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Energia elektryczna jest postrzegana na rynku
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o d

U U
I I I

Z Z
= − = − (4)
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gdzie: .PWP d oI I I= +
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d PWP d

d o

Z
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Z Z− =
+

(7)

o
o PWP o

d o
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+

(8)

2'*�#1 CR

( )PWP d PWP o PWPI I I− −= + − (9)
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 skalarne
zgodnie z równaniem (10):

| | df ofPWP
I I I= + (10)

gdzie Idf jest rzutem Id–PWP na kierunek wektoraIPWP, a Iof

rzutem Id–PWP na kierunek wektora IPWP.
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1�?%>='1 *� 
 ?�,#0
%&��
?�#(��

2&�#=&'1 ��'*'
 &/1*�#C
 A � *�#
,#%'��
1
 � "#C*'<(�
'�
$B% 
 - �'1#@'
=',�>���
=&B� ,�
?%&'*
�'?% 1(�
 �
'�0
A�'&(�
1
% $�()
? ,�()
1 &+*$ ()�
; $�#
'=�? *'
1
,#%'0
���#
$�#&+*$+
,'(�
(��**#;�
Na rysunkach 8 i 9 przedsta-
wiono wyniki.
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Z porównania rysunków 8 i 9
 ,'C* 
 1*�'?$'1 E�
 C#
1 &%'<E
&/C*�(�
 ,="�%+�
=',�>���
=&B� ,�
) &,'*�(�*#;
�'?% 1(�
 �
 '�A�'&(�
 *�#
 1=!�1 
 * 
 ='=& 1*'<E
 1�*�$+
��#*%�-�$ (;�
 ?=& 1(�
� A+&�#*� �

Wnioski:

� � "#%B
%#;
,#%'��
;#?%
,'C"�1'<E
'$&#<"#*� 
�"'<(�'1#0
@'
+��� !+
?%&'*
�'?% 1(�
�
'�A�'&(�
1
( !$'1�%�,
'�0
$?�% !(#*�+
=&B�+
�2�2�

� �#%'� 
;#?%
*�#(�+! 
* 
 ?�,#%&�>�
� �?$ � *�#
*�#
� "#C�
'�
$B% 
- �'1#@'
=',�>���
=&B0

�#,
�'?% 1(�
�
'�A�'&(��
� � � 
%#;
,#%'��
;#?%
$'*�#(�*'<E
�'$! �*#@'
'$&#<"#0

*� 
�,=#� *(;�
?%&'*
�'?% 1(�
�
'�A�'&(��

��0������� �*.! 6%"! �% &"7,"�*�8�

5'
  * "���
 =&��;,+;#
 ?�>
 ?()#, %
 � ?%>=(��
 Nortona
(rys. 2) [4]. 4 � ;B(
?%'?+*#$
* =�>E
F&/�!'1�()
?%&'*�
�'0
?% 1(�
�
'�A�'&(��
,'C* 
'$&#<"�E
 "'$ "�� (;>
�',�*+;B(#0
go
F&/�! 
'�$?�% !(#D
1
?�#(�
#"#$%&'#*#&@#%�(�*#; na pod-
stawie
1?$ F*�$ :

o
U

d

E

E
θ = (11)

zwanego � "#;
1?$ F*�$�#,
* =�>(�'1�,�
�%'?+;B(
 � "#C*'<(�:

o o oE I Z= (12)

d d dE I Z= (13)

o& �
A�'&B(
='�
+1 @>
1�'&�
P��6) o%&��,+;#
?�>R

o PWP oPWPE U I Z= − (14)

d PWP dPWPE U I Z= + (15)

5��#"B(
?%&'* ,�
&/1* *� 
P�H) i (15):

PWP oo PWP

d PWP dPWP

U I ZE

E U I Z

−
=

+ (16)

I dalej:

o o

d d

E Z Z

E Z Z

−
=

+
(17)

gdzie:

PWP

PWP

U
Z

I
= (18)

�?$ F*�$
 * =�>(�'1�
 zdefiniowany jak w (11Q
 ,'C#
A�E
'A"�(�'*�
* ?%>=+;B('R

| |

| |
o

U
d

Z Z

Z Z

−
θ =

+
(19)

