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��.���� �,(/ ��*(���&0�1/ ��()���($�$ (.��( �(%�(&� ��$�� ��2�,� �
�&. ���)�.�/�,�3, 20,  . 
��.���� , 39600, -,��(��. E-mail: bgd@kdu.edu.ua  

�!&�4��� �"����)��(� .�$�2�&� (( �+��2�&��(3 ���"%�2(.� � )��.��( !�-

5($�� � �$,&#���(3 6&�,$�(���,(% *�+�/ ,�, ���2�$)� +��2�$)��5��(3 �+�����$(
2� �)1% (&( (�,��)1% ��!�32�). � ,����$)� ,�($��(3 "�!�+�����$( +�(�3$� .(�(-

.�&0��3 6��� (3 )��+&�.����(3 )!�1)��$�/ .�$���)�!2�7��/ �.��( +�( 2� �)�.
,���$,�. !�.1,��(( ) 6&�,$�(���,�/ *�+( )!�1)�!�5(5���� � 6&�,$���"���2�-

)��(3, � $�,4� ) ��"���. ��4(.� � ���$�. )&(3�(3 (�2�,$()���$( �� ��&�)(3
,�..�$�*((. �"����)��� +�(.����(� $�,�� ���(�($�&0�� � ��!(�$��� ( ���,�1$�
!�)(�(.��$0 � � ��+��$()&��(3 �$ ��+�34��(3 (�$���(,� ( +���.�$��) *�+(.  

���# $% ���$&: (�,���(�, 6��� (3, �$,&#���(�, 2� �, ��+��$()&��(�. 

�����'��� (������'� ����
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����������� ���)��'� �
������ ����������������  

�����������������
�. �. �������, �. �. � ! "��

��.����*0,(/ ��*����&0�(/ ���)���($�$ �.��� �(%�/&� ��$�� ��2�0,� �
)�&. ���7�$��)��)�, 20, .. 
��.����,, -,��'��. E-mail: bgd@kdu.edu.ua 

��()�2��� �"8���$�)���3 .�$�2�&� �' )(!������3 ���"%�2�� � ���� !�%(���-

 � )(.,����3 �&�,$�(��(% &��*# �) 3, !���"� ��(,����3 "�!+�,( 2� �)(% �"�
��,��)(% ��!�32�). 
�($���9. "�!+�,( �"���� ���� �3 )�! ��3��3 )("�%�)�' .�-

$���+�)�$�3��' ��.�7� +�( 2� �)�.� ,���$,�.� !�.(,���� ) �&�,$�(���.� &��-

*# � )("�%�!�%(5��� � �&�,$���"&�2����3, � $�,�4 � ��"���.� ��4(.� !
���%�)���3. )+&()� ��2�,$()���$� �� �.�)( ,�.�$�*�'. �"8���$�)��� !��$���-

)���3 �$��.��".�4�)�&0�� � ��!(�$��� � ��!,�($� !�&�4���$0 /� � �+��� )�2
��+�� ( 24���&� $� +���.�$��) &��*# �. 

���#�$* ���$&: ��,����3, ���� �3, )(.,����3, 2� �, �+��. 
      

�
�-�:;����; ��
��<. �� &���� +. 1.16.3 ���� 22782.0 2&3 ���"�)-

!�1)�"�!�+���� � �"���2�)��(3 +�(.��3�$�3 ,�, )(2 )!�1)�!�5($1 «(�,��"�-

!�+����3 6&�,$�(���,�3 *�+0» ���)�3 «��», «��» +� ���� 22782.5. � $�,�.
6&�,$���"���2�)��(( (�+�&0!��$�3 �32 ,���$��,$()�1% .�� +� � ���(���(#
)�&(�(�1 6��� �$(���,(% +���.�$��) ($�,�, ��+�34��(3, .�5���$(), +�(.���-

�(# (�,��!�5($�1% 6&�.��$�) ($�,�� ���(�()�#5(% ��!(�$���), 7��$�) (
2�.), �"��+����(# ��+�)��42��.��$( (��2�4���$() *�+( ( �� 6&�.��$�) ( $.+., 

��+��)&���1% �� +��2�$)��5��(� �"��!�)��(3 (�,� ( ��!�32�), �+���"�1% )��-

+&�.��($0 )!�1)��$�# �.��0  �!� � )�!2�%�. ) ��&�)(3% 6,�+&��$�*(( ) � �&0-

�1% 7�%$�%, �+���1% +� .�$���. 
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� +��&�2��� )��.3, )�&�2�$)(� �)�&(���(3 ���"%�2(.�/ (�,��"�!�+����/
.�5���$( ) 7�%$��. 6&�,$���"���2�)��(( ���)�3 �� 7(��,� +�(.��3#$�3
,&#��)1� �%�.1 2&3 ���5��$)&��(3 +���1)��(3 $�,�), ��&( )�&(�(�� $�,� +��-

)17��$ 2�+��$(.�� (�,��"�!�+����� !�����(�. �2��,� ) 2�/�$)�#5(% �$��2��-

$�% ( $�%�(���,�/ &($���$��� �"����)��(� )�&(�(�1 )��.��( �$,&#���(3 *�+(
�� (!&�4���. �.��$� � $�., +�( ���� &�.��$(��)����. )��.��( �$,&#���(3, 

6��� (3 )�!.�4�� � (�,���(3 .�4�$ +��)1�($0 6��� (# )��+&�.����(3 )!�1-

)��+����/ �.��(, �$� ��2�+��$(.�, ( +��2�+��2�&3�$ �,$��&0���$0 ��"�$1 +�
�+��2�&��(# ���"%�2(.� � )��.��( �$,&#���(3 6&�,$�(���,�/ *�+( ,�, ���2-

�$)� (�,��"�!�+�����$(.  

