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��

T��sml�) ry�tm�� «d� ºiÄza� .¨�µ� �ynkt�� ��d�tF� �km§
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a(l)−Yn�n� �y� T�Asm�� w¡ Ab§rq� (�kK�� ¨� T§ A�r��¤

.T�Asm�� £@h� T§¤As��bO� ∆l→ 0 T§Ahn�� dn�¤ ,l− Cw��¤
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∫ 4m

0

a · dl

.a(l) Yn�n� 
�� T�Asm�� ¨¡

∫ 4m

0
a · dl �y�

.1 ­rkf� r�� Xys� �A�m� �d�� T� Aq�� T��sm��

:2.x

Am� �AbO� T�AR�� Anm� w� .R1/R2 = 4 ,�kK�� ¨�

C�dqm�  � zyF R1 �®� CAm�� CAyt�� ,�kK�� ¨� �Rw� w¡

.�AbOm�� ¨� CAm�� CAyt�� d�¤� .∆I = 0.1A

.­ryO� ¤� ,Tl§wV Tq§rW� ��¥s�� �@¡ �� �kmm�� ��

.«r�� T�A� ­rk� d�w� ,�§wW�� ��l�

,�d� �yl� T��sm�A� �AyW`m��  d�  � �d� w� :3 ­rk�

�ybF Yl� An¡) T�¤r`� ÅTO�An�A" �AyW`m��  � 	s�� |rt��

Yl� º¨J �� YK� w� ;(R1 T�¤Aqm��¤ U dh��� �r� ,�A�m��

.
�w��� �� �@�ntF ÅTO�An�A" �AyW`m��  �� ,��r§ A�

¨�w�Aq� ­dyf� T�AR� �ybW� �km§ ,ryOq�� ��l�

.�wJry�

�y��A} Asy� �wJry� A�w�A� :4 ­rk�

�r� ry�t� AS§� �� ,Xq� dh��� �¤r�¤ ��CAytl�

CAyt�� ry��¤ ∆Vi = Vi(after) − Vi(before) dh���

.∆Ii = Ii(after)− Ii(before)

Ahy� 	`O§ Tq§rW� T�wFr� ­r¶�d��  wk�  Ay�±� {`�

.©E�wt�� ¤� ¨��wt�� Yl� �y}w� Y�� Xsb�  � �km§ �¡ T�r`�

.Ty�µ� ­rkf�� �d�ts� ,T�A��� £@¡ ¨�

A� Xs�� AhlkJ �bO§ Yt� ­r¶�d�� �FC d�� :5 ­rk�

Y�� (�y�rV �y� �O� ¨t��) T�CAf�� �®F±� Pl� :�km§

�®y}wt�� 	y�r� �R¤ ,�kmm�� ��  A� w�¤ ,­d��¤ TWq�

��rV� ­d� 
l}¤ �Ð� ¢�� Ysn� ¯ .©E�wt��¤ ¨��wt�� Yl�

�y}wt�� 	y�r� ­ A�� �kmm�� �m� ,�CA� �lF TWF�w�

�ybF Yl� ,(TlOt� Tyn`m�� ��rV±� �\�  � ªrK�) AyVAbt��

P�Kl� �km§ ,Aq� .£A� � �kK�� ¨� �Rw� w¡ Am� �A�m��

¨�¤ ,�y¶z� ¨� dh��� ­�¤As� w¡ �ls�� ry���  � �wq§  �

­�¤As� �t� 	y�r� ©�� �h§ ®� ,­d§d� º�z��  w�¤ T�A�

. wh���

IPhOþ�� �� ºz� TWF�w� Ah�yRw� �km§ ­rkf�� £@¡

£A� � r\�� ,�§rK`��¤ ��As��

:3.x
[IPhO- .�kK�� ¨� ­r¶�dl� �y�r�m�� �y� T�¤Aqm�� d�¤�

1996]

Xysb� ºAn�� ºAW��� �Ayq�� �hs�� �� ,­dq`m�� r¶�¤dl�

TlOt� ­dy`b�� dq`��  wk� A�dn� �O�§ �@¡ ,­ A� ;­r¶�d��

�R .ºAW�±� 
Ant�¯ Ty�µ� Tq§rW�� �Ab�� �km§ .�®F��

 A� w� ;�r�� �A�m�� �ybF Yl� ,�A�¤Aqm�� �� Yl� �z�C

�z�C �R .AS§� Ahyl� �z�C �R ,T§CAW� �� r��� ��An¡

TWF�w� TlOtm�� dq`��  � �y�� ,dq`�� �� Yl� ��@�

,z�r�� Hf� �m�� (r}An� ©� ¢y� d�w�¯ ©�) �CA� �lF

.Tflt�� Ew�C Ah� rJAb� �y}w� Ahny� Hy� ¨t�� �l�¤

�FC¤ (T�C¤ Yl�) ­dq� �Rw� ­r¶�d�� �FC ­ A��� �d�� , µ�

r�� A�r�� rt�� ,�@¡ 	q� .Ah� TlOtm�� �A�¤Aqm�� ��
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�FC�¤ Tyn`m�� dq`�� �iÌla� ,�A§CAWb�� ¤� �A�¤Aqm�� d�±

