<0B5@V0;8  V6=0@. =0C:.-?@0:B. :>=D. (�8W2, 27 15@57. 2026 @.). �8W2 : �# � 
V<. �. Є. #CE>20 !�! ':@0W=8, 2026. %. 1443148. 

2. !5<8:V=0 ". �. #>=>2;R20;P=V B0 0;PB5@=0B82=V 465@5;0 5=5@3VW : 
=02G. ?>AV1. �0?>@V66S : !' «�0?>@V7P:0 ?>;VB5E=V:0», 2020. 187 A. 
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'�� 377(477):37.014:004:331.5 
&0B0@GC: &.�. 
4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 

%'+�%!� &�!��!*�� &$�!%("$ �*�� &�)!�+!"� &� 
#$"(�%��!"� "%��&� 

&.�. &0B0@GC:  

#@>D5AV9=0 B0 B5E=VG=0 >A2VB0 ?5@51C20RBP C AB04VW 0:B82=8E 7<V= ?V4 
2?;82>< 3;>10;V70FVW, F8D@>2V70FVW B0 B@0=AD>@<0FV9 =0 @8=:C ?@0FV. %P>3>4-
=V =03>;>HCєBPAS =0 ?@0:B8:>->@Vє=B>20=><C =02G0==V, V=B53@0FVW 7 28@>1=8-
FB2>< B0 @>728B:>2V F8D@>28E =028G>:. &0:V V=VFV0B828 2V4?>2V40RBP FV;S< 
AB0;>3> @>728B:C (SDG 4), S:V 2:;RG0RBP 70157?5G5==S 4>ABC?C 4> S:VA=>W 
?@>D5AV9=>-B5E=VG=>W >A2VB8 (TVET) B0 28E>20==S =028G>: 4;S ?@0FV  [1,2]. 

' FV9 AB0BBV ?@>2545=> >3;S4 >A=>2=8E A2VB>28E B@5=4V2 C B5E=VG=V9 V 
?@>D5AV9=V9 >A2VBV, 0 B0:>6 @5D>@< 2 ':@0W=V. $>73;S=CB> 2?@>20465==S 4C0-
;P=>W >A2VB8, >A2VB=VE B5E=>;>3V9 V F8D@>28E ?;0BD>@<, 270є<>4VR 7 1V7=5A>< 
V @>728B>: V==>20FV9=8E ?V4E>4V2 4> =02G0==S. "A>1;82> 0:F5=B>20=> =0 AB0-
B8AB8G=8E ?>:07=8:0E V @50;P=><C 4>A2V4V @5D>@<C20==S 2 C:@0W=AP:><C 
:>=B5:ABV. 

1. �;>10;P=V B5=45=FVW C ?@>D5AV9=V9 >A2VBV 
*8D@>20 B@0=AD>@<0FVS B0 �&-:><?5B5=B=>ABV. %P>3>4=V F8D@>2V B5E=>-

;>3VW D>@<CRBP CAV 30;C7V 5:>=><V:8, B><C F8D@>2V =028G:8 AB0RBP :;RG>28-
<8 4;S <091CB=VE D0EV2FV2. �""� B0 .!�%�" ?V4:@5A;RRBP, I> 80% =>28E 
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'AV HBCG=V 465@5;0 C;PB@0DV>;5B>2>3> 28?@><V=R20==S C<>2=> ?>4V-
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� К-2 375 220 120±12 5–8 3,7±0,6 2500

� К-4 220 127 70±8 5–6 3,7±0,6 1000

� К-7 1000 220 135 11,7–14 8,05±1,0 12000

!В�-120 120 220 114 1,7–2,0 1,2 250

!В�-120А 120 220 114 1,7–2,0 1,2 250

� (-250-3 250 127 72 5–8 4,1 500

6 @9D9:і 
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6 ;6<ч4=AB@G 
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− 4>23>G0A=5 AB01V;V7C20==S A2VB;>B5E=VG=8E ?0@0<5B@V2 ?VA;S ?>40==S 