��&0# ��"�$1 3)&3�$�3 �"����)��(� .�$�2�&� (( �+��2�&��(3 )��.��( �$-

,&#���(3 *�+(, +�( ,�$���. ,�..�$�*(���1� ��!�321 �� )1!�)�$ )��+&�.���-

�(� )!�1)��$�/ .�$���)�!2�7��/ �.��(. 

�������: � ���-:;���< ���:�������	. �&3 ��7��(3 +��$�)&��-

��/ *�&( �+��2�&��1 �&�2�#5(� !�2��(: 

1) �"����)�$0 6��� �$(���,(/ ,�($��(/ (�,��"�!�+�����$( 2&3 ��!�32�) )
��4(.� �$,&#���(3 $�,� ,���$,� � !�.1,��(3 (&( ��"��� � $�,� *�+(;  

2) �+��2�&($0 !�)(�(.��$0 ���"%�2(.� � )��.��( �$,&#���(3 �$ +���.�$-

��) *�+( � ���$�. )1"����� � ,�($��(3 (�,��"�!�+�����$(. 


�, (!)��$��, )��+&�.��3#5�3 �+���"���$0 6&�,$�(���,� � (�,���(3 !�)(-

�($ �$ )�&(�(�1 $�,� *�+(, .�5���$( (�$���(,� +($��(3 ( 2&($�&0���$( ��!�3-

2�. ��6$�.� �"�"5���1. ,�($��(�. )��+&�.��3#5�/ �+���"���$( .�4�$
�&�4($0 )�&(�(�� 6��� (( 6&�,$�(���,� � (�,���(3 (&( 2� ��"��!�)��(3, ���-

"���� ��&( �,*��$ 2�&�$0 �� �*��,� ��&( 2&($�&0���$( ��!�32�, (�%�23 (! !�)(-

�(.��$( 6��� (( �$ ��+�34��(3 (U) ( $�,� *�+( (I), � $�,4� )��.��(
��5��$)�)��(3 ��!�32� (t): 

      W= U�I�t .                                     (1) 

�2�3 �"��+����(3 (�,��"�!�+�����$( +�$�. � ���(���(3 2&($�&0���$( ��!-
�32� "1�$�1. �$,&#���(�. (�,�35�/ *�+( !�,&#���$�3 ) $�., �$�"1 6��� (3
��!�32� (W) "1&� .��07� .(�(.�&0��/  )��+&�.��3#5�/ 6��� (( �.��( �+��-

�� �  �!� � )�!2�%�. (Wmin), $.�. �$�"1 )1+�&�3&��0 ���$��7��(� W=Wminf(U�I�t).  

��( +���%�2�1% ��4(.�%, %���,$���1% 2&3 .�.��$� ),&#���(3 (&( �$,&#-

���(3 $�,�, +�3.�3 +��+��*(���&0���$( 6��� (( �$ $�,� ( ��+�34��(3 ����7�-

�$�3, ( ��7��(� !�2��( ���$�($ ) �"����)��(( =�,$(���,�/ =��,*(���&0��/
!�)(�(.��$( )��.��( �$,&#���(3 �$ +���.�$��) 6&�,$�(���,�/ *�+(.   

�� &���� �$����$)���1. ( !���"�4�1. �$��2��$�. �� )!�1)�!�5(5�����
6&�,$���"���2�)��(� +�2 .(�(.�&0��/ )��+&�.��3#5�/ 6��� (�/ +��(.�#$
6��� (# ) 6&�,$�(���,�/ *�+(, �"��!�#5�/ (�,�35(/ ��!�32, ,�$��1/ )1!1)��$
)��+&�.����(� )!�1)��+����/ �.��( � )���3$���$0# 10

–3
. � ���� � 51330.10–99, 

 ��.��(!(��)����. �� �$��2��$�. .�42�����2��/ 6&�,$��$�%�(���,�/ ,�.(�-

�(( (�>
 IE� 60079–11–11), 2��� �&�2�#5�� �+��2�&��(�: «�(�(.�&0��3 )��-

+&�.��3#5�3 6��� (3 (.�5���$0) 6&�,$�(���,� � ��!�32� – 6��� (3 (.�5���$0) 
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6&�,$�(���,� � ��!�32�, )1!1)�#5�3 )��+&�.����(� )!�1)��+����/ �.��( � )�-

��3$���$0# 10
–3 +�( (�+1$��(( � (�+�&0!�)��(�. (�,���"��!�#5� � .�%��(!-

.�», ) ���$)�$�$)(( � $��"�)��(3.( 6$� � �$��2��$�. 

>$� �!�����$, �$� )�&(�(�� .(�(.�&0��/ )��+&�.��3#5�/ 6��� (( �)3!���
� )���3$���$0# )��+&�.����(3, %�$3 ) �32� &($���$���1% (�$���(,�) +�()�2�-

�1 !�����(3 .(�(.�&0��/ )��+&�.��3#5�/ 6��� (( "�! �)3!( � )���3$���$0#
)��+&�.����(3 ($�"&. 1), ( �� +��,$(,� ��($��$�3, �$� +�( !�����(( 6��� ((, 

.��07�. .(�(.�&0��/ )��+&�.��3#5�/, )��+&�.����(� �.��( �� +��(�%�2($.  