�Fr� Yt� Tylm`�� £@¡ d�� ;­dq`�� £@h� Tl}wm�� �A�¤Aqm��

.­r¶�d�� ��

dq`�� z�rnF .T��s� r�� T��sm�� rbt`n� ,�A�m�

T�yt� ¢�� ^�¯ .�kK�� ¨� �Rw� w¡ Am� �A�¤Aqm��¤

.�yflt�� �y�Ak� ¨� rh\� dq`�� Ew�C ,�®y}wtl�

A ­dq`��  � Am� .�kKl� r\�� ,A ­dq`�� �Fr� �dbnF

�A�¤Aqm�� £@¡ �l`nF , 3¤ 2¤ 1 �A�¤Aqml� ­rJAb� TlOt�

 Atl}w� 2¤ 1  At�¤Aqm�� .�kK�A� �Rw� w¡ Am� A ­dq`�A�

Tyms�¤ Tyn`m�� �®F±� �y}w� Annkm§ ¨�At�A� , C ­dq`�A�

TlOt� 3 T�¤Aqml� «r�±� T§Ahn�� .Cþ� �AO�¯� TWq�

rb� , µ� . B þ� ¢t§Ahn� z�r� AklF �FrnF ¨�At�A� B­dq`�A�

�hs�� �� , C ¤ B �y�dq`�� �O� 5¤ 4 �A�¤Aqm��  � T\�®�

.­r¶�d�� �Am��

��d�tF� ­dq`m�� r¶�¤d�� �FC dn� �rtqm�� ��

��) �A�C±�¤ �r�±A� dq`��¤ �A�¤Aqm�� zy�r� Ty�y��rtF�

(!�Fr�� ­ A�� dn� �W� �m`� 	�r� ¯ ��� d�¥m��

Ay�A�� �rty�� Ty¶A�rh� ­rWn� �y}w� �mS� �Ð� :6 ­rk�

,(Ty¶Ah� ¯ ¢t�¤Aq�) Ay�A�� �rtymt�w� ¤� (rf} ¢t�¤Aq�)

Ah�@� �dbm� �km§¤ ,Xq� �¡w� ­ w�w� ­rWnq��  ��

�km§ ,¢�AK� �kK� .(rty�°�) Ah�r¶� rO� ¤� (rtymt�wfl�)

­rWnq�� �y}w� ¨� ©rs§ CAy� ©� ��An¡ �k§ �� �Ð� Ah�@�

��  wk§ d� ,TWsbm�� ­r¶�d�� ��� A�dn� .��Amt�� 	bs�

rty�� CAy� :(TWsb� ry���) Tyl}±� ­r¶�dl� ­ w`�� ©C¤rS��

�wJry�  w�A� TWF�w� £ A�§� �km§ ©rWn� �y}w� ¨�

�Ot§ ¨t�� ­dq`�� ¨� Tl��d�� ��CAytl� ¢t�At� dn�) ��CAytl�

dh��� �rf� £ A�§� �km§ rtymt�wf�� dh� �r� ;(rty�±� Ah�

 w�A� ��d�tFA� rtymt�wf�� Amh� �Ot§ �ytl�� �y�dq`�� �y�

.Tyn`m�� �A�¤Aqm�� dh� �¤r�¤ dh��� �¤rf� �wJry�

.Ty�µ� �¶Asm�� d��n� ,­rkf�� £@¡ �AS§� ��� ��

:4.x

.�kK�� ¨� ­r¶�d�� ¨�r�� �y� T�¤Aqm��  d�

:5.x

.�kK�� ¨� rty�±� ­º�r�  d�

,�A§CAW� ,��rtymt�w� ,��rty�� ��An¡  A� w� :7 ­rk�

Ahny�� ,­r¶�d�� ¨� ­ w�w� Ty�A�� ry� CAy� C AO� ¤�

Ty�A�� ry��� T§CAWb�� (�) :AhqybW� �km§ Ty�At�� d��wq��

�� �slst� �y}w� TWF�w� Ahly�m� �km§ r Tyl�� T�¤Aqm�

(
) ;r T�¤Aq�¤ (T§rf} Tyl�� T�¤Aqm�) Ty�A�� T§CAW�

¢ly�m� �km§ r Tyl�� T�¤Aq� ¤Ð Ty�A�� ry��� CAyt�� CdO�

T�¤Aqm�) ¨�A�� CAy� CdOm� ©E�wt�� Yl� �y}w� TWF�w�

¨�A�� ry��� rtymt�wf�� (�) ;r T�¤Aq�¤ (Ty¶Ah�¯ Tyl�� 

¨�A�� rtymt�w� �� ©E�wt� �y}w� TWF�w� ¢ly�m� �km§

�km§ ¨�A�� ry��� rty�±� ( ) ;R T�¤Aq�¤ (Ty¶Ah�¯ T�¤Aqm�)

T�¤Aqm�) ¨�A�� rty�� �� �slst� �y}w� TWF�w� ¢ly�m�

Hy� ¨�A�� ry��� rty�±� !�dy� ^�¯ .R T�¤Aq�¤ (T§rf}

;£rb� Tqyq� rm§ ©@�� CAyt�� rh\§ ��z§ A� :A·VA� �rty��

dh��� �r� rh\§ wh� ,¨�A�� ry��� rtymt�wfl�  AyF r�±�

.Tqyq� �y�r�� ¢ny� ©@��

­ At`m�� �yq�� P�§ Amy� Ty�µ� �Ahy�wt�� ��d�tF� �km§

.Tyqyq��� ��rtymt�wf��¤ ��rty�°� Tyl��d�� �A�¤Aqml�

Tyl�� T�¤Aq� Ah� A�wyJ r��±� Tym�r�� ��rtymt�wf��

�l�¤ ,1MΩ  wk�  � �km§ P�C±� �l� �k� ,10MΩ
 wk� A� ­ A� ;�¤� A�y��� «dm� �O�  � �km§ Ty�A���

