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第3章电流与电路
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§3.1 电流与电流密度
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§ 3.1.1 !"#$%
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1.产生电流的条件

• ABC'D

• ABEF&>G.?@27HIGJ
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不同材料中的载流子
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电解溶液
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半导体
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等离子体（导电气体）

��9:;&���P4%5&�P~$�6

�b��t5�$F�&"#$5�F5&�P~$�6

9

中
国
科
学
技
术
大
学
物
理
学
院
唐



2022/4/27

2

2. 真空中的电流
K&DLM
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阴极射线管 Cathode-Ray Tube

J. J. Thomson (1856-1940) 1897°M±²³´µ®¶$5
Nobel in Physics
1906

“In recognition of the great merits of 
his theoretical and experimental 
investigations on the conduction of 
electricity by gases.”
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Cathode-Ray Tube (CRT)
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§ 3.1.2 !"&'(!")'
1.电流强度
$%��ÏËÐe¸�Ñ~�>{ÒÓ�1$\6

ËÐÏÔÕ/Ö×ØÙ×A

ÚØÏ1mA = 10-3 A
AØÏ1 µA = 10-6 A
ÛØÏ1 nA = 10-9 A
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安全用电

ÜÝ_I36VÞ%$ß«Øà$ß

�DáLM1âã<$%

AC-1：感觉不到

AC-2：感知，但没有肌肉反应

AC-3：可逆的肌肉收缩

AC-4：发生不可逆的影响

AC-4.1：5%几率心室颤动

AC-4.2：5-50％的几率

AC-4.3：超过50％的几率
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电流的方向

$51äå/0æ¿ç[
106 m/s
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2. 电流密度
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23456XY~´Z1$5IJ/0äåæ�6
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233.14$2\Qå9tö*}:«R1;�<&!;,å9=

æ�𝜔>?1{@(:AB6C;<FBD𝑟c1$%��6
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§ 3.1.2 !"&'(!")'
1. 电流强度
ËÐe¸�Ñ~�HIÒÓ�1$\6

2. 电流密度
xJÏçñ1JK<4%5IJ/01xJ
[ñÏËÐe¸�Ñ'(L!xJ1ËÐ�11$%
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§ 3.1.3 !"*+,-.

𝑰
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电场线与电流线对比

$d´Z

• $d´á-D$2=[^
\]

• $d´^_LE$2=[
^\]

• `$d1$d´Njk
abc´

$%´Z

• $%´á-E$2£7=
[D$2£O1øx

• $%´^_LD$2£7
=[E$2£O1øx

• $%´+,jkabc´
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§ 3.1.4 /012
dR$%Ï$%��Nee¸£U

dR$%!C�¸ZN)*$21f1øx

D$2g¤&$d��g[

hi$%%J?&$%£ñ
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dR$%!C�¸ZN)*$21f1øx

$%��jHIkac�1�\'(WLl

$%´î¦<^m^n1kac´
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QR&' è QR&S

$21töNf$%1)*hee¸o£6

?"#1$dpNee¸h£U6

K?$dq«dR$d&<{?`r$d6

dR$d�`$dPv÷1�m6
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§3.2 欧姆定律 (Ohm’s Law)

Georg Ohm (1789-1854)
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1780°&I[s#tluVvwxyz(Luigi Galvani){|®¶}
?N÷1XYX~�&Cz÷{e¸�����1}c��&�
��®#��6�qK</#t$06

1799°&I[stWVÝ��(Alexandro Volta)®����$�6
/XY$06

1822°&����Thomas Seebeck�®¶&�ú´��´Xk�
�&$GH}@~m1N÷��&p+��AÄhHY1$%6
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1820°&���VÝ�V��Hans Oersted�®¶$%1Qy
�

1820°&�ÜtWVÝ�UVÝ ¡¢(John Schweigger)OP
$%1Qy�®��£%¤
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1825°5¥&¦§®�“Preliminary Notice of the Law According
to which Metals Conduct Contact Electricity”

Δ𝐼 =
𝐼" − 𝐼#
𝐼"

= 𝑚log 1 +
𝑙
𝑎 Δ𝐼 =

𝑅#−𝑅"
𝑅$ +𝑅#
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1826°2¥&¦§®�“Determination of the Law According to
which Metals Conduct Contact Electricity, Together with the
Outlines of a Theory of Volta’s Apparatus and Schweigger’s
Multiplicator”

Δ𝐼 =
𝑎

𝑏 + 𝑙 Δ𝐼 =
𝐸𝑀𝐹
𝑅$ +𝑅#

l = 2, 4, 6, 10, 18, 34, 66, 130¨©

o£XY-ª&b£aN£

o£�«&a£bN£
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1826°4¥&¦§®�“Attempt of a Theory of the Electroscopic
Phenomena Produced by Galvanic Forces”