��"&(*� 1 – �(�(.�&0��3 6��� (3 )��+&�.����(3 .�$���)�!2�7��/ �.��(

�)$��1 (&( (�$���(,(  

+�"&(,�*(/

�(�(.�&0��3
6��� (3  

)��+&�.���-

�(3, .�4
(.��?�) 

��%��(!.  

)��+&�.����(3


�/.�,�) �.�. ( 2�. [1] 0,28 >&�,$�(���,�3 (�,��
�,���, �.�., 
�&��#, �.�., 

�%�� �.�. [2] 
0,28 >&�,$�(���,�3 (�,��

��!&�)�,(/ �.�. [3] 0,33 �!�1)��$�� )�5��$)�
��� 12.1.24.294–86 �(�$�.�
�$��2��$�) "�!�+�����$( $��2�. 

�"���2�)��(�  ����-7�%$���. 

�!2�&(3 ��.�$�&&(���,(�. 

>&�,$���$�$(���,�3 (�,��"�!�-

+�����$0.  �"5(� $��"�)��(3 (
.�$�21 (�+1$��(/.  

0,25 
>&�,$���$�$(���,(/  

��!�32

�$��2��$ �>
 IE� 60079–2009  0,20 
�$��2��$(!�)���1/ (�,��-

�"��!�#5(/ .�%��(!.

���� � 51330.10–79  0,35 
�$��2��$(!�)���1/ (�,��-

�"��!�#5(/ .�%��(!.
��"��) :.�. [5] 0,28 >&�,$�(���,�3 (�,��

��(.��07�� !�����(� .(�(.�&0��/ 6��� (( 0,20 .�4 +�()�2��� ) �$��2��-

$� �>
 (! ��&�)(/ +�24( ��(3 )!�1)��$�/ �.��( �$ ��$�$���� � !��32� �� ,��-

2����$��� ( .�4�$ ��($�$0�3 �(4��/  ���(*�/ .(�(.�&0��/ 6��� ((
)��+&�.����(3. 

�2��,�, (�%�23 (! $� �, �$� ) ���&0��/ 6&�,$�(���,�/ *�+( )�� 2� (.��$�3
��,�$���� ��+��$()&��(�, � ���(�()�#5�� )�&(�(�� $�,� +�( ,���$,�. !�.1-

,��((, "ó&07�� 2�)��(� )1!1)��$ !�����(� .(�(.�&0��/ 6��� (( Wmin = 0,28 

.�4, ,�$���� "�&07(��$)� �)$���) �$���($ , ��4(.� ,�..�$�*(( 6&�,$�(��-

�,�/ *�+( ) ��("�&�� )!�1)��$�/ .�$���)�!2�7��/ �.��( � +�24( ��(�. ��
6&�,$�(���,(.( (�,��.( ,�..�$�*((. 

��.�$(., �$� )� .�� (% �&���3% �+�����$0 (�,���(3 ( )��+&�.����(3
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)!�1)��$�/ �.��( �*��()�#$ � ���$�. )���3$���$( $�,� � +��*����. ��,, +�
���� 22782.5, ,�, ( +�  ��.��(!(��)����.� �� �$��2��$�. �>
 ����(/�,�.�
���� � 51330.10–99, .(�(.�&0�1� )��+&�.��3#5(� +���.�$�1 ($�,, .�5-

���$0, 6��� (3) �+��2�&3#$�3 ,�, )1!1)�#5(� )��+&�.����(� )!�1)��+����/
�.��( � )���3$���$0# 10

–3
. 

�$.�$(., �$� ���� 12.1.010–78 .���/ �(�,� )!�1)� ) �&���� $�%�(���,�/
(&( 6,���.(���,�/ *�&����"��!���$(, �+��2�&3�$ $�,, �$�"1 +��(!)�2�$)���1�
+��*���1 ��!��"�$1)�&(�0 +�( �"��+����(( «)���3$���$( )�!2�/�$)(3 �+���1%
=�,$���) )!�1)� �� &#2�/ ) $����(�  �2� �� )17� 10

–6 �� ��&�)�,�», +�(��. +�
2���1. ���� � 51330.10–99 .(�(.�&0��3 )��+&�.��3#5�3 6��� (3 !�)(�($ ��
$�&0,� �$ 2&($�&0���$( ��!�32�, �� ( �$ �,����$( ��!.1,��(3 ,��$�,$�) ,�..�-

$(���.�/ *�+( (�(�. 1) ( �@ !�����(� �� &����  ��=(���,(. !�)(�(.��$3. .�4�$
���$�)&3$0 �$ 0,25 2� 15 .�4, �$� !���($�&0�� +��)17��$ )�&(�(�� 0,28 .�4. 

��6$�.� ) ,��*�+*(( (�,��"�!�+�����$( 6&�,$�(���,�/ *�+( �"1��� +���%�23$
�$ .(�(.�&0�1% )��+&�.��3#5(% +���.�$��) ($�,, .�5���$0, 6��� (3) , (�-

,��"�!�+���1. +�$�. +�(.����(3 ,�6==(*(��$� (�,��"�!�+�����$(. ��( 6$�.
)�&(�(�� (�,��"�!�+����/ 6��� (( (W�) .�4�$ "1$0 �+��2�&��� +�$�. �.��0-

7��(3 .(�(.�&0��/ )��+&�.��3#5�/ 6��� (( �� )�&(�(�� ,�6==(*(��$� (�-

,��"�!�+�����$( (��): 

u

u
K

W
W = . 

�&3 ��2�(��1% 6&�,$����$���)�,, ��(��$(��3�0 �� .�$���)�!2�7��# )!�1-

)��+����# �.��0, +�(�(.�#$ ��= 1,5. 