��rtymt�wfl� A�� .xAyq�� «d� �� Tlqts� Tyl��d�� T�¤Aqm��

xAyq�� «d� Yl� dmt`� T�¤Aqm�� ,analogue T§rZAnt��

CAyt� Yms§ A� T�r`m� A¡d§d�� �km§¤ ,Vmax CAt�m��

­CAb� ©rZAnt�� rtymt�wf�� ,TVAsb� .FSDC ¨lk�� ��r��¯�

CAyt�� �� AbFAn� �r�n� ­r�� ¢y� EAh�) rty�w�Afl� ��


�� ¢�� �y�� ­zym� T�¤Aq� �� ¨��wt�� Yl� �Ot� ,(¢�®�

w� , Ð�f.FSDC þ�� ©¤AsyF CAyt�� ,Vmax YO�±� dh��� �r�

T�¤Aqm��  �� ,10-Volt «d� A�rt��¤ ,IFSDC = 100µA 
�A�

Ty�Ðwmn�� �yq�� .r = 10V/100µA = 100kΩ  wktF Tyl��d��

.1µA Y�� 25µA �y� �¤�rt� FSDC þl�

T�¤Aq� Yl� ¨l��d�� dh��� �r� Hyq� Tym�r�� ��rty�±�

CAyt�� «d� Yl� � Amt�� ;CAy� Y�� T�ytn�� ��rt�¤ ­ry�}

�m�tm�� dh��� �r�¤ ,�lt�� T�d�tsm�� T�¤Aqm�� ,CAt�m��

;T�¤Aqm�� d§d�t� ¢��d�tF� �km§ VMBV (MBV) YO�±�

T�¤Aqm�� ,VMBV = 300mV ¤ 20-mA «dm� ,�A�m�� �ybF Yl�

VMBV þ� Ty�Ðwmn�� �yq�� .300mV/20mA = 15Ω  wktF

�� ­CAb� ©rZAnt�� rty�±� .1V Y�� 100mV �y� �¤�rt�

;­ry�} T�¤Aq� �� ©E�wt�� Yl� �Ot� rty�w�Afl�

 � |rf§ A� Ab�A� ,T§r\n��  Aybm�¤±� �¶As� T�A� ¨�

.�@¡ ry� |r� �Ð� �d� A� ,Ty�A�� ��rtymt�wf��¤ ��rty�±�

�¤rZ 
�A� �Ð� :­d�Aq�� £@h� ºAn�tF� d�w§ ,�A� �� Yl�

 � �yl� 	�wtyF ,Ty�A�m�� TyRr� �� {�Ant� T��sm��

Hy� T§r\n�� �¶Asm�� T�A� ¨�  � CAbt�¯� �y`� @� .Ah�rt�

�A�¤Aqm�� �y� P�§ Amy� �AR�rt�� �S�  � Tmk��� ��

A� Ab�A� :Ty�A�� ry��� ��rty�±�¤ ��rtymt�wfl� Tyl��d��

.�A�¤Aqm�� �y� TyqWn� �¶Asm�� �An} �¡A�t§

:6.x
�hly}w� ��  Aq�AWt�  �rty��¤  Aq�AWt�  �rtymt�w�
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¨¡ ­zh�±� Yl� ��º�rq�� .�kK�A� �Rw� w¡ Am� T§CAWb�

,V1 = 100V rtymt�wf�� ,I1 = 200µA − A1 rty�±� :¨l§ Am�

©± ,Cd� ?A2 rty�±� ­º�r� ¨¡A� .V2 = 2V rtymt�wf��¤

�§rV �� A¡ A�§� �km§ ¨t�� Tyl��d�� �A�¤Aqm�� £@¡ T�C 

�¡ ,	§r� º¨J ��An¡  A� w� ;TyqWn� �A�wl`m�� £@¡

����  � �y�� ­r¶�d�� ry�t� rb� T��sm�� �®}� �kmm�� ��

?AmylF �\yF

CAytl� �wJry�  w�A� ��d�tF� A�Ay�� dyfm�� �� :8 ­rk�

�wm�� :­r¶�d�� ¨� ­d��¤ ­dq� �� ¯d� Tl�A� TqWnm�

��CAyt�� �wm�� ©¤AsyF TqWnm�� ¨� Tyl��d�� ��CAyt��

.T�CA���

Ty�µ� T��sm�� rb� Ah�yRw� �km§ ­rkf�� £@¡

:7.x
ry� rty�� 15 ¤ ��Amt� rtymt�w� 15 [EstPho-2003]
­º�r� .­CwO�� ¨� �Rw� w¡ Am¡ T§CAWb� �wl}¤ �yl�Amt�

Am¡ �§rty�� �¤� A�º�r� ,V = 9V ¨¡ rtymt�w� �¤�

�� ��º�r� �wm�� w¡ A� .I2 = 2.6mA¤ I1 = 2.9mA

?«r�±� ��rtymt�wf��

¯¤ Ayqyq�  wk§ ©rWnq�� �y}wt�� ,�¯A��� {`� ¨�

,�@¡ �¤d� C An�� �� , Aybm�¤±� �¶As� T�A� ¨� .¢t��E� �km§

�A\� �� ¨� Xq� TyRA§C  wk� T�w`O�� T�A��� £@¡ ¨� ¢�±

�rW�� �� d§d`�� ��An¡ .TyW��� �wJry� �¯ A`� ��

.¨l§ Amy� |r`tF¤ ¨RA§r�� �m`�� �@¡ Xsb� ¨t��

�®� Ah�¤ �A�¤Aq� �� Xq� T�wk� ­r¶� ©� :9 ­rk�

�A�¤Aq��®�� Y �y}w� ¤� ∆ �y}wt� T·�Ak�  wktF�CA��

�km§ Y �y}w� ,QA� �kK�¤ .
(7)

	FAn� �kK� ­CAt��

.
(8)

�y�} Hk`��¤ ∆ �y}wt� ¢S§w`�

Yms§ Y �y}w�¤ ,¨�l�� AS§� Yms§ ∆ �y}w�  � ^�¯

¨�l�m�� �y}wt�� �� A§� |w`�  � ¨¡ ­rkf�A� , Ð� .¨m��

�hF� T��An�� ­r¶�d��  wk� Yt� Hk`�� ¤� ¨m�� �y}wt�

T�®��� �CA�m�� �� ,�@¡ ºAn�� .Tyl}±� ­r¶�d�� �� �yl�tl�

��  wk� A�dn� T�A� �hF� rbt`n� .Ahsf� �\�  � 	�§

− Y �y}wt�¤ ,r ∆ �y}wt� :T§¤Ast� T�®��� �A�¤Aqm��

2R  wktF Y �y}w� ¨� �y�r�� �y� T�¤Aqm�� ,Ahny� .R

T§E�wt� 2r) 2
3r  wktF ∆ �y}wt�¤ ,(¨��wt�� Yl�  At�¤Aq�)