5'
'$&#<"#*� 
�',�*+;B(#@'
F&/�! 
1�$'&��?%+;#
?�>
* 0
?%>=+;B(#
 $&�%#&�+,R

  gdy  1

  gdy  1

  gdy  1

o U

n U

d U

D

D D

D

θ >⎧
⎪= θ =⎨
⎪ θ <⎩

(20)

gdzie:
Do – wskazuje na '�A�'&(>�
; $'
F&/�!'
'�$?�% !(#D�
Dn – '�* (� �
C#
*�#
,'C* 
;#�*'�* (�*�#
1?$ � E

F&/�! 
 '�$?�% !(#D�
Dd – wskazuje na �'?% 1(>�
; $'
F&/�!'
'�$?�% !(#D�

�&�%#&�+,
%'
'=�#& 
?�>
* 
� !'C#*�+�
C#
,'C* 
�'$! �0
*�#
'$&#<"�E
1 &%'<E
Zd oraz Zo
 �
* 
 �()
='�?% 1�#
1��* 0
(��E
1 &%'<(�
�d i Eo.

4 &��'
 (�>?%'
 �� &� 
 ?�>
 % $�
 C#
 *�#
 ,'C* 
 �'$! �*�#
'$&#<"�E
 1 &%'<(� Zd oraz Zo. W takim =&��= �$+�
 ;#<"�
, ,�
 ,'C"�1'<E
 '$&#<"#*� 
 �()
 1 &%'<(�
 , $?�, "*#;
�
,�*�, "*#;�
,'C#,�
� ?%'?'1 E
* ?%>=+;B(#
$&�%#&�+,R

min

min max

max

  gdy  1

  gdy  1

  gdy  1

o U

n U U

d U

D

D D

D

θ >⎧
⎪= θ < < θ⎨
⎪ θ <⎩

(21)
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gdzie:
θUmin – minimalna ,'C"�1 
1 &%'<E 1?$ F*�$  * =�>0

(� 
dla wyznaczonych impedancji,
θUmax – maksymalna ,'C"�1  1 &%'<E
 1?$ F*�$ 

* =�>(�  dla wyznaczonych impedancji.


 
 &�?+*$+
 ��
 =&�#�?% 1�'*'
 =&��$! �'1#
1�*�$�
 A 0
� *� 
,#%'��
�" 
+$! �+
*�#?�,#%&�(�*#@'�
7&/�! 
) &,'0
*�(�*#;
���
�" 
- ��
�
*�#
,'C* 
�'$! �*�#
'$&#<"�E�
='*�#0
1 C
1 &%'<E
1?$ F*�$ 
;#?%
A"�?$ 
;#�*'<(�� �#%'� 
% 
� ! 

='=& 1*�
 1�*�$
 ��#*%�-�$ (;�
 ?%&'*�
 ='1'�+;B(#;
 '�0
$?�% !(#*� 
*�#� "#C*�#
'�
1�?%>='1 *� 
 ?�,#%&��
?�#(��

Na rysunkach 11 i 12
 =&�#�?% 1�'*'
 1�*�$�
 ��#*%�0
-�$ (;�
 =&�#=&'1 ��'*#;
 ,#%'�B
 1?$ F*�$ 
 * =�>(�'1#@'
1
� "#C*'<(�
'�
$B% 
=&�#?+*�>(� 
- �'1#@'
=',�>���
=&B0
�#,
M�
) &,'*�(�*#;
�'?% 1(�
�
'�A�'&(��

Jak wi� E
 * 
 =&�#�?% 1�'*�()
 &�?+*$ ()�
 ,#%'� 
1?$ F*�$ 
* =�>(�'1#@'
='=& 1*�#
1?$ �+;#
* 
�'?% 1(>
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F&/�!'
'�$?�% !(#D
1
=#!*�,
� $&#?�#
$B% 
A#�
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* 
&/C*�(#
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�).������� &%'<(�
1?$ F*�$ 
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Y
��IM
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	�
Y
��M
�
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1?$ F*�$ 
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=&B�/1
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Y
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Y
���M
�
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Wnioski:

� �#%'� 
;#?%
(�+! 
* 
 ?�,#%&�>�
� 
�#
,'C* 
'$&#<"�E
�"'<(�'1#@'
+��� !+
�'?% 1(�
�
'�0

A�'&(�
1
=&B���#
2�2�
� 6#C#"�
 �'?% 1( 
 �
 '�A�'&( 
 ;#�*'(�#<*�#
 1=&'1 �� ;B

� A+&�#*� 
�'
 ?�#(�
 #"#$%&'#*#&@#%�(�*#;
,#%'� 
A!>�0
*�#
��#*%�-�$+;#
�',�*+;B(B
?%&'*>
'�$?�% !(#*� �

��1������� �/"+&�� %,-"�!#)�),'%�-;

M#%'� 
'=�#& 
?�>
* 
badaniu
=&�#=!�1+
,'(�
A�#&*#; [1, 3,
6, 7]�
��(�#@/"* 
+1 @ 
�'?% *�#
='<1�>('* 
=&��= �$'1��
@�y moc bierna jest wytwarzana
 =&�#�
 ?%&'*>
 � ?�" *� 
PQ(h) < 0). Autorzy pracy [3J
� +1 C�"��
C#
1
?�?%#,�#
#"#$0
%&'#*#&@#%�(�nym przedstawionym na rysunku �
1�?%>=+;#
?�"*�
 �1�B�#$
 =',�>���
 �* $�#,
 ,'(�
 A�#&*#;
  
 &#" (;B
,�>���
 ,'�+! ,�
 * =�>E
 F&/�!'1�()
 Ed i Eo�
 � !'C'*'�
C#
�,=#� *(;#
?%&'*�
� ?�" ;B(#;
Zd i strony odbiorcy Zo
?B
1
 =&��A"�C#*�+
 �* *#�
 5'
 'A"�(�#D
 =&��;,+;#
 ?�>
 * ;(�>0
<(�#;�
 ; $'
 �,=#� *(;>
 Zd, impedancj>
 � ?%>=(�B
 %& *?-'&0
, %'& 
'A*�C ;B(#@'
* =�>(�#�
$%/& 
�',�*+;#
1
�,=#� *0
(;�
 ( !#@'
 ?�?%emu. Ob(�BC#*�#
 ='
 ?%&'*�#
 '�A�'&(�
 ,'C#
?�>
�,�#*� E
1
?�#&'$�,
� $&#?�#�
=&�#�
('
1�?%>=+;B
%&+�0
*'<(�
1
'$&#<"#*�+
;#@'
�,=#� *(;� Zo.

W dalszych obliczeniach przyj>%': UPWP = U, IPWP = I.
4�
+� ? �*�E
?1';#
?%1�#&��#*�#
=&��% (� ;B
1�'&�
* 
,'(
(��**B
�
A�#&*B
F&/�! 
Ed, gdy R = 0:

( ) cos sind o
h d

E E
P E I

X
= θ = δ (22)

( ) sin ( cos )d
h d o d

E
Q E I E E

X
= θ = δ − (23)

 gdzie:

Re( ),

Im( ), ,

arg arg ,

arg arg .

o d

d

o d

R Z

X Z Z Z Z

E I

E E

=

= = +

θ = −

δ = −

We wzorze (22)
 ,'C* 
 � +1 C�E�
 C#
 =&�#=!�1
 ,'(�
(��**#;
 ��#%#&,�*'1 *�
 ;#?%
 ='=&�#�
 $B%�
 - �'1#
 * =�>E
* 
* � 1(��,
 �
 '�A�'&(��,
$'D(+ linii. Analizu;B( wzór
(23), ,'C* 
 � +1 C�E�
 C#
 @��
Q(h) > 0, to Eo > Ed, (��"�
�',�*+;B(�,
F&/�!#,
&'�= %&�1 *#;
) &,'*�(�*#;
1
=&B0
���#
2�2
;#?%
F&/�!'
='
?%&'*�#
'�A�'&(�
#*#&@��
#"#$%&�(�0
*#;�
 