�(����, 1 – ��)(�(.��$( .(�(-

.�&0��/ )��+&�.��3#5�/
6��� (( W  

�$ 2&($�&0���$( ��!�32�  t ( �,�-

���$( ��!.1,��(3 ,��$�,$�)  

(�,�!��1 *(=��.( ��  ��=(,�) 
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��&( +�&0!�)�$0�3 2���1.( �(�. 1, $� !�����(� 6��� (( (!  ��=(,� �&�2��$  

�.��07�$0 �� )�&(�(�� �+�.3��$� � ,�6==(*(��$�. ��( 6$�. .�4�� ��($�$0, 

�$� )���3$���$0 )��+&�.����(3 ���$�)&3�$ 10
–6

. 

�� ����)��(( (!&�4���� � �+��2�&��(� ���"%�2(.� � )��.��( �$,&#���(3
6&�,$�(���,�/ *�+( ���2�$)�.( !�5($�� � �$,&#���(3 ��+�34��(3 *�&����"-

��!�� ���5��$)&3$0 +� )1��4��(# (1), +�(�3) .(�(.�&0��# 6��� (# )��+&�-

.����(3 Wmin = 0,28 .�4, �  ��=(,( (�(�. 1) .�4�� (�+�&0!�)�$0 2&3 �*��,(
)���3$���$( )��+&�.����(3, $.,. +�( !�����(3% 6��� (( +� 2���1.  ��=(,�)
�"��+��()��$�3 )���3$���$0 )��+&�.����(3 .�$���)�!2�7��/ �.��( 10

–3
, � +�(

!�����(3%, �.��07���1% ) 
u =1,5 – )���3$���$0 10
-6

. 

�&3 ���,�1$(3 =��,*(���&0��/ !�)(�(.��$( (1) ����.�$�(. +��*��� 6&�,$�(-

���,�/ ,�..�$�*((, ���5��$)&3�.1/ ��!.1,��(�. 2)�% ,��$�,$�) *�+(, +�()�-

235(/ , �"��!�)��(# 2� �)� � ��!�32� �� ,��$�,$�% +�( �$,&#���(( $�,�
,���$,� � !�.1,��(3 (&( ��"��� � $�,� *�+(, +�( ,�$���. $�, �� +��,��5��$�3 )
.�.��$ ��!.1,��(3 ,��$�,$�), � +��2�&4��$ +��$�,�$0 $�,4� ( +��&� 6$� � +�
6&�,$�(���,�/ 2� �, ( +��*��� ,�..�$�*(( !�,���()��$�3 &(70 +��&� � ����(3 2�-

 ( [6].  

��,��"�!�+����# *�+0 +��2�$�)(. ,�, *�+0 +��$�3��� � $�,� � �,$()�1.
��+��$()&��(�. R ( (�2�,$()���$0# L (�(�. 2). >&�,$�(���,�3 2� �, )�!�(,�#-

5�3 �� ,�..�$(���.1% ,��$�,$�%, %���,$��(!��$�3 ��+�34��(�. 2� ( U�: 

                                                       U�=U – I�R�                      (2) 

���"�����$0 )1��4��(3 (2) ���$�($ ) $�., �$� ��+��$()&��(� 2� ( R� 3)&3-

�$�3 ��&(��/�1. ( (!.��3�$�3 ) 7(��,(% +��2�&�%. 

                              �)                                                     ") 

�(����, 2 – �%�.� .�2�&(��)��(3 *�+( +��$�3��� � $�,� +�( 2� �)�. ��!�32�:  

� – (.($�*(3 2� ( ��&(��/�1. ��+�34��(�. (U�);  

" – (.($�*(3 ��&(��/�� � ��+��$()&��(3 2� ( (r) 

� ��"�$� [6] .�2�&(��)��(� ��&(��/�� � ��+��$()&��(3 2� ( )1+�&���� �
���$�. $� �, �$� +�( ��!.1,��(( )1,&#��$�&3 ) &#"�/ 6&�,$�(���,�/ *�+( ���
+��$�+���� �.��07��$�3, ( !�$�. +�2��$ 2� ��&3 &("� ,��$�,$��� 2�)&��(�, &(-

"� +&�5�20 ��+�(,����)��(3 ,��$�,$�) (�(�. 2,"). � +��2+�&�4��(( ��)��.��-

�� � 2)(4��(3 ,��$�,$�) ) $����(� )��.��( ts �$,&#���(3 $�,� �"����)���
(!.����(� ��+��$()&��(3 2� ( +� )1��4��(# [6]:  
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tt

tr

t

t

r
R

s

s

s

�

−

⋅
=

−

=

1
,                                                  (3) 

 2� r – ��+��$()&��(� ,��$�,$�) +�( +�&��/ +&�5�2( (% ��+�(,����)��(3; 

      t – $�,�5�� )��.3 �$ ����&� +��*���� ��!.1,��(3 ,��$�,$�). 

� ���$�. 6$� � +��*��� �$,&#���(3 *�+( +��$�3��� � $�,� �+(�1)��$�3
�&�2�#5(. 2(==����*(�&0�1. ���)���(�.: 

                                               Ui
tt

rt
iR

dt

di
L

s

s
=⋅

−
+⋅+ .                                          (4) 

���$(/ �&�� 6$� � ���)���(3 +��2�$�)&3�$ ��"�/ ��+�34��(� �� ,�..�$(-

���.1% ,��$�,$�%: 

                                             i
tt

rt
U

s

s
s

−
= .                                                    (5) 

>&�,$�(���,�3 6��� (3, �����()��.�3 ) $����(� )�� � +��(�2� �$,&#���(3
)1,&#��$�&3 (��"�$� ,�..�$�*((), ���$�)&3�$: 

.
0

dtiUA
st

s ⋅⋅= �
� ���$�. )1��4��(3 (4) ��"�$� ,�..�$�*(( "�2�$

��� ⋅−⋅⋅−=⋅−⋅−=

0

00

)()(
I

tt

idiLidtiRUidt
dt

di
LiRUA

ss

. 