�A� w� �§r¶�d�� �y�A¡ �y� Tl} d�w� ,¨�At�A� .(r ��

�®� �ltm§  � 	�§ ∆ �y}w� :r = 3R ©� ,2R = 2
3r

�km§ −
ys� w� − ­d�Aq�� £@¡ .Y �y}w� �A�¤Aq� �A`R�

.
�yt�� A� Yt� Ah�AqtJ� T�whs�

�¯ A`� ,T§¤Ast� ry� �A�¤Aq� dn� T�A`�� T�A��� ¨�

¥�Ak�|rf� �¯ A`� �®� �� �A\� ��� �tK� Y −∆ {§w`�

¨¡ T�ytn�� :rCA ¤ ,rAB , rBC �CA�m�� �y� �A�¤Aqm�� ��¤E�

Y Y�� ∆ {§w`t� :¨l§ Am�

RA =
RABRAC

RAB +RBC +RCA
,

;(A§C¤ |w`tF �A�®`��) RC¤ RBþ� ��Am� �kK�¤

,∆ Y�� Y {§w`t�

1

RBC
=

1
RB
· 1
RC

1
RA

+ 1
RB

+ 1
RC

,

.RCA¤ RBCþ� ��Am� �kK�¤

®§wV At�¤ @��yF  Aybm�¤±� �®� �¯ A`m�� £@¡ �AqtJ�


sy� Tqyq��� ¨� A¡r�@� .�¡r�@� �S�±� �� �@� ,�d�

 wk§ A� Ab�A� ©@�� Y Y�� ∆ {§w`� �� �d�tn� ,T§�d� ;Ab`}

¢�� Am� (��ºAn�tF� d�w�) ¨sk`�� �§w�t�� �� A`f� r���

�®y}w�  wk�  � �km§ �Aql��� − ­r¶�d�� �� Tql� �§z§

 �� ,T�A��� ¨¡ £@¡ �k� �� w� Yt� .Ahlyl�� 	`O§ T§rWn�

©E�wt�� Yl� �®y}wt��  d� �lq§  ± �ym§ Y Y�� ∆ {§w`�

�A�As� Y��  wq§ Am� ,(A¡d§z§  ± �ym§ ¨sk`�� {§w`t��)

.�Ayl}wm�� 
sy�¤ ­ A� ­AW`m�� ¨¡ �A�¤Aqm��  � Am� Xs��

Xsb�� .�A�¤Aqm�� �wm��  r�� − �d� Xys� T� A`m�� �Aq�

�r`�  � Xq� Anyl� 	�wtyF ,�yt�¤Aq� 
rR ,AS§� Xys�

�� �A� �� Yl� .
rS�� �� Ahl¡A�tnF �A�¤Aqm�� �� ©�

Tl}w� T�¤Aqm� ,�@� :��Amt�� CAbt�� rb� �@¡ T�r`� �hs��

Tl�Aqm�� T�¤Aqm�� ºAn�tFA� �wqnF ,Y �y}w� ¨� B ­dq`�A�

.∆ �y}w� ¨� AC

ªAbntF� �km§ ,∆ Y�� Y {§w`� T�A�� Ayl`� An� w�

A� �� :Y Y�� ∆ �y}w� 	y�r� �� AS§� T�whs� T�yO��

.�Ayl}w� Y�� �A�¤Aqm�� ry�� w¡ ¢� �Ayq�� 	�§

��  wkt� r¶�¤d� Ahmym`� �km§ ¯ 9 ­rk�  � ^�¯

w¡ T�A��� £@h� ºAn�tF� .
(9)

�CA�� 3 �� r��� Ah� �A�¤Aq�

 wk� �y� ,(Rþ�) T§¤Ast� �A�¤Aqm�� ��¤E� ��  wk� A�dn�

T�¤Aq� Ah� �� ,T�¤Aq� n ¢� ¨m�� �y}wt� T·�Ak� ­r¶�d��

¨`lR−n �y}wt� T·�Ak� 
sy� Ah�� �� ��r�� Yl�) R/2

Ahny� AhS`b� Tb§rq�� dq`�� �Ay¶An�  ± ,T§¤Ast� �A�¤Aqm�

.({`� �� ­dy`b�� �Ay¶An��� �� r�}� �A�¤Aq�

.T� Aq�� T��sm�� rbt`n� ,�yRwt�

:8.x

.T§CAWb�A� rm§ ©@�� CAyt��  d�

.1 ��l� ¨� YW`� �Ab�³�
(7)

A.E.Kennelly, 1899(8)

Tbsn�A� Ah� �km§ ¯ n(n− 1)/2 þ�� �¯ A`m�� ,T�A� T�A�� ;Tflt�� �A�¤Aq� Ah�  wk§  � �km§ ¨t�� ,Tflt�� �CA�� �¤E n(n− 1)/2  d� d�w§ ,®`�
(9)

.n > 3 ©� n(n− 1)/2 > n  � Am�AV (�lS� ¤�) ¨m�� �y}wt� nþ�� �A�¤Aqml�
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�A§CAW�¤ �A�¤Aq� �� T�wkt� ­r¶� ©� :10 ­rk�

�ytl}w� T�¤Aq�¤ T§CAW� ¸�Ak� B¤ A  A�r�� Ah�¤ Xq�

Ty¶A�rhk�� T`��d�� ­wq��
(10)

(�ynyf� T§r\�) ¨��wt�� Yl�

�y� dh��� �r�  A�§� rb� A¡d��  � �km§ T§CAWbl� ε
�Ot� �m� ©� ��An¡ d�w§ ¯ A�dn� B¤ A �y�r�m��

Tyl}±� ­r¶�d��  � 	bs� �@¡) �y�r�m�� Yl� Ay�CA�

 wk§ ¯ A�dn� ��Am� �kK� A�rOt§  � 	�§ TRw`m��¤

�km§ (T§CAWbl� Tyl��d�� T�¤Aqm��) r T�¤Aqm�� .(�q� ��An¡

�lF �®� rm§ ©@�� CAyt�� w¡ I0 �y� ,ε/I0þ� d�w�  �

.�y�r�m�� ­r¶� rOq§

:9.x

.�yt§CAWb�� �®� CAm�� CAyt�� 	s��

�qn� ,A�wR¤ r��� 10 ­rk� �ybW� �`��  � ��� ��

CAm�� CAyt�� d�n�¤ ,­ry�±� T��sm�� �� �¤±� ºz��� ���

�� �CE±�¤  wF±� ºz��� ,£A� � �kK�� ¨� .3V þ�� T§CAW� ¨�

T�¤Aq�¤ ε Ty¶A�rh� T`�� ­wq� T§CAWb� |w`yF ­r¶�d��

d�w§ ¯ ¢�� T§�d� |rtfnF .(�kK�� Y�� r\��) r Tyl�� 

,A¡d`� . wqf� ry� rm�±A� �wFrm�� ºz���  � ©� ,�q� ©�

4V/4Ω = 1A¤ 4V/2Ω = 2A �§CAy�  wktF ºA�Cz�� T§CAWb��

�¤r� ,¨�At�A� .¨��wt�� Yl� ,Ynmy��¤ «rsy�� �y�r¶�d�� ¨�

©¤AstF (2Ω¤ 1Ω) �kK�� �fF� �A�¤Aqm�� Yl� dh���

dh� �r� ,¨�At�A� .¨��wt�A� ,1A · 2Ω = 2V ¤ 2A · 1Ω = 2V
	s�n�  µ� .ε = 0  � ©� ,2V − 2V = 0V  wktF Tly}wt��

�ls�� |w`nF ,T·�Akm�� T§CAWbl� r Tyl��d�� T�¤Aqm��

	s�nF¤ (�kK�� Y�� r\��) ºA�Cz�� T§CAWb�A� ¨�Aq�rb��

¨t�¤Aqm� T§E�wtm�� Tly}wt�� :�y�r�m�� �y� T�¤Aqm��

Yl�  AtlOt� 2Ωþ�� ¨t�¤Aqm� T§E�wtm�� Tly}wt��¤ 1Ωþ��

ºz��� dy`� ,T§Ah� .r = ( 1
2 + 1)Ω = 1.5Ω ¨�At�A� ,¨��wt��

��) �ymy�� Yl� T·�Akm�� ­r¶�dl� ¢�Akm� ­r¶�d�� �� rm�±�

3V þ�� T§CAW� �®� CAm�� CAyt�� :(r = 1.5Ω ¤ ε = 0  � r�@�

.I = 3V/1.5Ω = 2A  wkyF

Yl� d�AstF Aht�r`� �k� ,Ah�AqtJ� �hs§ Ty�µ� Tqyq���

. Aybm�¤±� ¨� 
�w�� {`� ^f�

­Cdq�� �� �km� C�dq� r��� 	�s� Yt� :7 Tqyq�

T�¤Aqml� T§¤As�  wk�  � 	�§ �m��� T�¤Aq� ,T§CAW� ��

.T§CAWbl� Tyl��d��

R �y� ,I = ε/(r + R) w¡ �m��� �®� CAm�� CAyt�� ,®`�

�m��� Yl� Tklhtsm�� ­Cdq�� ,¨�At�A� .�m��� T�¤Aq� ¨¡

 � �hF±� ��  wkyF .P = R ∗ I2 = ε2R/(R + r)2©¤AstF

,Ym\� Tmyq�� P 
�A� w� .
1
P = ε−2r(Rr + r

R + 2) �l��

Tmyq�� d��  ± �At�nF �@� ;«r�O�� Tmyq�� 1/P  wktF

Yl� �O�nF Rþ� Tbsn�A� TqtKm�� @�� dn� .
1
P þ� «r�O��

«r�� Tq§rV) .R = r ¨�At�A� ,
d
dR

1
P = ε−2(1− (r/R)2) = 0

Tmy� ¢� 1/x T�wlq�¤ x  d� �m�  � Tqyq� ��d�tF�  wktF

.Pmax = ε2/4r ,¨�At�A� .(R/r = 1 ¨�At�A� ,x = 1 A�dn� Ay� 

:10.x
Ah�®htF� �km§ ¨t�� T�AW�� �� �km� C�dq� YO�� d�¤�

dmt`� ­Cdq��) �kK�� ¨� ­r¶�d�� ¨�r�m� �}w� �m� ¨�

C�dq� rb��  A�§� w¡ �n� 
wlWm�� ,�m��� T�¤Aq� Yl�

.(­Cdq�� £@h� �km�

CAy� C AO� �� ��A`t�� dyfm�� ��  wk§ A�Ay�� :11 ­rk�

ε Ty¶A�rh� T`�� ­wq� T§CAW� .�A§CAWb�� �� ¯d� 
�A�

CAyt� 
�A� CAy� CdOm� T·�Ak�  wktF r Tyl�� T�¤Aq�¤

.
(11)r T�¤Aqm�� �� ©E�wt�� ¨l� �}w� I = ε/r

AS� I At�A� �CAy�  wk§ EAh� �� ­CAb� 
�A��� CAyt�� CdO�


sy� �m��� T�¤Aq�  � Am�AV–¢y�r�m� �}wm�� �m��� ��

¨fk§ :T�whs� A¡dy��� �km§ T§r\n�� £@¡ Ty�®} .Ty¶Ah�¯

 wktF ��CAyt�� ,�y�r�m�� ©dh� Hfn� ¢�� �� �q�t�  �

T�¤Aq�¤ ε Ty¶A�rh� T`�� ­wq�) T§CAW�  � |rtfn� .Ahsf�

dh��� �r� ,Ahny� ;V �y�r�� dh� �r� Ah� (r Tyl�� 

 wkyF CAyt�� ,¨�At�A�¤ ε− V  wkyF Tyl��d�� Aht�¤Aq� Yl�

Yl� AqbW� dh��� �r� Hf�  A� w� .Ibattery = (ε − V )/r
CAm�� CAyt��  �� ,(I = ε/r 
�A� CAyt�) 
�A� CAy� CdO�

TlO��  � ©� ,V/r  wkyF dh��� �r� 	bs� T�¤Aqm�A�

,®`� .Icurrent−source = I−V/r = (ε−V )/r  wkyF �§CAyt��

£@¡ ¨�At�A� ,V �m� dh� ©± Ibattery = Icurrent−source

(10)

.[E.L. Norton (1926), H.F. Mayer (1926)] ��Cw� T§r\n� Yms§ A� Yl� �O�nF ,�ynyf� T§r\� Yl� ¥�Akt�� �@¡ AnqbV w�
(11)
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.¸�Akt� �kK�  A�rOt§ �@¡ CAyt�� CdO�¤ T§CAWb��

�km§ ¢�� �� ��r�� Yl�) 11 ­rk� �Rw� Ty�At�� T��sm��

.(10 ­rk� ��d�tFA� AS§� Ahl�

:11.x
ri Tyl�� �A�¤Aq�¤ εi Ty¶A�rh� T`�� «wq� T§CAW� n
T`��d�� ­wq�� ¨¡ A� .¨��wt�� Yl� 
l}¤ (i = 1, 2, ..., n �y�)

?�A\n�� �@h� Tyl��d�� T�¤Aqm��¤ T·�Akm�� Ty¶A�rhk��

 � ©�) TyW� �wJry� At� A`�¤ �¤�  w�A� :12 ­rk�

­wql� �y�w�r� dh��� �r� ¤� CAyt�� Xq� ©w�§ d� ��

,�d§d�� r��� �kK� .��A} 	��rt�� �db� ¨�At�A� ,(d��¤

T§CAW� n ,�A�¤Aq� Yl� ©wt�� ­r¶� An§d� 
�A� ¢��|rt��

�ls�� ¨� CAyt�� Ahny� .Xq� ¨�A�� CAy� CdO� m¤ ,Ty�A��

¨�At�A� £ A�§� �km§ jþ��

Ij =

n+m∑
k=1

Ij(k)

 wk� A�dn� �ls�� �@¡ ¨� rm§ ©@�� CAyt�� w¡ Ij(k) �y�

­r¶�d�� ¨� ­ w�wm�� (CAyt�� CdO� ¤�) ­dy�w�� kþ�� T§CAWb��

CAyt�� C AO� ��¤ ,Ah�r¶� rOq� «r�±� �A§CAWb�� ��)

.(­r¶�d�A� Ahly}w� �W� rb� �@�� «r�±�

:12.x
,Ty�A�� �A§CAWb�� ,£A� � �kK�� ¨� [EstPhO-2012]
A��ryt�� d�¤� .ε1 = ε2 = ε¤ R1 = R2 = R3 = R4 = R

.(ε¤ R TWF�w� ­rb`� ,I4¤ I1, I2, I3 ©�) �A�¤Aqm�� ¨�

(.AS§� 19 ­rk� TWF�w� Ahl� �km§ T��sm�� £@¡  � ^�¯)

�y¡A�m��¤ TyW��� �¯ A`m��  d� �ylq� �km§ :13 ­rk�

�¤� Ahy� �q�t� ¨t�� ,¨kbK�� �yl�t�� Tq§rV ��d�tFA�

¨¡ ­wW� �¤� .Ay¶Aql� �wJry� �¯ A`� �� T�wm��

l1, l2, ...ln AyW� Tlqts� �AkbJ �� Tl�A� T�wm�� CAyt��

¨¡ Ty�A��� ­wW��� ;(£A� � �rKyF ¨W��� �®qtF¯� �whf�)

¨� ��CAyt�� �� ryb`t��¤ ,I1, I2, ...In �AkbKl� ��CAy� d§d��

­ry�±� ­wW��� .£@¡ �AkbK�� ��CAy� ��d�tFA� �A�¤Aqm��

�wJry� �¯ A`� �� Ty�A��� T�wm�m�� �� ryb`t�� ¨¡

�A\� ��¤ ,�¤�  w�A� ��d�tFA� �A�¤Aqm�� A��ry� T�¯d�

.TykbK�� ��CAytl� Tbsn�A� T��An�� �¯ A`m��

AyW� Tlqtsm�� �AkbK�� �db�¤ Tq§rW�� �yRwt� �qn�

.Ty�At�� T��sm�� ��d�tFA�

:13.x
Tq§rV ��d�tFA� ­r¶�d�� ¨�r�� �y� T�¤Aqm��  d�

.¨kbK�� �yl�t��

w¡ �@¡ Am�C¤ – 9 ­rk� ��d�tFA� T��sm�� £@¡ �� �km§

­rk� ��d�tFA� T��sm�� �� �dq�  � d§r� An¡ Annk� .�� �hF�

.Ty�AR� ­rk� �At�nF �db� Yt� .31

�y� ­r¶� T�¤Aq�  A�§� ¨¡ Tmhm�� 
�A� w� :14 ­rk�

dh� �r�  � A�� |�rt�� Ab�A� dyfm�� ��  wkyF ,�y�r��

�§@¡ rb� �r�t§ I �CAy�  � ¤� ,Ahy�r�� �y� �bW� V
,(V ¤� I) ­ wqfm�� Tymk��  A�§� 	�wtyF Ahny� .�y�r�m��

.R = V/I 
As�¤

@��n� .­r¶�d�� �®� ©rs§ I �CAy�  � |rtfnF ,¨�At�A�¤

.£A� � �kK�� ¨� TykbK�� ��CAytl� Tnkmm�� �AkJ±� Yl� ­r\�

,i3þ� º�rS��� ,i2þ� º�rm��� ,i1þ� ºA�Cz�� TkbKl� z�rn�

A§¤As� º�rm��� TkbK�� ¨� CAyt�� Anl`� w� .i4þ� Ty�sfnb��¤

CAm�� �ls�� dn�  AyJ®tys� ,ºA�Cz�� TkbK�� ¨� CAytl�

TkbK�� CAyt� A·�Ak�  wkyF Amh`m� ¨�At�A� ,4Ωþ�� T�¤Aqm�

�qts� ry�  wkyF º�rS��� TkbK�� CAy� ,T�ytn� .º�rS���

��CAyt�� £@¡ �� :ºA�Cz��¤ º�rm��� �ytkbK�� ©CAy� �� AyW�

w�) �wh�m� Am¡¦Aq�� �km§  Atn�� Xq� ,�®��� TykbK��

�� rb�� �y¡A�m��  d�  wkys� ®y¡A�� �ht�®� Anyq��

TykbK�� ��CAyt�� �� �¤E ©� �hm�� �� Hy� .(�¯ A`m��  d�

,�A� �� Yl� .�A�m�� �@¡ ¨� i2¤ i1 CAt�nF ;CAt�nF

CAy� ©�  A�§� Annkm§ ¯ ,Xq� ºA�Cz��¤ º�rm��� �ytkbK�A�

�A\n��  � ¨n`§ Am� ,­r¶�d�� �r��¤ ��d� �®� ©rs§

¨�r�� �®� rm� TkbJ �At�� : µ� Yt� Aql�� Hy� ¨kbK��

��d�tFA� �qn� ;Ay�A�  wkyF TkbK�� £@h� �kJ ©� .�A\n��

Tql�� A¡CAbt�� �km§) ¨�sfnb�� Yn�nm�A� T�Rwm�� TkbK��

– I ©¤As�  � 	�§ i4  � ^�®n� .(Ty�CA� T§CAW� TWF�w�

.­r¶�d�� ¨� ©CAs�� CAyt��

,TykbK�� ��CAyt�� �� Tl�A� T�wm�� An§d� �b}�  µ�

�wJry� �¯ A`� 	tk�  � 	lWtm�� ��¤ ,i4 = I¤ ,i2 ,i1
,i1 + I w¡ 3Ωþ�� T�¤Aq� �®� CAm�� CAyt�� .dh��� �¤rf�

��Am� �kK� ;V3 = 3Ω(i1 + I)  wkyF ¢yl� dh��� �r� �@�

�§CAyt��  � Tqyq�� Xb�r� Tb�As�� ­CAJ³�) V4 = 4Ω(i1− i2)

 � ^�®.V1 = 1Ωi1¤ ,(T�¤Aqm�� £@¡ ¨�  As�A`t� i2¤ i1
¨kbK�� CAytl� Tbsn�A� A¡@�� �� £@¡ dh��� �¤r� ��CAJ�

��wV Yl� �r�t�� dn� ¢�� ¨n`§ 	�w� dh� �r� :�CE±�

�wJry� ¨�w�Aq� AqbV .�q§ dh��� �r� ,ºA�Cz�� TkbK��

:�rf}  wk§  � 	�§ dh��� ªwb¡ ,Tl�A� ­C¤ �Am�� dn�

.0 = V3+V4+V1 ⇒ 3(i1+I))+4(i1−i2)+i1 = 8i1−4i2+3I = 0
:º�rm��� TkbK�� dh� ªwbh� Tl�Am� T� A`� 	tk�  � Annkm§

.i2(2 + 4 + 5)− 4i1 + 2I = 0

¨� AhS§w`� ,4i1 = 2i2 − 3
2I ,Y�¤±� T� A`m�� ��
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¨�At�A� ,9i2 + 7
2I = 0 Y�� A� wqyF Ty�A��� T� A`m��

,¨�At�A� .i1 = − 1
4 ( 7

9 + 3
2 )I = − 41

72I¤ i2 = − 7
18I

dh��� �r� ;V2 = 22
18Ω · I¤ ,V3 = (1 − 41

72 )I · 3Ω = 93
72Ω · I

 � ¨n`§ Am� ,V = V2 + V3 = 181
72 Ω · I w¡ ­r¶�d�� Yl� ��Ak��

.R = V/I = 181
72 Ω T�¤Aqm��

�¯ A`m��  d�¤ �y¡A�m��  d� �ylq� �km§ :15 ­rk�

T�wm�m�� Ahy�  wk� ¨t��  wh��� Tq§rV ��d�tFA� TyW���

.Ay¶Aql� Tqq�� ( wh�l�) �wJry� �y��w� �� Ty�A���

�y� �AO�� TWq�) ­dq� �� ºAW�� ¨¡ Y�¤±� ­wW���

­wW��� .(nþ�� ­dq`l� z�r§ n z�r�� �y�) ϕn �dh� (�®F±�

T�¯d� Y�¤±� �¯ A`m�� T�wm�� �� ryb`t�� ¨¡ Ty�A���

.��An�� �¯ A`m�� �A\� ��¤ ,�¤�  w�A� ��d�tFA�  wh���

:14.x
. wh��� Tq§rV ��d�tFA� Tq�As�� T��sm�� ��

­r¶�d�� �CA��  � |rtfnF ,�b� �� ¢� Anm� Am� ¢�AK� �kK�

�@� ,AyVAbt�� £CAyt�� �km§ dh��� ��r� .T§CAWb� Tl}w�

�kt�) �rf} ­r¶�d�� ¨�r�� d�� dh� �`� dyfm�� ��

T§CAWb�� dh�� A§¤As� Ynmy�� dh�  wkyF Ahny� ;(«rsy��

�¡ wh� �kt� ,­r¶�d�� ¨�  Aty�AR�  A�dq� ��An¡ .V

�� A� A� Ayl`�� ­dq`�A� CAm�� CAyt�� .ϕ2¤ ,(Ayl`��) ϕ1

­dq`�� �� � Aq�� CAyt�� ;I3 = (V − ϕ1)/3Ω �m§±� �ls��

Ayl`�� ­dq`�� �� CAyt�� ;I2 = ϕ1/2Ω rs§±� �lsl� Ayl`��

,��CAytl� �wJry�  w�Aq� AqbV .I4 = (ϕ1−ϕ2)/4Ω �fF°�

¨�At�A� ,I3 = I2 + I4
(V − ϕ1)/3Ω = ϕ1/2Ω + (ϕ1 − ϕ2)/4Ω⇒

13ϕ1 − 3ϕ2 = 4V.
�y� ,I4 + I1 = I5 ,TylfO�� ­dq`�� ,¢�AK� �kK�

Y�� A� wqyF �@¡ .I5 = ϕ2/5Ω ¤ I1 = (V − ϕ2)/1Ω
(ϕ1 − ϕ2)/4Ω + (V − ϕ2/1Ω = ϕ2/5Ω)⇒