�#
 ,'C* 
 ;#�* $
 ?%1�#&���E,
 �
 +1 @�
 * 
 'A#(*'<E
1?=/!(��**�$ 
 cos γ we wzorze (23), C#
 @��
Q(h) < 0, to
Eo < Ed�
(��"�
�',�*+;B(�,
F&/�!#,
&'�= %&�1 *#;
) &,'0
*�(�*#;
 ;#?%
 �'?% 1( 
 #*#&@��
 #"#$%&�(�*#;�
��@#*#&'1 * 
,'(
A�#&* 
,'C#
*�#
�'(�#& E
* 
?%&'*>
'�A�'&(��
='*�#1 C
jest „='()! *� * ” przez lini> zasilajB(B�
�"+(�#,
�'
=&'0
='*'1 *#;
,#%'��
;#?%
�* "#��#*�#
'�='1�#��� na pytanie,
; $
� "#$'
,'(
A�#&* 
1�@#*#&'1 * 
=&�#�
F&/�!'
Ed
,'C#
K=!�*BEL
1��!+C
�,=#� *(;�
X (X = Xd + Xo),
=&��
� !'C#0

*�+�
C#
 �,=#� *(; 
 &'�!'C'* 
 ;#?%
 &/1*',�#&*�#
=',�>���
F&/�! ,�
Ed i Eo. �
%�,
(#"+
�#-�*�+;#
?�>
* =�>(�#
1
�'0
1'"*�,
=+*$(�#
p stosownie do rysunku 2:

Re( ),

Im( ), ,

arg arg ,

arg arg .

o d

d

o d

R Z

X Z Z Z Z

E I

E E

=

= = +

θ = −

δ = −

(24)

Z warunku:

2| |
0

p

d

U

X

∂
=

∂
(25)

* "#C�
1��* (��E
=+*$%
'
* ;,*�#;?�#;
1 &%'<(�
* =�>(� �
; $':

2

2 2

cos

2 cos
d d o

d o d o

E E E
x X

E E E E

− δ
=

+ − δ
(26)

@���#
@
;#?%
&# $% *(;B
'�
F&/�! 
Ed
�'
=+*$%+
'
* ;,*�#;0
?�#;
1 &%'<(�
* =�>(� �

�'C* 
� +1 C�E�
C#R

2 2
2 2 cosd o d oE E E E

I
X

+ − δ
= (27)

T1�@">�*� ;B(
1�/&
(23) oraz (27) ze wzoru (26)
'%&��0
,+;#
?�>R

( )
2

sin
h dQ E

x
II

− −
= = θ (28)

Ze wzoru (28)
 1�*�$ �
 C#
 <
 ;#?%
 * ;� "#;
 '�� "'*�,
=+*$%#,�
�'
$%/&#@'
,'C#
K=!�*BEL
,'(
A�#&* 
@#*#&'1 0
* 
=&�#�
F&/�!'
Ed. W tym punkcie jest najmniejsza
1 &%'<E
* =�>(� 
=',�>���
F&/�! ,�
Ed i Eo�
�% *'1�
 %'
 $?;', %�
C#
;#C#"�
=+*$%
Z
�* ;�+;#
?�>
A"�C#;
?%&'*�
'�A�'&(�
Px > X/2),
to Eo < Ed
�
='*�#1 C
F&/�!' Eo
,'C#
K=&�#=()*BEL
1�@#0
*#&'1 *B
 ,'(
 A�#&*B
 * 
 �&+@B
 ?%&'*>
 P@S�Q
 K�,=#�ancji
krytyczn#;L�
2'�'A*�#�
;#C#"�
x < X/2 (x
�* ;�+;#
?�>
A"�C#;
?%&'*�
� ?�" *� Q, to Eo > Ed�

 
%�,
#% =�#
,'C* 
��#-�*�'0
1 E
1?$ F*�$
CI „impedancji krytycznej”:

( )
2

2
hQ

CI
I

= (29)