Δ𝐼 = 𝑎
𝑘𝑆
𝑙 =

𝑎
𝐿 k: Conducting power

L: Reduced lengthà Resistance
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“The Galvanic Circuit
Investigated Mathematically”

1827
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欧姆定律的微观形式

âZ𝜎«µ3¶86

j·J÷�´�~�&b$d��N¸[e«�86
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欧姆定律的宏观形式

𝑗
𝐸$�«
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234~�¼©C½¾ï&¿À$h¿&C$h6

𝑗
𝐸

$�«Ï

𝑙

𝑑𝑙 «"Á$%xJ1Â�A&

𝑆% «ÃA&<'(L$%xJ1�1

jLþIt�&$%xJN÷&$hÄN÷
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234*}:«a, b1÷Å;Æ~�·¸ÇÈ$h¿«𝜌1~$

��&C};Æ·¸1$h6

𝜌 a
b
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电阻率与温度的关系
$h¿eÁ��1£Uh£U

ÉXY1$h¿e��1£
UÊP_S

[78ËÌ���}~�
�PE1$h��¶8
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电阻器

Í+¦Tñ��¶8
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热敏电阻

$5��¤

��wÎ$��PçÏ1$h-��´�
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§ 3.2.2 !"#3(34
$%�Ñ~�&$dj$2]Ð

j$2«q14%5&e¸¸Ñdt<&$djâ]Ð«Ï

$d]ÐÐ¿«Ï

$dL1Ð�B£«â�jE1¦\6

ã»��&$%%Ñ¦§Òme&$¦àÓ,®a1jEÔ
ÕNÖ6×Øa6(ÙÚMÉ$h9:�

×ØIS

49

$Ð¿��ÏËÐ�1<~�1$Ð¿

×ØIS1AÛjE
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§ 3.2.3 56789:;!"#<=

OP¦§IS

�§N÷~�Z1$d��

OPUVIW&ÞÜ�êP�$2

Ü�êð$2

-0ÝÞÜ�ê1$2ÖßàN÷$h¿1~� ($%XY�

�N÷~�Z1$%��«
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§ 3.2.4 >?7!#@ABCD
1900°&P. K. DrudeáN��LXY~$1AÛlÔ
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*;{âãäe&$51æ�«

N÷1-.$51æ��}âãä1e¸¸Ñ·Nv÷&j[
\$5Cäå&+�äåæ�«

âZ𝜏«äå-.e¸

)*t=0eå$5ææ�Ì5ããäÑ&a/0æ�«�⃑�!

�⃑�!1xJ<eS1&3·J÷�6#\�«06
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äåIJæ�Ï
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OPt5/0èÏ
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§ 3.2.5 E78#7!FG

56

PN二极管的形成
Nª��Z1$5JPª��é
ê&ëìâZ1��&*Nª�
�í¼ÞÜ�jk{îEF56

Pª��Z1��JNª��éê&
ëìâZ1-.$5&*Pª��
í¼ÞÜ�jk{îDF56

DEF5jk$d&hi¡{ï
éê6ð�ñ§äò&jk{@
�P�$d1JK&q«óÍî
(Depletion Region)6

óÍî1$�«~õ4%5^�
Á³6
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PN二极管导电机制

DJô+e&MÓ$ßëìóÍî$�«&óÍîìõ&~�6

wJô+e&óÍî¡{ï¤[&^�~$6(§�öÁ6
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§ 3.2.6 7!HI
dR$%%Ñ~�&$%d�dR$d1Cl

`$d÷�IWÏ

dR$%ÂÃÏ

¦§ISÏ
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稳恒电流的边界条件

• �´xJ • �´xJ
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折射定理

𝑡𝑎𝑛𝛼' =
j'(
j')

𝑡𝑎𝑛𝛼* =
j*(
j*)

𝑡𝑎𝑛𝛼'
𝑡𝑎𝑛𝛼*

=
j'(
j')

4
j*)
j*(
=
j'(
j*(
=
𝜎'E'(
𝜎*E*(

=
𝜎'
𝜎*

𝑗'
𝐸'

𝑗*
𝐸*

𝛼'

𝛼*

𝜎'

𝜎*

b1«ý~�&h2«Wþ$Òme

𝜎' ≫𝜎* 𝛼' →
𝜋
2

$%´ÿ]ä!L�Wþ$Òm"#1~���
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稳恒电流的基本方程

~�Z1$V_S ~�Z1$°x¨

~�Z1%Ä�¶
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介质中电学问题的基本方程

ÒmZ1$V_S ÒmZ1$°x¨

ÒmZ1%Ä�¶
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234$´�'()&{��ø�&*�200A1$%.~�
ÿ%¢[ø6)ø�+ä&,ø1$~¿«10-2 (Wm)-16
�1�b{@-.¡/$´~øÿe&}0¸�0.6m�"#1ï
$ß6Cv¹�øÿ1m�10mc11ï$ß×
�2�[øZ1$2tö×�3�~�ÿê1ð$26
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$%�� $%�� $d��

ð$2
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~�Z
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2l4200A$%àÓ%¢[ø

,ø�«2&}:«rL};�&OPdRÂÃ

OP$°x¨&+�$d��

xJC½¾ï
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¡h+�ø�êr=a�r=b·¸1$�«

%a=1m, 10m×b-a=0.6m×�1ï$ßtu«

3íÏ$´ê451ñ6Ø7^81O$Ìf<9:¯
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$%�� $%�� $d��

ð$2
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70

�2�[øZ1$2töÏ

OPdRÂÃ&PÏ

;¢¦§ISÏ

+�Ï

OPUVISÏ

<�Ï

%ÑdR$%1å9~�Z&$2��R«l
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�3�[ø�$´~�ÿ���ê1$2töÏ

S

H%{kac�S, "=~�ÿ���
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导电介质

~�Òm>�PÒm1��&p�P~$1��6

>ÈºdR$%1?$x¨&pÈºÒm1?$x¨6
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导电介质

• QR&'TQR&SU(V&WXYZ[(\&]
^_Z`

• a&>bcdQR&Se.[f(\&]^_Z`

• a&>ghi&>1jd&>klmn(\&]^

YZ`

74

导电介质的基本方程

~$Òm1$V_S ~$ÒmZ1$°x¨

~$ÒmZ1%Ä�¶
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²U$2

-.$2

$Ð&#\

U(VoWXYZ

76

电阻与电容的关系

~�·¸@Èå9~$Òm&>P$h&pP$A6

!
D
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电阻与电容的关系
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233.54{ä!B$AC}²B1�1«S&}²¸@È}î
å9~$Òm&b}²¸¤$�««Ue&DE%Ìy�&CÏ
�1��Ñ$AC1$%×
�2�$%��×
�3�ÞÜ�ê1�$2��×
�4�}@²B·¸F$e¸�86
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�2�$%��:

2l4
�1�}îÒm1$htu«Ï

}²B¸ð$hÏ

�Ñ$AC1$%Ï
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�3�C$2��tö&GC$d���$Ð&#\
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P-.$2

82

�4�e¸�8

�$AC1�1^�
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U(VoWXYZ
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$%�� $%�� $d��

ð$2

$�

²U��

²U$2

-.$2

$Ð&#\

U(VoWXYZ
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$%��Ï

2lII4

;¢¦§IS&PÏ

+�$d��Ï

$�«Ï

.$%��%ÜÂÃ&PÏ

$%��Ï

;¢$�«�ñEÏ
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ð$2��Ï

-.$2��Ï

²U$2��Ï
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�4�e¸�8

pqr&SstQR&'u&Sv7wx[

yz{|}&SP*bc

�$AC1�1^�
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§ 3.2.7 JKLM#NOPQ

äåIJæ�Ï

¦§ISÏ
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b$d��Eç[e&$51IJI&æ�[§+,�a
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$51äå/0e¸N����P�&L�$d��P
�6

¦§ISõy6
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�2�M�ß;1$F��

äå-.¨çÂ&3*$d��N<ç[&$51IJ
I&æ�p+,[§�a/0Jk1äåæ¿+µK6

$51äå/0e¸N����P�&L�$d��P
�6

¦§ISõy6
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�3�N�µR$5µWCÃ

}~��O1~$SP&~õP�O1~$��6

¦§ISõy6
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�4�Q~Òm
Q~Òm<Ó1$%{�R®H¦ÂSGH&h$d��
Tcc«l&N¦UËøVQ~ÒmW«$~¿«^\[
1~�&f«?1~$_S���1~�ûàN÷&¦§
IS¿NkX6

�5�â�9:

• ·JY�N�
• QdZ1WF5�
• …

$~¿N�N<�8&L'(MZ\6
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§3.3 电源及电动势

95

§ 3.3.1 !R(!ST

dR$%'(P´`$g

96

$[Ïá\´`$g1]+6

��$[.DE}²6D²
$�U&E²$�M6

$[�Ñ´`$g�E²ê
1D$2�^`$g®/§
D²ê6GHdR$%6

E’

97

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

~&6 &0�

¦§ISoº«Ï

$%<`$g�´`$g_÷LM1`z6

«I\Èa$[á\1´`$g��&b¢𝐾�ℰ

98

电动势
��9:;&îcdM$�&�M1tW

\N<´`$g𝐾&h<$[1$0�ℰ6

$0�Ï�ËÐD$2iE²�$[&§
D²e&´`$g¾]1Ð6
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$[$0�we$[Z´`$g]Ð1$f&<$[$g1