=0?@C38 682;5==S G5@57 ?CA:>@53C;R20;P=89 ?@8AB@V9; 
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− =5>1EV4=VABP C 7>2=VH=VE >?B8G=8E 5;5<5=B0E (;V=70E, @>7AVR20G0E, 
2V41820G0E) 4;S 2V4>:@5<;5==S C;PB@0DV>;5B>2>3> 28?@><V=R20==S 7V A?5:B-
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@>6F · E@-2 % @>6F · E@-2 % @>6F · E@-2 %

� К-2 775 149,0 19,0 187,0 25,0 112,0 15,0

� К-4 435 84,5 19,5 111,5 25,5 68,0 15,5

� К-7 2800 530,0 19,0 620,0 22,0 420,0 15,0

!В�-120 147 35,0 23,5 2,0 1,5 0,0 0,0

!В�-120А 310 62,2 21,0 60,3 19,0 53,0 17,0

� (-250-3 755 179,0 23,5 98,0 13,0 28,0 3,5
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(320-380 A@)
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(280-320 A@)

# 8і4C4;BAі #$-! 
(200-280 A@)

"<C ?4@C<

 
$8AC=>: 4 3 %2VB;>B5E=VG=V E0@0:B5@8AB8:8 45S:8E 2VBG87=S=8E @BCB=8E 30-

7>@>7@S4=8E ;0<? A?5FV0;P=>3> ?@87=0G5==S. [1] 
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3> 70A>1C 24>A:>=0;5==S 5;5:B@8G=8E B0 5=5@35B8G=8E E0@0:B5@8AB8: =0S2-
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The global demand for refined copper is Global demand for refined copper is 
on the path of realizing future risks. Some research predicts a severe supply deficit 
as early as 204032050 [1]. This "Copper Crunch" is particularly felt in regions like 
Ukraine, which lack significant domestic deposits and must rely on costly imports 
or the secondary market [2]. The solution lies in a material revolution: Ultra-
Conductive Copper (UCC) [3,4]. By reinforcing copper with carbon nanotubes 
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(CNTs), researchers are creating composites that are not only stronger, but signifi-
cantly lighter4slashing up to 80% of traditional weight, a breakthrough that could 
save the aerospace industry 25,000 tons of fuel annually [4]. 

Copper’s beauty lies in its face-centered cubic (FCC) lattice, where a "sea" of 
electrons allows for high conductivity [5]. Carbon nanostructures like CNTs and 
graphene bring the muscle, boasting tensile strengths near 100 GPa and thermal 
conductivities exceeding 3000 W/m·K [4, 8]. 

However, engineering these two together is a nightmare because they have 
almost zero mutual solubility [4, 9]. This creates a weak interface governed only 
by faint Van der Waals forces, which act as a barrier to heat and electricity. To 
overcome this, scientists must navigate the Gibbs-Thomson effect, where the melt-
ing points of nanoparticles drop as they get smaller, complicating the consolidation 
process [10, 11]. 

Modern research is moving away from simple mixing toward high-energy 
synthesis: 

3 Submerged Plasma Synthesis: By using electrical discharges in liquid solu-
tions like, researchers can synthesize "core-shell" nanoparticles at rates of up to 6.9 
mg/min [12]. Post-synthesis laser modification allows for precise control over 
particle sizes, typically between 20 and 50 nm. 

3 Atmospheric-Pressure Plasma Jets (APPJ): This energy-efficient method al-
lows for the synthesis of multiwalled CNTs directly onto graphite surfaces without 
the need for complex vacuum chambers. 

3 Induction Melting with a Twist: Innovations in induction furnace melting 
within graphite crucibles reach temperatures of 110031200°C. By applying intense 
mechanical stirring and electric currents, additives like boron or CNTs are shielded 
from oxidation and distributed uniformly throughout the melt, preventing the 
common problem of "clumping". 