� ��"�$� [6] ��7��(� 6$� � ���)���(3 2��� ,�, .�,�(.�&0��3 ��"�$� ,�..�-

$�*((: 

                                                         t
RILI

A ⋅+=
62

22

max ,                                         (6) 

 2�
R

U
I =  – ��$���)()7���3 !�����(� $�,�. 

��( ,���$,�. !�.1,��(( ) *�+( $�, I – 6$� ��$���)()7���3 !�����(� $�,�
,���$,� � !�.1,��(3 (I =Ik), ) ��"���. ��4(.� $�, I – 6$� ��$���)()7���3 !��-

���(� $�,� +�$��"($�&3 (I = Ip). 

�&3 �+��2�&��(3 ���"%�2(.� � )��.��( �$,&#���(3 �� ����)��(3 ��&�)(3
(1) (.��. �&�2�#5�� )1��4��(�: 

                                                t
RILI

W
62

22

min +≥ .                                                   (7) 

�! 6$� � )1��4��(3 .� �$ "1$0 +��2&�4��1 �&�2�#5(� =��.�&1 2&3 �+��-

2�&��(3 ���"%�2(.� � )��.��( �$,&#���(3. 

���.3 �$,&#���(3 ) ��4(.� ,���$,� � !�.1,��(3  (t =tk), (�%�23 (! .�,-

�(.�&0�� � $�,�, )�!�(,�#5� � +�( ,���$,�. !�.1,��(( �� !�4(.�% (�$��-

�(,� (I =Ik, R=Rk), ,� 2� )&(3�(� (�2�,$()���$( �� ��!,( �� +��3)&3�$�3 (
L = 0, 
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kk

k
RI

W
t

2

min6
=  c                                                (8) 

(&(

                                                    2

min6

U

RW
t k

k = , �                                              (9) 

(&(

                                                         
k

k
P

W
t min6

= , �                                           (10) 

 2� U – ��+�34��(� (�$���(,�, �;  

     Rk=
kI

U
 – )��$������ ��+��$()&��(� (�$���(,� (&( ��+��$()&��(� ) ��-

4(.� ,.!. � ���$�. +�(.������ � $�,�� ���(�()�#5� � ��!(�$���, �.; 

    Pk=U·Ik – .�5���$0 *�+( ) ��4(.� ,���$,� � !�.1,��(3, ��. 

� ��"���. ��4(.� ) *�+( +��$�,��$ $�, �� ��!,( (I =Ip), � 6&�.��$�.( *�+(
3)&3#$�3 )��$������ ��+��$()&��(� (�$���(,� (Rk), ��+��$()&��(� �� ��!,( (

Rp)  ( �@ (�2�,$()���$0 (L), +�6$�.� R=Rk + Rp (  

RR

U
I

��

p
+

=

..

, 

� )��.3 (t =tp) �$,&#���(3 *�+( ) ��4(.� ,���$,� � !�.1,��(3 "�2�$: 

                                                          )
2

(
3

2

min L
I

W

R
t

p

p −= , c                                      (11) 

(&(  

                                                         )
2

(3
2

min

R

L
R

U

W
t p −=   , �,                                  (12) 

(&(

                                                       )
2

(3 min

R

L

p

W
t p −= , �                                     (13) 

 2� �=U·Ip – .�5���$0 *�+( ) ��4(.� ���.�&0��/ ��"�$1 �� ��!,( (+�$��-

"($�&3), ��. 

�&3 ,�42�/ *�+( )��.3 �$,&#���(3 2�&4�� �2�)&�$)��3$0 (�,��"�!�+����-

�$( ,�, ) ��4(.� ,���$,� � !�.1,��(3, $�, ( ) ��"���. ��4(.�, ,� 2� ��� !�)(-

�($ �$ (�2�,$()���$(, (&( )��.3 �$,&#���(3 2�&4�� "1$0 .(�(.�&0�1., �$�"1
) &#"�. ��4(.� ��"�$1 �"��+��()�&(�0 ��&�)(3 "�!�+�����$(. 

� ��4(.� ,���$,� � !�.1,��(3 2&3 �+��2�&��(3 )��.��( �$,&#���(3 ���"-

%�2(.� ���+�&� �$0 !�2���1. ��+�34��(�. +($��(3 *�+( (U), � 2�+��$(.1/ $�,
,���$,� � !�.1,��(3 �+��2�&3$0 (�%�23 (! �� &�.��$(���.� � �$��2��$�.( (�-

,��"�!�+�����$( .(�(.�&0�� � )��+&�.��3#5� � $�,� ( ) +� )1��4��(#  

Ik=I�·K� , 

 2� ,�6==(*(��$ (�,��"�!�+�����$(, +�(�(.��.1/ 2&3 )!�1)��+����/
�.��( .�$��� � )�!2�%�., ��)�1.  = 1,5.  
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�&3 �+��2�&��(3 .(�(.�&0�� � )��+&�.��3#5� � $�,� ) ���� 227825  ( )
�$��2��$� IEC 20079–1 +�()�2��1  ��=(,( .(�(.�&0�1% )��+&�.��3#5(% $�-

,�) ) !�)(�(.��$( �$ ��+�34��(3 *�+(, � ) IEC 20079–1, ,��.� $� �, +�()�2��1
$�"&(*1 2�+��$(.1% $�,�) ,���$,� � !�.1,��(3 $�,4� ) !�)(�(.��$( �$ ��-

+�34��(3 *�+(, � (�+�&0!�)��(�. ,�$��1% ���$�)&��� $�"&. 2, 2���1� ,�$���/
.�4�� (�+�&0!�)�$0 2&3 �����$�). 