��&�M$�1�m,�~�^�6

Ph$[^�Jt$[<Ó�MÓ&´`$gtöL$�·

c6Ië$0�«´`$g*ab��ê1´1tÏ
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§ 3.3.2 UV#WX/0!R
1. 化学电源

101

丹聂耳电池

1836

102

丹聂耳电池的电势分布

Õ$e @$e

103

i$¬ j$¬

104

k�$¬

1965年，美国GE公司成功地开发出了
燃料电池，这个电池就安装在1965年
的载人宇宙飞船双子星5号上，用于供
给宇航员饮用水和飞船电能。1969年
登上月球的阿波罗11号飞船上的电源
也使用了燃料电池作为飞船内电源。

105

2. 温差电池

XY1�«¶8Sñ&«0-80 µV/K
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a${
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}~�1�«$y�

}~�1�«¶8[&«50-1000 µV/K
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$lT

109

3. 光电池

��y�

110

4. 放射性同位素电池

111

¸�Z1m$¬
Radioisotope Thermoelectric Generator 

112 113

$ß[

b$[1<h]ñLE4$he&+�$[¼.«Wþ$ß[
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$%[

b$[<h][LE4$he&$[¼.«Wþ$%[
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$ß[�$%[1Wy£n

𝑈 = 𝑈" − 𝐼𝑅" 𝑈 = 𝐼" − 𝐼 𝑅"+

𝑅" = 𝑅"+
𝑈" = 𝐼"𝑅"

𝐼" =
𝑈"
𝑅"

116

§ 3.3.3 Y!ZJKLM

"ÁM$��$[úk1ab�:1t6
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M$�ð$hÏ $[<ð$hÏ

à$�¦§IS
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234�oØ$¬.}:«a&b1}@÷Dpqúk6Â�«𝑙&
q¸@ÈÒ$�8«𝜀&$~¿«𝜎1rpúno6
C�1�$¬1<h×�2�$¬1$A6

𝜀&𝜎

2l4
�1�%}:«R1pq�

�2�.sE

119

§3.4 直流电路的基本规律

120

§ 3.4.1 [\]^LM_Kirchhoff’s Law)

Gustav Robert Kircchhoff
(1824-1887)

”About the electric current running through 
a plane, especially through a circular form”
Annalen der Physik und Chemie, 
Vol. 64, No. 4, 1845, pp. 487 - 514. 

121

基本概念

��uNodev;

tÂ�,ê~´vÞ*{á1ÿ

�6uBranchv;

}@vuÞÿ·¸&

.$[�$hvwhk&

xNyâ�Þÿ1��6

122

�6uLoopv;

áÿ�^ÿzb*{@Þ
ÿ1$%��6

���6;

·��´�^�&Nvzb

{X��8| =}�8| –Þÿ8| + 1

123

基尔霍夫第一方程

𝑆

dRÂÃÏ ;
,

𝑗 4 𝑑𝑆 = 0

C
,!

𝑗' D 𝑑𝑆 +C
,"

𝑗* D 𝑑𝑆 +⋯+C
,#

𝑗- D 𝑑𝑆 = 0

?
$

𝐼$ = 0
~J�M«D&~J�<«E

èéê&Ië%¢Þÿ1$%«D&�N«E

Kirchhoff’s Current Law (KCL)

124

�ëÞÿ

dRÂÃÏ ;
,

𝑗 4 𝑑𝑆 = 0

?
$

𝐼$ = 0

?|���{ISj�ëÞÿpkX

125

�¤ÌW

.LdR$dÈº�¤ÌW

h$%���dR$d�P´��¶

$%��dpÈº�¤ÌW

𝐸 =?𝐸$

𝑗 = 𝜎𝐸

𝑗 = 𝜎𝐸 = 𝜎?𝐸$ =?𝜎𝐸$ =? 𝑗$
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234}@}:«a1XYñ;��ø��*$~¿s«1^\[
noZ&};·¸1¹F«d (𝑑 ≫ 𝑎)&C}$²·¸1$h6

d
a

I I

2l4

+,ç«noZ1$%d«}Ót
�¤hkÏ

1. �%$²%¢I&%J^�]

2. $%Ii^�]-�%$²�N

�{Ót$%"#1$%��«Ï 𝑗' =
𝐼

4𝜋𝑟* 𝑒.