To bridge the gap between copper and carbon, the nanotubes must be modi-
fied [8]: 

3 Metallurgical Bridges: "Decorating" CNTs with Nickel (Ni) or Silver (Ag) 
creates a chemical bond. Nickel is particularly effective, forming metastable at the 
interface, which ensures a strong connection that boosts tensile strength to 364.9 
MPa. 

3 Chemical Anchors: Oxidizing the CNTs introduces oxygen groups             
(3COOH) that act as anchors, facilitating the formation of phases that "grip" the 
copper matrix. 

3 The Power of Magnets: Applying a 1 Tesla magnetic field during synthesis 
can align CNT clusters, skyrocketing thermal conductivity by 3613386%. 

The resulting performance of Cu/CNT composites markedly surpasses that of 
conventional copper in terms of electrical capability, mechanical durability, and 
sustainability impact. These materials are able to sustain current densities up to two 
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orders of magnitude higher than those of pure copper, while simultaneously exhib-
iting a reduced temperature coefficient of resistance, which allows their electrical 
efficiency to exceed that of monolithic copper at operating temperatures above 
approximately 803100 °C. Such behavior is particularly beneficial for high-power 
applications, where resistive heating typically limits conductor performance. In 
addition to their electrical advantages, Cu/CNT composites display significantly 
improved wear resistance under practical service conditions. Cast components 
tested in electric railway pantographs demonstrated a 1.4-fold increase in wear 
resistance compared to conventional copper, an effect attributed to carbon 
nanostructures that function as intrinsic solid lubricants by forming a protective 
carbonaceous tribofilm during operation. Beyond functional performance, these 
composites also offer substantial environmental benefits, as plasma-assisted pro-
cessing routes enable the upcycling of end-of-life copper products, such as de-
commissioned railway cables, into high-quality powders suitable for additive man-
ufacturing. Relative to primary copper production from ore, this approach reduces 
global warming potential by approximately 70%, highlighting the role of ul-
tra-conductive copper composites as both a technological advancement and a via-
ble pathway toward circular-economy integration. 

We are witnessing a shift from laboratory curiosity to industrial-scale appli-
cation. By mastering the nanoscopic "handshake" between copper and carbon, we 
are entering an era of materials that are stronger, lighter, and greener. Strategic 
upcycling and plasma-based synthesis aren't just technical choices; they are the 
keys to resource independence for the high-tech industries of tomorrow. 
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;P=8< >1'є:B>< 4;S 4>A;V465==S 2 @0<:0E :C@AC :;0A8G=>W <5E0=V:8. $>7@>1-
:0 ?@>3@0<=>3> V=B5@D59AC 4;S @>1>B8 7 FVєR A8AB5<>R 4>72>;Sє ABC45=B0< 
=5 ;8H5 ?@>2>48B8 @>7@0EC=:8, 0 9 2V7C0;V7C20B8 2?;82 7<V=8 ?0@0<5B@V2 =0 
7030;P=89 <><5=B V=5@FVW A8AB5<8. 

 5B0 4>A;V465==я: @>7@>1:0 251-4>40B:C 4;S 48AB0=FV9=>3> =02G0==S 
ABC45=BV2 DV78G=>W :0D54@8, S:89 70157?5GCє <>6;82>ABV 28:>=0==S @>7@0EC-
=:V2 <><5=BC V=5@FVW <0SB=8:0 "15@15:0. 