W pracy [3]
 =&�#�?% 1�'*�
 ;#?%
 &/1*�#C
 =&��= �#$
 �" 
R ≠ 0. Wówczas
1�'&�
* 
,'(
(��**B
P(h) (2.33Q
�
A�#&*B
Q(h) (2.34) =&��;,+;B
='?% E:

2

( ) sin( ) sind o d
h

E E E
P

Z Z
= δ + β − β (30)

2

( ) cos( ) cosd o d
h

E E E
Q

Z Z
= δ + β − β (31)

gdzie arctg .
R

X
β =
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 ����

�?$ F*�$
CI
=&��A�#& 
='?% ER

2 sin( )dE
CI

I
= − θ + β (32)

4�'&B(
 ='�
 +1 @>
 =&�#�?% 1�'*#
 &'�1 C *� �
 � =&'='0
*'1 *B
 ,#%'�>
 ,'C* 
 zastosowaE
 1
 * ?%>=+;B(�()
 #% 0
= ()R

�� ���* (��E
* =�>(�#
F&/�! 
�" 
?%&'*�
� ?�" *� 
� 
='0
,'(B
1�& C#*� R

d dE U I Z= − PNNQ

�� ���* (��E
1?$ F*�$
�	
1#�!+@
1�'&+
PN�Q�
N� �?$ � E
?=& 1(>
'�$?�% !(#*� 
1#�!+@
$&�%#&�+,R

min

min max

max

  gdy  0  lub   0  i  | |

  gdy  | |

  gdy  0  i | |

o

n

d

D CI CI CI Z

D D Z CI Z

D CI CI Z

> < <⎧
⎪= < <⎨
⎪ < >⎩

PNHQ

@���#R
�,�* � ,�*�,+,
�#
1?��?%$�()
,'C"�1�()
1 &%'0

<(�
��
�, Z � , $?�,+,
�#
1?��?%$�()
,'C"�1�()
1 &0

%'<(�
�&

2'=& 1*#
='�;>(�#
�#(��;�
1
%#;
,#%'���#
� "#C�
'�
�'0
$! �*'<(�
 1��* (�#*� 
 �,=#� *(;�
 Z. 2'*�#1 C
 �,=#� *0
(; 
 % 
 * 
 '@/!
 *�#
 ;#?%
 �* * � pr��;,+;#
 ?�>
 ;B
 �
 =#1*�,
=&��A"�C#*�#,�
 �,
 �'$! �*�#;?�#
 ;#?%
 '?� ('1 *�#
 �,=#0
� *(;�
Zd�
 %�,
=&#(���;*�#;
,'C* 
1��* (��E
* =�>(�#
Ed

(33).

 
 &�?+*$+
 �N
 =&�#�?% 1�'*'
 =&��$! �'1#
1�*�$�
 A 0

� *� 
,#%'��
1
+$! ���#
*�#?�,#%&�(�*�,
�" 
=&��= �$+�
$�#��
 %'
 �'?% 1( 
 �
 '�A�'&( 
 ;#�*'(�#<*�#
 1=&'1 �� ;B
) &,'*�(�*#
�'
 ?�#(�
 P
 ?%&'* 
�'?% 1(�
 ;#?%
 �',�*+;B(�,
F&/�!#,
M�
 �
���
) &,'*�(�*#;�
 
?%&'* 
'�A�'&(�
I�
 �
�N�Q�
�#%'� 
='=& 1*�#
1?$ �+;#
 ?%&'*>
'�='1�#��� "*B
� 
� 0
A+&�#*� 
 ) &,'*�(�*#, ale tylko dla przypadku, $�#��
 ='0
=& 1*�#
;#?%
1��* (�'* 
1 &%'<E
�,=#� *(;�
?%&'*
�'?% 10
(�
�
'�A�'&(��
=&�#(�1*�,
& ��#
* ?%>=+;#
A!>�* 
��#*%�-�0
$ (; �

Wnioski

� ='�;>(�#
='=& 1*#;
�#(��;�
;#?%
+� "#C*�'*#
'�
�'$! �0
*'<(�
1��* (�#*� 
�,=#� *(;�
�'?% 1(�
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