𝐸' =
𝐼

4𝜋𝜎𝑟* 𝑒.$d��«Ï

}$²¸$�««Ï 𝑈'/0 =
𝐼
4𝜋𝜎

1
𝑎 −

1
𝑑 −𝑎

127

÷�+�

��Ót$%Jk1AB¸$
�««Ï

𝑈*/0 =
𝐼
4𝜋𝜎

1
𝑎 −

1
𝑑 −𝑎

d
a

I I

AB¸1$�««

𝑈/0 = 𝑈'/0 +𝑈*/0 =
𝐼
2𝜋𝜎

1
𝑎 −

1
𝑑 −𝑎

AB¸1$h« 𝑅/0 =
𝑈/0

𝐼 =
1
2𝜋𝜎

1
𝑎 −

1
𝑑 −𝑎

128

234M12@hÄ«r1$húkC;Xx�&C}@j=ÿ
·¸1$h6

I

I1

I1

I1

I1

I1

I1

I2
I2

OPKCL�jq�&+À

𝐼' =
𝐼
3

𝐼* =
𝐼'
2 =

𝐼
6

I

𝑈/1 = 𝐼'𝑟 + 𝐼*𝑟 + 𝐼'𝑟 =
5
6𝐼𝑟

𝑅/1 =
𝑈/1
𝐼 =

5
6𝑟

129

234{@^\é�1�jä�$h��&Cvu}ÿ¸1$
h6

= +

𝑈/0 =
𝐼
4
𝑟 +

𝐼
4
𝑟 =

𝐼
2
𝑟

𝑅/0 =
𝑈/0
𝐼 =

𝑟
2

3íÏAC¸1$h<7O¯

130

�èÏ;½Zab·¸1Wy$h

è�3.16

131

r

𝑅 = 𝑟 +
𝑅𝑟
𝑅 +𝑟

𝑅* −𝑅𝑟 −𝑟* = 0

𝑅 =
𝑟 ± 5𝑟

2 𝑅 =
1+ 5
2 𝑟 = 1.618Ω

r

r

�ëÞÿ

132

�¤ÌW 𝑗 = 𝜎𝐸 = 𝜎?𝐸$ =?𝜎𝐸$ = 𝑗$

*�P¾@$0�1$�Z&¾@$0�_÷*>{}�Z

bá1$%&WLø@$0�Ë{)*e*!}�ê¾"#

1$%·�6

�Ï$[1<$h!�^"y*v�}�1$hZ

133

基尔霍夫第二方程

𝑈1−𝑈0 = −𝐸'+ 𝐼'𝑅'

𝑈1−𝑈0 = −𝐼2𝑅2

𝑈1−𝑈0 = 𝐸*− 𝐼*𝑅*

−𝐸'+ 𝐼'𝑅' = −𝐼2𝑅2

𝐸*− 𝐼*𝑅* = −𝐼2𝑅2

−𝐸'+ 𝐼'𝑅'+ 𝐼2𝑅2 = 0

𝐼*𝑅*−𝐸*− 𝐼2𝑅2 = 0

?ℰ$ +?𝐼$𝑅$ = 0

Kirchhoff’s Voltage Law (KVL)

ℰ1��ÏD²§E²���>!x
J{õe%D

𝐼1��Ï���>!xJ{õe%D

134

基尔霍夫方程的完备性

�À\Ï}�$%&8|«k

{Xx¨ú

KCLx¨ÏÞÿ8T{& (n-1)

KVLx¨Ï{X��8&(k-n+1)

?|��x¨ú<ûü1

?
$

𝐼$ = 0

?ℰ$ +?𝐼$𝑅$ = 0
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233.74C;½Z·}�ê1$%6

6@}�

4@Þÿ

3@{X��

𝐼'− 𝐼*− 𝐼3 = 0ÞÿAÏ
𝐼2+ 𝐼3− 𝐼4 = 0ÞÿBÏ
−𝐼'+ 𝐼5+ 𝐼4 = 0ÞÿCÏ

𝐼' 𝑅'+𝑅6+ 𝑟' + 𝐼3𝑟2+ 𝐼4𝑅3+ℰ'+ℰ2 = 0��1Ï

𝐼* 𝑅*+𝑅2+ 𝑟* + 𝐼2𝑅5− 𝐼3𝑟2+ℰ*−ℰ2 = 0��2Ï

−𝐼2𝑅5+ 𝐼5 𝑅4+ 𝑟5 − 𝐼4𝑅3−ℰ5 = 0��3Ï

136

𝐼$
𝐼%
𝐼&
𝐼'
𝐼(
𝐼)

1 −1 0 0 −1 0
0 0 1 0 1 −1
−1 0 0 1 0 1

𝑅$ + 𝑅* + 𝑟$ 0 0 0 𝑟& 𝑅(
0 𝑅% + 𝑅& + 𝑟% 𝑅' 0 −𝑟& 0
0 0 −𝑅' 𝑅) + 𝑟' 0 −𝑅(

=

0
0
0

−ℰ$ − ℰ&
−ℰ% + ℰ&

ℰ'