�0240==я 4>A;V465==я: 
1. @>7@>18B8 <0B5<0B8G=C <>45;P @>7@0EC=:C <><5=BC V=5@FVW; 
2. ?@>0=0;V7C20B8 28<>38 4> DC=:FV>=0;C >A2VB=P>3> 251-4>40B:0; 
3. @50;V7C20B8 <0B5<0B8G=C <>45;P @>7@0EC=:C <><5=BC V=5@FVW 4;S A8-

AB5<8 <0SB=8:0 "15@15:0; 
4. 70157?5G8B8 V=B5@0:B82=89 :>@8ABC20;P=8FP:89 V=B5@D59A 4;S 225-

45==S ?0@0<5B@V2 DV78G=>W A8AB5<8; 
5. 2?@>2048B8 <5E0=V7<8 20;V40FVW B0 ;>:0;V70FVW 2EV4=8E 40=8E; 
&5>@5B8G=V >A=>28 <0OB=8:0 "15@15:0 
 0SB=8: "15@15:0 ?@54AB02;Sє A>1>R >15@B>289 <5E0=V7<, S:89 28:>-

@8AB>2CєBPAS 4;S 282G5==S 70:>=V2 >15@B0;P=>3> @CEC B0 <><5=BC V=5@FVW BV;. 
�>=AB@C:B82=> A8AB5<0 A:;040єBPAS 7 25@B8:0;P=>W >AV >15@B0==S, =0 S:V9 
70:@V?;5=> 3>@87>=B0;P=V AB5@6=V, 0 B0:>6 A8AB5<8 @CE><8E 3@C78:V2, ?>;>-
65==S S:8E <>65 7<V=R20B8AS 274>26 AB5@6=V2. 

 

 

$8AC=>: 1 3  0SB=8: "15@15:0 S2;Sє A>1>R E@5AB>28=C, I> A:;040єBPAS 7 
G>B8@P>E AB@86=V2 4, ?@8:@V?;5=8E 4> 2BC;:8 2, =0 2VAP 1 S:>W =04VB89 H:V2 3. 
!0 AB@86=V =04VBV 20=B06V 6 >4=0:>2>W <0A8. %B5@6=V A:@V?;5==V >1@CG5< 5. 

!0 >48= V7 H:V2V2 =0<>BCєBPAS H=C@ 7 20=B065< m (7). 
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 0B5<0B8G=0 <>45;ь @>7@0EC=:C 
�030;P=89 <><5=B V=5@FVW A8AB5<8 <0SB=8:0 "15@15:0 287=0G0єBPAS S: 

AC<0 <><5=BV2 V=5@FVW >:@5<8E :><?>=5=BV2: 

 

45: I1 4 <><5=B V=5@FVW >1@CG0; I2 4 <><5=B V=5@FVW >4=>3> 3>@87>=B0;P=>3> 
AB5@6=S; I3 4 <><5=B V=5@FVW >4=>3> 20=B06C; I4 4 <><5=B V=5@FVW H:V20. 

 
#@8 ?>1C4>2V <0B5<0B8G=>W <>45;V ?@89=SB> =0ABC?=V 4>?CI5==S: 
1. �>268=0 AB5@6=V2 7=0G=> ?5@528ICRBP WE=V 4V0<5B@8 (l≫D), I> 4>-

72>;Sє =5EBC20B8 2:;04>< C <><5=B V=5@FVW 2V4 35><5B@VW ?>?5@5G=>3> ?5@5@V-
7C; 

2.  0A0 @>7?>4V;5=0 @V2=><V@=> 274>26 4>268=8 AB5@6=V2 B0 20=B06V2; 
3. &5@BS< C ?V4H8?=8:0E >AV >15@B0==S <>6=0 7=5EBC20B8 ?@8 @>7@0EC-

=:0E V450;P=>W <>45;V; 
4. �5D>@<0FVW 5;5<5=BV2 :>=AB@C:FVW 70 C<>2 5:A?5@8<5=BC є =57=0G=8-

<8. 
&01;8FS 1 3 �>@8ABC20G52V =040єBPAS <>6;82VABP 22545==S  

=0ABC?=8E 25;8G8=: 