���$������ ��+��$()&��(� (�$���(,� ($�"&. 2) �+��2�&��� +� !�����(# ��-

+�34��(3 ( $�,� ,���$,� � !�.1,��(3 (&( ,�6==(*(��$� (�,��"�!�+�����$( K 

=1,5: 

k

u
k

I

UK
R =  , �.. 

��+��$()&��(� �� ��!,( (Rp) .�4�$ "1$0 !�2��� (&(, ��&( �� ��!,� !�2���
��.(��&0�1. $�,�. (Ip), $� ��� .�4�$ "1$0 �+��2�&��� (�%�23 (! ��+�34��(3
+� )1��4��((: 

k

p

p R
I

U
R −= . 

��"&(*� 2 – ��+��$(.1/ $�, ,���$,� � !�.1,��(3 ) !�)(�(.��$( �$ ��+�34��(3

��+��$(.1/ $�, ,���$,� �
!�.1,��(3 , .� 2&3 +�2-

 ��++1 ( ��++1)  
+�( ,�6==(*(��$�  
(�,��"�!�+�����$(

��+�34��(�, 
�

1,0 1,5 

���$������  
��+��$()&��(�  
(�$���(,� � ���-

$�. $�,�� ���(�(-
)�#5� � ��!(�$���

( ), �.

����(���3  
(�2�,$()-
���$0 *�+(, 

.��

16,0 5000 3530,0 4,80 0,30 
18,0 3170 2110,0 8,53 0,75 
20,0 2274 1516,0 13,70 1,46 
24,0 1057 704,7 34,00 6,80 
28,0 773 515,3 54,30 12,70 
36,0 434 289,3 124,40 40,10 
42,0 331 220,7 190,30 69,00 
45,0 286 190,7 236,00 92,40 

�&3 *�+�/ � (�2�,$()���$0# �� )�� 2� ���"%�2(.�� .(�(.�&0��� )��.3 �$-

,&#���(3 ���$)�$�$)��$ ��4(.� ,���$,� � !�.1,��(3, +��,�&0,�, ���.�$�3 ��
$�, �$� $�, ) ��4(.� ,.!. "�&07� $�,� ��"��� � ��4(.�, +�( �+��2�&����/ (�-

2�,$()���$( $��"��$�3 .��07�� )��.3 �$,&#���(3. 

�+��2�&��(� +��2�&0��/ (�2�,$()���$(, +�( ,�$���/ $��"��$�3 .��07��
)��.3 �$,&#���(3 .�4�� �+��2�&($0 (!  ���(��1% ��&�)(/ tp A tk, (&( (�+�&0-

!�3 )1��4��(3  (10) ( (13): 
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kP

W

R

L

p

W minmin 6
)

2
(3 ≤− .                                  (14) 

�+��2�&33 (�2�,$()���$0 (L), +�&����.

                                                       min6)
11

( W
pp

RL
kp

−≤ .                                       (15) 

C ���$�. !�����(/: kkpp

p

UIPUIP
P

U
R === ;;

2

(.��.: 

                                                         )
11

(6
2

kpp

mpn
III

WL −≤                                   (16) 

�&�2��$ ����$0, �$� �+$(.�&0�1� 6��� �$(���,(� ��&�)(3 ���$)�$�$)�#$
�&���#, ,� 2� ��+��$()&��(� (�$���(,� ��)�� ��+��$()&��(# �� ��!,(, $.�. 

Rk=Rp.  

�&3 $�,� � �&���3
kpk

p

k

k
R

U

RR

U
I

R

U
I

2
; =

+
== , �, �&�2�)�$�&0��, �+$(.�&0�1�

��&�)(3 "�2�$, ,� 2�
2

k
p

I
I = . 

���&� ���"%�2(.1% +���"��!�)��(/ +�&��(.: 

                                                   
2

min

2

min 312

pk I

W
L�	�

I

W
L ≥≥ .                                (17) 

��( "�&07(% !�����(3% (�2�,$()���$( *�+(, .(�(.�&0��� )��.3 �$,&#��-

�(3 ���"%�2(.� �+��2�&3$0 +� ��"���.� ��4(.�, (�+�&0!�3 =��.�&1 (11)–(13), 

� +�( .��07(% !�����(3% – +� ��4(.� ,���$,� � !�.1,��(3, (�+�&0!�3 =��.�-

&1 (8)–(10). �2��,� +�( �����$�  )��.��( �$,&#���(3 *�+( !�5($�/ ���"%�2(.�
(�%�2($0 (! =�,$(���,�/ (�2�,$()���$( *�+(, ,�$���3 �,�!��� ) $�%�(���,�/
2�,�.��$�*(( �� )!�1)�!�5(5����� (!2�&(� (&( �+��2�&3$0 �@ +��)�����1.
.�$�2�. (!.����(3. 

�����$�1� !�����(3  ���(��1% (�2�,$()���$�/ +�()�2��1 ) $�"&. 2. 