𝐼'− 𝐼*− 𝐼3 = 0ÞÿAÏ
𝐼2+ 𝐼3− 𝐼4 = 0ÞÿBÏ
−𝐼'+ 𝐼5+ 𝐼4 = 0ÞÿCÏ

𝐼' 𝑅'+𝑅6+ 𝑟' + 𝐼3𝑟2+ 𝐼4𝑅3+ℰ'+ℰ2 = 0��1Ï
𝐼* 𝑅*+𝑅2+ 𝑟* + 𝐼2𝑅5− 𝐼3𝑟2+ℰ*−ℰ2 = 0��2Ï

−𝐼2𝑅5+ 𝐼5 𝑅4+ 𝑟5 − 𝐼4𝑅3−ℰ5 = 0��3Ï

137

基尔霍夫方程求解

1.�6&'�
}�$%«�À\&sMKCL�KVLùNûüx¨ú

J
𝐼'− 𝐼*− 𝐼2 = 0
𝐼'𝑅 + 𝐼2𝑅 − ℰ = 0
2𝐼*𝑅 − 𝐼2𝑅 + ℰ = 0

𝐼' =
2
5
ℰ
𝑅

𝐼* = −
1
5
ℰ
𝑅

𝐼2 =
3
5
ℰ
𝑅

138

2.�6&'�
• )I��$%«�À\&MKVLùN��x¨
• �À\�x¨8v÷&+lN��$%
• KCL-0�íý¡E�
• ����$%��¤6}�$%

M
𝐼'𝑅 + 𝐼'− 𝐼* 𝑅 − ℰ = 0
2𝐼*𝑅 + 𝐼*− 𝐼' 𝑅 + ℰ = 0

𝐼' =
2
5
ℰ
𝑅

𝐼* = −
1
5
ℰ
𝑅

Z¸}�$% 𝐼 = 𝐼'− 𝐼* =
3
5
ℰ
𝑅

139

载有稳恒电流的传输线的分析

ℰ

𝐼" 𝐼@

𝑅@

<~�}:«a&M~�<M}:tu«b�c

~�$~¿«𝜎,Òm1$~¿«𝜎A
C$%töR$�tö�Ð¿

𝑙

𝜎
𝜎A

140

Wþ~�RWþ$Òm

𝜎 → ∞, 𝜎A = 0

ℰ

𝐼" 𝐼@

𝑅@

𝑙

$ÒmZ�P$%�ó&$%ùi~�Z%Ñ

ð$h 𝑅 = 𝑅@

$% 𝐼 = 𝐼" = 𝐼@ =
ℰ
𝑅

E4ìó1Ð¿ 𝑃@ =
ℰ*

𝑅

$[1Ð¿ 𝑃" = 𝑃@ =
ℰ*

𝑅

141

´Wþ~�RWþ$Òm

𝜎A = 0

ℰ

𝐼" 𝐼@

𝑅@

𝑙

$%ùi~�Z%Ñ&$���;�

ð$h 𝑅 = 𝑅@ +
𝑙
𝜎𝑆$

+
𝑙
𝜎𝑆B

= 𝑅@ +
𝑙

𝜎𝜋𝑎*+
𝑙

𝜎𝜋 𝑐*− 𝑏*

$% 𝐼 = 𝐼" = 𝐼@ =
ℰ
𝑅

~´Z$�tö 𝑈 𝑧 = ℰ − 𝐼𝑅 𝑧 =
𝑅 − 𝑧

𝜎𝜋𝑎*
𝑅 ℰ

}~�·¸1$�« 𝑈 𝑧 =
𝑅 − 𝑧

𝜎𝜋
1
𝑎*+

1
𝑐*− 𝑏*

𝑅 ℰ

142

E4ìó1Ð¿ 𝑃@ = 𝐼*𝑅@ =
𝑅@
𝑅
ℰ*

𝑅

�/´�ó1Ð¿ 𝑃C = 𝐼*𝑅C =

𝑙
𝜎𝜋𝑎*+

𝑙
𝜎𝜋 𝑏*− 𝑐*
𝑅

ℰ*

𝑅

𝑉@ =
𝑅@
𝑅 ℰ $ßP�óE4$hê1$�«

jLÓ��1«1 mm2,Â�«50m1ú´

𝑅C = 1.67×10DE×
50

1×10D4
= 0.84Ω

b𝑅@ = 50Ωe&$ß���ó1.6%

143

Wþ~�R´Wþ$Òm

𝜎 → ∞, 𝜎A ≠ 0

ℰ

𝐼" 𝐼@

𝑅@

𝑙

<~�<W��&M~�p<W��&}[¸$�«R«ℰ

OPjq��$%XY�x¨&ÒmZ1$%ÈºC;�¶

𝑗 A 𝑟 =
𝛼𝑒.
2𝜋𝑟

𝐸A 𝑟 =
𝛼𝑒.
2𝜋𝜎A𝑟

𝑉 = _
.FG

.FH
𝛼

2𝜋𝜎A𝑟
𝑑𝑟 =

𝛼
2𝜋𝜎A

ln
𝑏
𝑎
= ℰ 𝛼 =

2𝜋𝜎Aℰ

ln 𝑏𝑎
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ℰ

𝐼" 𝐼@

𝑅@

𝑙

𝑗 A =
𝜎Aℰ𝑒.