#0@0<5B@ "?8A "48=8G=VABP 
28<V@R20==S 

�V0?07>=  
7=0G5=P 

M1  0A0 >1@CG0 :3 0,001 3 10 
M2  0A0 AB5@6=S :3 0,001 3 10 
M3  0A0 20=B06V2 :3 0,001 3 10 
M4  0A0 H:V20 :3 0,001 3 10 
R1 $04VCA >1@CG0 < 0,1 3 1 
R2 �>268=0 AB5@6=S < 0,1 3 1 
R3 $04VCA >AV >15@B0==S < 0,001 3 0.01 
R4 �>2=VH=V9 @04VCA H:V20 < 0.013 0.05 
Y �V4AB0=P 20=B06V2 2V4 >AV  

>15@B0==S 
< 0.01 3 1 

 

$50;V70FVO 251-4>40B:0 
�;S @50;V70FVW 251-4>40B:0 >1@0=> ?;0BD>@<C ASP.NET Core. "1�@C=BC-

20==S 281>@C 2:;RG0є =0ABC?=V D0:B>@8: 
1. �@>A?;0BD>@<=VABP: <>6;82VABP @>73>@B0==S =0 @V7=8E >?5@0FV9=8E 

A8AB5<0E (Linux, Windows, macOS); 
2. �8A>:0 ?@>4C:B82=VABP: 28:>@8AB0==S 0A8=E@>==>W <>45;V 22545=-

=S/282545==S B0 >?B8<V7>20=>3> :5HC20==S; 
3. �=B53@0FVS 7 1070<8 40=8E: ?V4B@8<:0 Entity Framework Core 4;S <09-

1CB=P>3> @>7H8@5==S DC=:FV>=0;C; 
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4. �57?5:0: 21C4>20=V <5E0=V7<8 70E8ABC 2V4 B8?>28E 251-2@07;82>AB59 
(XSS, CSRF). 

"A=>2=>R DC=:FVєR 251-4>40B:0 є =040==S :>@8ABC20G52V 7@CG=>3> V=-
B5@D59AC 4;S 22545==S DV78G=8E ?0@0<5B@V2 A8AB5<8 <0SB=8:0 "15@15:0. 
(>@<0 @>7@>1;5=0 7 28:>@8AB0==S< Bootstrap D@59<2>@:C, I> 70157?5GCє 
040?B82=VABP 2V4>1@065==S =0 ?@8AB@>SE @V7=>3> @>7<V@C 5:@0=C (45A:B>?8, 
?;0=H5B8, <>1V;P=V B5;5D>=8). 

�AV G8A;>2V ?>;S <0RBP 21C4>20=C 20;V40FVR =0 B8? 40=8E 
(integer/decimal), I> 70?>1V30є 22545==R =54>?CAB8<8E A8<2>;V2.  

%8AB5<0 20;V40FVW @50;V7>20=0 =0 42>E @V2=SE: 
1. �;Vє=BAP:0 20;V40FVS: 74V9A=RєBPAS 157?>A5@54=P> C 1@0C75@V 70 4>-

?><>3>R JavaScript-1V1;V>B5:8 jQuery Validation, I> 70157?5GCє <8BBє25 @50-
3C20==S =0 ?><8;:>2V 22545==S B0 ?>:@0ICє :>@8ABC20FP:89 4>A2V4. 

2. %5@25@=0 20;V40FVS: 28:>=CєBPAS =0 @V2=V :>=B@>;5@0 ?5@54 ?5@540-
G5R 40=8E C A5@2VA=89 H0@, I> 30@0=BCє FV;VA=VABP >1G8A;5=P =02VBP 70 C<>28 
>1E>4C :;Vє=BAP:8E ?5@52V@>:. 
 