�, +�(.�� �����($��1 !�����(3 ���"%�2(.� � )��.��( �$,&#���(3 *�+(
2&3 ��("�&�� ���$� +�(.��3�.1% ��+�34��(/ +($��(3 (�,��"�!�+���1% �(�$�.
� �&0�1% 7�%$. �&3 ��4(.� ,���$,� � !�.1,��(3 (�$���(,� ��� ���$�)&3�$ )
���$)�$�$)(( � =��.�&�.( (8), (9), (10): +�( ��+�34��(( U = 24 � ( )��$�����.
��+��$()&��((  =34 �. – 0,0991 .�; +�( ��+�34��(( U = 36 � (  = 124,4 �.
– 0,1612 .� ( +�( ��+�34��((  U = 42 �  (  = 190,3 �. – 0,1812 .�. 

�&3 ��"��� � ��4(.� �����$�1� !�����(3 )��.��( �$,&#���(3 �� &����
=��.�&�. (11), (12), (13) +�( ��+��$()&��(( *�+( R=2Rk +�()�2��1 ) $�"&. 3. 
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��"&(*� 3 – ���"%�2(.�� )��.3 �$,&#���(3 2&3 (�,��"�!�+�����$( (�,���(3  

) ��"���. ��4(.� *�+(

���"%�2(.�� )��.3 �$,&#���(3 (.�) +�( ��+�34��(( *�+(
( ��+��$()&��((��2�,$()���$0

*�+(, ��
24,0 �  ( 34,0 �. 36,0 � ( 124,4 �. 42,0 � ( 190,3 �.

0 0,1986 0,3225 0,3624 
1 0,1542 0,3105 0,3546 
2 0,1101 0,2984 0,3467 
3 0,0660 0,2864 0,3338 
4 0,0219 0,2743 0,3309 
5 – 0,2623 0,3230 
10 – 0,2070 0,2836 
20 – 0,0815 0,2048 
30 – – 0,1240 
40 – – 0,0472 
50 – – – 

�! $�"&. 3 �&�2��$, �$� +�( �+��2�&����/ (�2�,$()���$( *�+( �"��+��($0 (�-

,��"�!�+�����$0 ��!�32�) �� �2��$�3, $. ,. 2&3 6$� � $��"��$�3 . ��)����� �$,&#-

���(� � )��.���., ��)�1. ��&# (�"�!������ +�����,�.( ) $�"&. 3). �! +�&�����1%
2���1% $�,4� )(2��, �$� ) ��"���. ��4(.� (.�#$�3 ��&�)(3, ,� 2� ���"%�2(.��
)��.3 �$,&#���(3 .�4�$ "1$0 .��07� )��.��( �$,&#���(3 *�+( ) ��4(.� ,���$-
,� � !�.1,��(3. ��&�����1� 2���1� �)(2�$�&0�$)�#$ � $�., �$� 2&3 �$,&#���(3
��+�34��(3 ) (�,��"�!�+���1% *�+3% 2�&4�1 +�(.��3$0�3 ,&#��)1� 6&�.��$1, 

(.�#5(� "�&07�� "1�$��2�/�$)(� (.���� 1 .�), $.,. ��&�/�1� ,��$�,$�1� .� �$
�"��+��($0 )��.3 �$,&#���(3 !���($�&0�� "�&07� 1 .�.   

� +��,$(,� (! ���"��4��(/ (�,��"�!�+�����$( +�("� �#$ , �)�&(���(# $�-

,�� ���(�()�#5(% ��+��$()&��(/. 

��+�(.��, ) ��(&�4��(( �.3 �$��2��$� IEC 60079–11 +�( �*��,� (�,��"�-

!�+�����$( *�+( ��+�34��(�. U = 20 � � (�2�,$()���$0# L = 100 .�� +�(.�-

��� $�,�� ���(�()�#5(/ ��!(�$�� ��+��$()&��(�. R = 3000 �.. 

��4�� +��2&�4($0 �+��2�&��(� ��+��$()&��(3 $�,�� ���(�()�#5� � ��-

!(�$��� �+��2�&3$0, (�%�23 (! $� �, �$�"1 ���"%�2(.�� )��.3 �$,&#���(3 "1&�
)�� 2� +�&�4($�&0�1.. >$� ��&�)(� )1$�,��$ (! =��.�&1 (12), �$� )1��4��$�3
����)���$)�.: 

R

L

U

W
�

2

min2
, 

�$,�2� ��+��$()&��(� $�,�� ���(�()�#5� � ��!(�$��� "�2�$: 

                            R B U
min2W

L
,                     �.

(&(
                                                             R>42U L , �.                                    (18) 
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� 6$�/ =��.�&� L – 6$� =�,$(���,�3 (�2�,$()���$0 *�+(, �  – �"5�� ��+��-

$()&��(� (�$���(,� � $�,�� ���(�()�#5(. ��!(�$���.. �&3 *�+( ��+�34��(�.
 = 24� ��+��$()&��(�  = 320 �.. � $�"&. 4 +�()�2��1 �����$�1� !�����(3

)��.��( �$,&#���(3 *�+( ��+�34��(�. 24 � �� &���� =��.�&� (15) +�( !����-

�((  = 320 �. ( !�2����/ (�2�,$()���$( L=100 .��, (! ,�$���/ )(2��, �$�
�)�&(���(� ��+��$()&��(3 � 34 �. 2� 320 �. +�!)�&3�$ �)�&(�($0 ���"%�2(.��
)��.3 �$,&#���(3 ( ���7(�($0 )�!.�4���$( !�5($�� � �$,&#���(3 *�+�/ �
"�&07�/ (�2�,$()���$0# +� ���)���(# � 2���1.( $�"&. 3, +�&�����1. +�(
R=2Rk=680 �..  