𝑟 ln 𝑏𝑎

𝐼@ =
ℰ
𝑅@

𝐼C 𝑧 = 𝐼@ +2𝜋𝑎 𝑙 − 𝑧 𝑗A 𝑟 = 𝑎 =
ℰ
𝑅@
+
2𝜋𝜎Aℰ

ln 𝑏𝑎
𝑙 − 𝑧

𝐼" = 𝐼C 𝑧 = 0 =
ℰ
𝑅@
+
2𝜋𝜎Aℰ

ln 𝑏𝑎
𝑙

145

E4ìó1Ð¿ 𝑃@ =
ℰ*

𝑅

�/´�ó1Ð¿

𝑃A = ℰ𝐼A = ℰ D 2𝜋𝑎𝑙 D
𝜎Aℰ

𝑎 ln 𝑏𝑎
=
2𝜋𝜎A𝑙

ln 𝑏𝑎
ℰ*

$[1Ð¿

𝑃" = ℰ𝐼" = ℰ D
ℰ
𝑅@
+
2𝜋𝜎Aℰ

ln 𝑏𝑎
𝑙

=
ℰ*

𝑅 +
2𝜋𝜎A𝑙

ln 𝑏𝑎
ℰ*

Ð¿P�ó

146

´Wþ~�R´Wþ$Òm

ℰ

𝐼" 𝐼@

𝑅@

𝑙

<M~�N�<W��

<~�Z$%��Tñ&$�p��Tñ

𝜎 < ∞, 𝜎 ≫ 𝜎A, 𝜎A ≠ 0

𝑧 + Δ𝑧𝑧

𝐼 𝑧 + Δ𝑧 − 𝐼 𝑧 + 𝑗A 𝑟 2𝜋𝑟Δ𝑧 = 0

𝑗A 𝑟 = −
1
2𝜋𝑟

Δ𝐼
Δ𝑧

𝐸A 𝑟 = −
1

2𝜋𝜎A𝑟
Δ𝐼
Δ𝑧

147

𝑉 𝑧 = _
.FG

.FH

−
1

2𝜋𝜎A𝑟
Δ𝐼
Δ𝑧 𝑑𝑟 = −

1
2𝜋𝜎A

Δ𝐼
Δ𝑧 ln

𝑏
𝑎

Δ𝐼 = −
2𝜋𝜎A

ln 𝑏𝑎
𝑉Δ𝑧 = 𝐺+𝑉Δ𝑧

𝑑𝐼
𝑑𝑧 = −𝐺

+𝑉

𝐺+ ≡
2𝜋𝜎A

ln 𝑏𝑎

𝑧 + Δ𝑧𝑧

𝑧 + Δ𝑧𝑧

Δ𝑧
𝜎𝑆$

Δ𝑧
𝜎𝑆B

1
𝐺Δ𝑧

𝑉 𝑧 + Δ𝑧𝑉 𝑧

𝐼 𝑧 + Δ𝑧𝐼 𝑧

148

𝑉 𝑧 + Δ𝑧 − 𝑉 𝑧 = −𝐼 𝑧 Δ𝑧
1
𝜎𝑆$

+
1
𝜎𝑆B

𝑑𝑉
𝑑𝑧 = −𝐼𝑅

+ 𝑅+ =
1
𝜎𝑆$

+
1
𝜎𝑆B

=
1
𝜋𝜎

1
𝑎*
+

1
𝑐*− 𝑏*

𝑧 + Δ𝑧𝑧

Δ𝑧
𝜎𝑆$

Δ𝑧
𝜎𝑆B

1
𝐺Δ𝑧

𝑉 𝑧 + Δ𝑧𝑉 𝑧

𝐼 𝑧 + Δ𝑧𝐼 𝑧

149

𝑑𝐼
𝑑𝑧 = −𝐺

+𝑉
𝑑𝑉
𝑑𝑧 = −𝐼𝑅

+

𝑑*𝐼
𝑑𝑧* = 𝐺

+𝑅+𝐼
𝑑*𝑉
𝑑𝑧* = 𝐺

+𝑅+𝑉

𝐼 𝑧 = 𝐼 0 𝑒D KLMLN 𝑉 𝑧 = 𝑉 0 𝑒D KLMLN

𝐺+ ≡
2𝜋𝜎A

ln 𝑏𝑎
𝑅+ =

1
𝜎𝑆$

+
1
𝜎𝑆B

=
1
𝜋𝜎

1
𝑎*
+

1
𝑐*− 𝑏*

𝐺+𝑅+ ≡
2𝜎A

𝜎ln 𝑏𝑎

1
𝑎*
+

1
𝑐*− 𝑏*

150

𝑉 0 = ℰ

𝑉 𝑧 = ℰ𝑒D KLMLN

ℰ

𝐼" 𝐼@

𝑅@

𝑉 𝑙 = ℰ𝑒D K+M+O

𝐼 𝑙 =
𝑉 𝑙
𝑅@

=
ℰ
𝑅@
𝑒D K+M+O = 𝐼 0 𝑒D K+M+O

𝐼 𝑧 =
ℰ
𝑅@
𝑒D KLMLN𝐼 0 =

ℰ
𝑅@