 

$8AC=>: 2 3 #@8:;04 V=B5@D59AC @>7@>1;5=>3> 251-A09BC 
 

 5E0=V7<8 20;V40FVW ?5@52V@SRBP =0ABC?=V C<>28: 
1. 4>40B=VABP 2AVE 35><5B@8G=8E ?0@0<5B@V2 (M1, M2, M3, M3, R1, R2, 

R3, R4, Y); 
2. =52V4'є<=VABP <0A CAVE :><?>=5=BV2 A8AB5<8 (Mi≥0 4;S 2AVE i=1,2,3,4); 
3. 2V4ACB=VABP ?5@5?>2=5==S ?@8 >1G8A;5==V :204@0BV2 25;8:8E G8A5;; 
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4. C=8:=5==S 4V;5==S =0 =C;P ?V4 G0A 28:>=0==S <0B5<0B8G=8E >?5@0-
FV9. 

#@8 28S2;5==V ?><8;>: A8AB5<0 D>@<Cє ?>2V4><;5==S ?@> ?><8;:8, S:V 
2V4>1@060RBPAS 157?>A5@54=P> =04 2V4?>2V4=8<8 ?>;S<8 D>@<8 B0 C 25@E=V9 
G0AB8=V AB>@V=:8. 

�;S A?@>I5==S @>1>B8 :>@8ABC20GV2 B0 AB0=40@B870FVW 5:A?5@8<5=B0;P-
=8E C<>2 @50;V7>20=> DC=:FVR 7020=B065==S ?@5A5BV2 (715@565=8E =01>@V2 
?0@0<5B@V2). #@5A5B8 2V4?>2V40RBP B8?>28< :>=DV3C@0FVS< <0SB=8:0 "15@15-
:0, S:V 28:>@8AB>2CRBPAS C =02G0;P=><C ?@>F5AV DV78G=8E :0D54@. 

�0=0 DC=:FVS 4>72>;Sє ABC45=B0< H284:> ?5@59B8 4> @>7@0EC=:V2 157 
=5>1EV4=>ABV @CG=>3> 22545==S 2AVE ?0@0<5B@V2, 0 B0:>6 A;C3Cє >@Vє=B8@>< 
4;S ?@028;P=8E 4V0?07>=V2 7=0G5=P. 

#VA;S 22545==S 40=8E B0 CA?VH=>3> 28:>=0==S 20;V40FVW A8AB5<0 ?5@5-
E>48BP 4> 5B0?C >1G8A;5==S <><5=BC V=5@FVW. $57C;PB0B8 2V4>1@060RBPAS =0 
>:@5<V9 AB>@V=FV (Result.cshtml), I> <VAB8BP: 

1. 45B0;P=C @>7182:C 2=5A:C :>6=>3> :><?>=5=B0 A8AB5<8 2 7030;P=89 
<><5=B V=5@FVW; 

2. 7030;P=5 7=0G5==S <><5=BC V=5@FVW 7 B>G=VABR 4> 6 7=0:V2 ?VA;S :><8; 
 

 
$8AC=>: 3 3 #@8:;04 @57C;PB0BV2 @>7@0EC=:C 251-A09BC 

 

"A2VB=V 0A?5:B8 70AB>AC20==O 
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�51-4>40B>: <>65 1CB8 V=B53@>20=89 C @V7=V D>@<8 >@30=V70FVW >A2VB=P>-
3> ?@>F5AC: 

1. �01>@0B>@=V 70=SBBS: ?V43>B>2:0 ABC45=BV2 4> ?@>2545==S 5:A?5@8<5-
=BC =0 @50;P=><C >1;04=0==V, 4>72>;Sє ?5@52V@8B8 3V?>B5B8G=V @57C;PB0B8 B0 
7@>7C<VB8 DV78G=C ACBP S28I0; 

2. %0<>ABV9=0 @>1>B0 ?>70 0C48B>@VєR: 4>ABC?=VABP 24/7 4>72>;Sє ABC-
45=B0< >?@0FP>2C20B8 <0B5@V0; C 2;0A=><C B5<?V, I> >A>1;82> 206;82> 4;S 
48AB0=FV9=>3> =02G0==S; 

3. �<VH0=5 =02G0==S: ?>є4=0==S >G=8E 70=SBP 7 28:>@8AB0==S< 251-
@5AC@AV2, 45 4>40B>: A;C3Cє V=AB@C<5=B>< 2V@BC0;P=>3> 5:A?5@8<5=BC20==S. 