��"&(*� 4 – ���.3 �$,&#���(3 *�+( +�( �)�&(�����. ��+��$()&��((  

$�,�� ���(�()�#5� � ��!(�$���

��2�,$()���$0 *�+( ��+�34��(�.
42 � +�( ��+��$()&��((  

(�$���(,� 320 �., .��

���"%�2(.�� )��.3  

�$,&#���(3 *�+(
) ��"���. ��4(.�, .�

0 0,9333 

1 0,9240 

10 0,8396 

20 0,7458 

30 0,6521 

40 0,5583 

50 0,4646 

��( 6$�. ) ��4(.� ,���$,� � !�.1,��(3 ) *�+( ��+�34��(�. 24� +�( ��-

+��$()&��(( R=2Rk=320 �. ���"%�2(.�� )��.3 �$,&#���(3 �� &���� =��.�&�
(9) "�2�$ tk=0,9333 .�, $.�., ���$)�$�$)��$ ���"%�2(.�.� )��.��( �$,&#���(3 )
��"���. ��4(.� +�( L=0. 

�<���<. ��!�&0$�$1 +��)�2���1% (��&�2�)��(/ +�!)�&(&( �2�&�$0 �&�-

2�#5(� )1)�21. 

1. �&3 �+��2�&��(3 )��.��( �$,&#���(3 6&�,$�(���,(% *�+�/ +� ��&�)(3.
��)��+&�.����(3 .�$���)�!2�7��/ )!�1)��+����/ �.��( (�,��.( ��!.1,��(3
�"����)��� ) ,����$)� ,�($��(3 +�(.����(� .(�(.�&0��/ )��+&�.��3#5�/
6��� (( 0,28 .�4. 

2. ��&����1 !�)(�(.��$( ���"%�2(.� � +� ��&�)(3. (�,��"�!�+�����$(
)��.��( �$,&#���(3 6&�,$�(���,(% *�+�/ �$ $�,�, ��+�34��(3, .�5���$( (�-

$���(,�, � $�,4� ��+��$()&��(3 ( (�2�,$()���$( *�+( +�( ,�..�$�*(���1%
��!�32�% ) ��4(.� ,���$,� � !�.1,��(3 ( ���.�&0��/ ��"�$1. 

3. ��,�.��2�)��� +�( (�2�,$()���$(, "�&��  ���(���/, ���"%�2(.�� "1�$-

��2�/�$)(� �+��2�&3$0 +� ��"���.� ��4(.� ,�..�$�*((, � +�( .��07�/ (�-

2�,$()���$( – +� ,�..�$�*(( $�,� ,���$,� � !�.1,��(3. 

4. ���2&�4��� =��.�&� 2&3 �+��2�&��(3 +� ���"��4��(3. (�,��"�!�+��-

���$( )�&(�(�1 ��+��$()&��(3 $�,�� ���(�()�#5� � ��!(�$��� (�$���(,�
+($��(3 ) !�)(�(.��$( �$ ��+�34��(3 *�+( ( )�&(�(�1 �@ (�2�,$()���$(. 
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NECESSARY SPEED PROTECTIVE TRIP SPECIALLY EXPLOSION 
PROTECTION ELECTRICAL 

V. Kolosyuk, V. Chebenko  
Kremenchug Mykhailo Ostrohradskiy National University 
vul. Pervomayskaya, 20, Kremenchug, 39600, Ukraine. E-mail: bgd@kdu.edu.ua  
Study outlines the methodology for determining the time required for Barrier-off 

electric circuits, as a means of preventing dangerous-of arc or spark discharges. As a 
safety criterion adopted minimum ignition energy of the explosive methane-air mix-
ture in an arc-fault in an electrical circuit electron-explosion-proof equipment of ma- 
chines, as well as in the operating mode for the effects of inductance on switching 
conditions. The application of current limiting resistor and disclosed its dependence on 
the voltage source and the circuit parameters. 

Key words: sparks, energy, trip, arc resistance. 

REFERENCES 
1. (1982) ”Vzryvobezopasnost' rudnichnogo elektrooborudovaniya” [Mining Electrical 

Explosion], ed. �.�. Kaymakova, Nedra, Moscow, Russia. 
2. Tkachuk, S.P., Kolosyk, V.P., Ikhno, S.A. (2000) ”Vzryvo-pozharo-

bezopasnost' gornogo oborudovaniya” [Explosion-fire safety of mining equipment], 
Osnova, Kiev, Ukraine.  

3. Rozlovskiy, A.I. (1980) “Osnovy tehniki vzryvobezopasnosti pri rabote s 
goryuchimi gazami i parami” [Basic techniques of explosion when working with 
flammable gases and vapors], Khimiya, Moscow, Russia. 

4. Anikhin, V.A. (2012) Computer modeling jobs safe parameters of mining 
equipment, Ukraine coal, no. 10, pp. 23–26. 

5. Dubnov, L.V., Bakharevich, N.S., Romanov, A.N. (1973) ”Promyshlennye 
vzryvchatye veshchestva” [Industrial Explosives], Nedra, Moscow, Russia. 

6. Ryudenberg, R. (1980) “Ekspluatacionnye rezhimy elektroenergeticheskih sis-
tem i ustanovok” [Operating conditions of electrical power systems and installations], 
Energiya, Leningrad, Russia. 

�$�$$3 ��2�/7&� 28.12.2014. 