𝐼 𝑧 = 𝐼 0 𝑒D KLMLN 𝑉 𝑧 = 𝑉 0 𝑒D KLMLN

151

$[/NÐ¿Ï 𝑃" = 𝑉 0 𝐼 0 =
ℰ*

𝑅

E4Ð¿Ï 𝑃@ = 𝑉 𝑙 𝐼 𝑙 =
ℰ*

𝑅
𝑒D* K+M+O

�/´�óÐ¿Ï

𝑃P+𝑃A = 𝑃" −𝑃@ =
ℰ*

𝑅
1− 𝑒D* K+M+O

𝐺+𝑅+ ≡
2𝜎A

𝜎ln 𝑏𝑎

1
𝑎*
+

1
𝑐*− 𝑏*

ã�9:;&L7!íý$[1<h�/¢��1/¢h��
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§ 3.3.4 !`#a!bc!

$A}@$²B·¸«ËÌÒm

�<@Õ$e}@$²B$2£
U\v÷

i$ACMÓÖ &$%¡Ñ$
AC·�Yê�

$ACêPß�&�$²Bê$
2\qP�

𝐼𝑅 +
𝑞
𝐶 = ℰ

+𝑞 −𝑞
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𝐼𝑅 +
𝑞
𝐶 = ℰ

𝑞 = ∫ 𝐼𝑑𝑡

+𝑞 −𝑞

𝐼 =
𝑑𝑞
𝑑𝑡

𝑅
𝑑𝑞
𝑑𝑡 +

𝑞
𝐶 = ℰ

𝑅
𝑑𝑞
𝑑𝑡 = −

𝑞
𝐶 +ℰ

𝑑𝑞
𝑑𝑡 = −

𝑞
𝑅𝐶 +

ℰ
𝑅 = −

𝑞 −𝐶ℰ
𝑅𝐶

𝑑 𝑞 −𝐶ℰ
𝑑𝑡 = −

𝑞 −𝐶ℰ
𝑅𝐶 𝑞 −𝐶ℰ = 𝑎𝑒D

Q
MR

𝑞 𝑡 = 𝐶ℰ +𝑎𝑒D
Q
MR

154

𝑞 𝑡 = 𝐶ℰ +𝑎𝑒D
Q
MR

+𝑞 −𝑞

¢�ÂÃ 𝑞 𝑡 = 0 = 0

𝑞 𝑡 = 𝐶ℰ 1−𝑒D
Q
S

𝐼 𝑡 =
𝑑𝑞
𝑑𝑡 =

ℰ
𝑅𝑒

DQS

𝜏 = 𝑅𝐶
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$AC@$1¦\

𝑊R = _
!

T
𝑈R 𝑡 𝐼 𝑡 𝑑𝑡 = _

!

T𝑞 𝑡
𝐶

𝐼 𝑡 𝑑𝑡

= _
!

Tℰ*

𝑅 1− 𝑒DQ/S 𝑒DQ/S𝑑𝑡 =
𝐶ℰ*

2

$hìó1$¦

𝑊M = _
!

T
𝐼* 𝑡 𝑅𝑑𝑡 = _

!

Tℰ*

𝑅 𝑒D*Q/S𝑑𝑡 =
𝐶ℰ*

2

$[á\1$¦

𝑊V = _
!

T
ℰ D 𝐼 𝑡 𝑑𝑡 = _

!

Tℰ*

𝑅
𝑒DQ/S𝑑𝑡 = 𝐶ℰ*
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$AÕ$

𝐼𝑅 +
𝑞
𝐶 = 0

𝑞 𝑡 = 𝑎𝑒D
Q
MR

𝑞 𝑡 = 0 = 𝐶ℰ

𝑞 𝑡 = 𝐶ℰ𝑒D
Q
MR

𝐼 𝑡 = −
ℰ
𝑅𝑒

D Q
MR
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