�8:>@8AB0==S @>7@>1;5=>3> 251-A8<C;SB>@0 <0є =87:C ?5@5203 ?>@V2=S-
=> 7 :;0A8G=8<8 ?V4E>40<8: 

1. �>ABC?=VABP: <>6;82VABP @>1>B8 7 1C4P-S:>3> ?@8AB@>R, I> <0є AC-
G0A=89 251-1@0C75@; 

2. �V4ACB=VABP =5>1EV4=>ABV 2AB0=>2;5==S 4>40B:>2>3> #�: =5 ?>B@V1=> 
2AB0=>2;R20B8 A?5FV0;V7>20=5 ?@>3@0<=5 70157?5G5==S =0 ;>:0;P=89 :><?'R-
B5@ ABC45=B0; 

3.  8BBє289 @>7@0EC=>: @57C;PB0BV2: 28:;RG0єBPAS <>6;82VABP 0@8D-
<5B8G=8E ?><8;>: ?@8 @CG=><C >1G8A;5==V, I> 4>72>;Sє 7>A5@548B8AS =0 
DV78G=V9 ACBV 7040GV; 

4. �V7C0;V70FVS B0 AB@C:BC@>20=VABP: @57C;PB0B8 ?>40RBPAS C 283;S4V GV-
B:> AB@C:BC@>20=8E 72VBV2, I> A?@>ICє WE 28:>@8AB0==S ?@8 ?V43>B>2FV ;01>-
@0B>@=8E @>1VB. 

 >6;82>ABV ?>40;ьH>3> @>728B:C A8AB5<8 

�0?;0=>20=V =0?@S<:8 24>A:>=0;5==S 251-4>40B:0: 
1. �>4020==S 3@0DVG=>W 2V7C0;V70FVW: V=B53@0FVS SVG 01> Canvas 4;S 2V-

4>1@065==S AE5<8 <0SB=8:0 C @50;P=><C G0AV 7V 7<V==8<8 ?0@0<5B@0<8; 
2. �=B53@0FVS 7 ;01>@0B>@=8< >1;04=0==S<: <>6;82VABP ?>@V2=S==S @>7-

@0EC=:>28E 40=8E V7 5:A?5@8<5=B0;P=8<8 28<V@R20==S<8 =0 DV78G=><C <0-
:5BV <0SB=8:0 "15@15:0; 

3. $>7H8@5==S DC=:FV>=0;C 4;S V=H8E DV78G=8E A8AB5<: 040?B0FVS 0@-
EVB5:BC@8 4;S A8<C;SFVW V=H8E >1'є:BV2 (<0SB=8:8, >15@B>2V 48A:8, 3V@>A:>?8 
B>I>); 

4. $>7H8@5=0 AB0B8AB8:0 B0 0=0;VB8:0: 2V4AB565==S 0:B82=>ABV :>@8ABC-
20GV2 4;S ?>:@0I5==S =02G0;P=>3> ?@>F5AC =0 >A=>2V 40=8E. 

�8A=>2:8 
1. ' @57C;PB0BV ?@>2545=>3> 4>A;V465==S @>7@>1;5=> 251-A8<C;SB>@ 

<0SB=8:0 "15@15:0, S:89 70157?5GCє 5D5:B82=89 V=AB@C<5=B 4;S 282G5==S 
<><5=BC V=5@FVW DV78G=>W A8AB5<8. "A=>2=V @57C;PB0B8 @>1>B8 <>6=0 AD>@-
<C;R20B8 C =0ABC?=8E B570E: 
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2. (C=:FV>=0;P=0 3>B>2=VABP: @>7@>1;5=89 251-4>40B>: ?>2=VABR @50;V-
7Cє <0B5<0B8G=C <>45;P @>7@0EC=:C <><5=BC V=5@FVW 7 C@0EC20==S< CAVE :><-
?>=5=BV2 A8AB5<8, 70157?5GCRG8 B>G=VABP >1G8A;5=P 4> 6 7=0:V2 ?VA;S :><8. 

3. &5E=>;>3VG=0 281V@: 28:>@8AB0==S ?;0BD>@<8 ASP.NET Core 4>72>-
;8;> AB2>@8B8 <0AHB01>20=89 B0 :@>A?;0BD>@<=89 4>40B>: 7 28A>:>R ?@>-
4C:B82=VABR B0 =04V9=VABR @>1>B8 2 C<>20E >4=>G0A=>3> 4>ABC?C :V;P:>E 
:>@8ABC20GV2. 

4. "A2VB=S FV==VABP: V=B53@0FVS 20;V40FVW, ?@5A5BV2 B8?>28E ?0@0<5B@V2 B0 
AB@C:BC@>20=>3> 72VBC20==S A?@>ICє @>1>BC ABC45=BV2 7 @V7=8<8 @V2=S<8 
?V43>B>2:8, 70157?5GCRG8 4>ABC?=VABP <0B5@V0;C 4;S A0<>ABV9=>3> >?@0FR-
20==S. 

5.  0AHB01>20=VABP: 0@EVB5:BC@0 ?@>5:BC ?5@5410G0є <>6;82VABP ?>40-
;PH>3> @>7H8@5==S DC=:FV>=0;C B0 V=B53@0FVW 7 V=H8<8 >A2VB=V<8 A8AB5<0<8, 
I> @>18BP 9>3> ?5@A?5:B82=8< 70A>1>< 4;S AB2>@5==S :><?;5:A=>W ?;0BD>@-
<8 48AB0=FV9=>3> =02G0==S DV78:8. 

 

%#�%"� ���"$�%&�!�) ���$�� 

1. %025;Pє2 �. �. �C@A 7030;P=>W DV78:8: C 3 B. 4  .: !0C:0, 2018. 4 &. 1. 
 5E0=V:0. 4 560 A. 

2. Microsoft Corporation. ASP.NET Core Documentation. URL: 
https://learn.microsoft.com/aspnet/core/ (40B0 725@=5==S: 2024). 

3. Bootstrap Documentation. URL: https://getbootstrap.com/docs/ (40B0 725-
@=5==S: 2024). 
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!0C:>25 5;5:B@>==5 2840==S 
 >6=0 28:>@8AB>2C20B8 2 ;>:0;P=><C B0 

<5@56=><C @568<0E 
 

 

 

 

 

 

 

&����!Ь !�'��-2026 
�;5:B@>B5E=VG=89 D0:C;ьB5B 

 
 
 

�1V@=8: B57 4>?>2V459 I>@VG=>W 
=0C:>2>-?@0:B8G=>W :>=D5@5=FVW A5@54 ABC45=BV2,  
28:;040GV2, =0C:>2FV2, <>;>48E CG5=8E V 0A?V@0=BV2 

 
13317 :2VB=S 2026 @>:C 

 
 
 
 

 
 
 
 
 

"48= 5;5:B@>==89 >?B8G=89 48A: (DVD-ROM); AC?@>2V4=0 4>:C<5=B0FVS. 
&8@06 100 ?@8<. �0<. 7 494 

 
�84025FP V 283>B>2;R20G 

!0FV>=0;P=89 C=V25@A8B5B «�0?>@V7P:0 ?>;VB5E=V:0» 
':@0W=0, 69063, <. �0?>@V66S, 2C;. �C:>2AP:>3>, 64  

&5;.: (061) 769382396, 220312314 
 

%2V4>FB2> AC1’є:B0 28402=8G>W A?@028 �� 7 6952 2V4 22.10.2019. 