−5ϕ1 + 29ϕ2 = 20V.
ϕ1 = 88

181V ¨W`yF �@¡ ¨W��� �¯ A`m�� �A\� ��

 w�A� ��d�tFA� ¢�As� �km§ ��Ak�� CAyt�� ;ϕ1 = 140
181V ¤

¨�At�A� ,I = I2 + I5 = 44+28
181 V/Ω ,«rsy�� ­dq`l� �wJry�

Anbs� w� T�ytn�� £@¡ �� d��t�� Annkm§ .R = V/I = 181
72 Ω

.Ynmy�� ­dq`�� Yl� ºAn� ��Ak�� CAyt��

r\��) �ytq§rW�� �� T�w`}  � �Rw§ �A�m�� �@¡

dmt`§ CAyt�¯A� �@� ,©CAst� Ab§rq� (51¤ 31 ­rk� Y��

,TykbK�� ��CAyt�� T�A� ¨� .¨O�K�� �ySft�� Yl� ­ A�

¤db§ d� Tlqtsm�� TyW��� �AkbK�� �� ­dy� T�wm�� CAyt��

T§wtsm�� r¶�¤d�� T�A� ¨� �k� ,���� ¨� Ty�AR� ­wW��

�®F±�  � �y�� T�C¤ Yl� AhmFC �km§ ¨t�� r¶�¤d�� ©�)

Hy� ­wW��� £@¡ ,(dq`�� dn� Xq� Y�®t�¤ �VAqt� ¯

¨kbK�� CAyt�� Tq§rW� ­ry�} T�AR� An�d�tF� w� T§C¤rR

.streamfunction T§CAyt�� T��d�� Tq§rW� Ah� ��ryF ¨t��

�Aq�dtl� ¢��d�tF� �km§ ψ(x, y) T§CAyt�� T��d�� �whf�

CAyt�� ªwW� Ahy� �bttF ¨t�� TW�Sn�®�� d`b�� Ty¶An�

(12)
��dt�� {y�¤ ,ψ(x, y) = const Tt�A��� Tmyq�� ªwW�

T�A� ¨� .TWb�rm�� ψ ¨tmy� �rf�� ©¤As§ �yW� �y�

��CAyt�� �wm�� w¡ ��dt�� {y� ,d`b�� ¨¶An� �¶Am�� ��d�

r¶�¤d�� T�A� ¨� .¨Rr� �Wq� �®� ­CAm�� Ty¶A�rhk��

T��d�� ¨�At�A� ,�®F±� rb� Xq� ��dt§ CAyt�� ,T§wtsm��

.
(13)

�®F±� ��w� dn� zfq�¤ ,�®F±� �y� Tt�A� T§CAyt��

Tq§rV ��d�tF� �� ¯d� ,T§wtsm�� r¶�¤dl� :16 ­rk�

�� .T§CAyt�� ��¤d�� Tq§rV ��d�tF� �km§ ,TykbK�� ��CAyt��

Tmy� YW`yF ­r¶�dl� (�®F±� �y� T�CAf�� T�Asm��) ¢�¤

d�wtF ¨t�� ψi Tmy� YW`yF iþ�� ¢�w�� :T§CAyt�� T��dl�

�ls�� ¨� CAyt�� .dh��� �¤rf� �wJry�  w�A� ��d�tFA�

­CAJ� ;Iij = ψi − ψj  wkyF jþ��¤ iþ�� �yh�w�� �y� �}Af��

i ¢�w�� ,Iij £A��� �� An�r�� w�  � �y�� CAt�tF An¡ Iij
.CAsy�� Yl�  wkyF

 d� P�§ Amy� �h� �AtntF� ªAbntF� AS§� Annkm§  µ�

:T§wtsm�� r¶�¤dl� AyW� Tlqtsm�� �AkbK��

rb�±�  d`�� ,¨�At�A�¤) T§r��� �A�C  d� :8 Tqyq�

­r¶�d�� ¨� CAyt�� �Ewt� (AyW� Tlqtsm�� TykbK�� ��CAytl�

ºAn�tFA�) ��An�� �kK�� ¨� £w�w��  d� ©¤As§ T§wtsm��

.(¨¶Ah�®�� ¢�w��

�y� ��d�tFA� ��Ak�A� ¢f}¤ �km§ CAyt�� �Ew� ,�`f�A�

�ylst�� �km§ ¨¶Ah�®�� ¢�w��¤ ,T�¤±� dn� T§CAyt�� ��¤d��

T�¤±�  d� ©¤As§ T§r��� �A�C  d`� �@� ,ψ = 0 ¢�  ��

.�kKl� Ty¶Ahn��

�yq�� ;13 T��s� � d�� rbt`n� ,16 ­rk� �Rw�  � ��� ��

¨� ��CAyt�� �� 
mFC (ψ2¤ ψ1) T§CAyt�� T��dl� T�wh�m��

.(Tflt�� �A�¤Aq� �y� A�@�� ,13 T��sm� T�CAq�) £A� � �kK��

�d� Th�AK�  wktF dh��� �rf� �wJry� �y��w� T�wm��

YW�tnF �@� ,TykbK�� ��CAyt�� Tq§rV �� ¢yl� AnlO� Am�

.���� �� ºz��� �@¡

CAyt��¤ dh��� �r� ¨�w�A� ¨� ��Amt�� 	bs� :17 ­rk�

�¤r�¤ Ty¶A�rhk�� ��CAyt�� �y� Ty¶An� d�w� ,�wJryk�

,��CAyt�A� dh��� �¤r� �§db� Annkm§ An�� ¨n`§ Am�
(14)

dh���

�kK� �m`yF �@¡ .�d� Th�AK� T��s� Yl� �O�nF T�ytn�¤

dh��� �¤r� �y� �w�t� �y� T§wtsm�� r¶�¤d�� T�A� ¨� dy�

Ah�r¶�d� �w�ttF Ahsf� ­r¶�d�� ;Hk`��¤ ,T§CAyt�� T��d�� �yq�

Y�� A� ­r¶� T��s� �w�� A� Ab�A� .(£A� � r\��) T�¤ zm��

Ay��Ð T�¤ zm�� r¶�¤d�� T�A� ¨� �k� ,«r�� ­r¶� T��s�

d� ��Amt�� ,(T�¤ zm�� Ah�r¶�d� Tq�AW� ­r¶�d��  wk� A�dn�)

.
(15)

�d� A`�A�  wk§

�wFrm�� ©rWnq�� �y}wtl� Ty��¤ E¯� �db� �ybWt� �qn�

­dq� �R¤ rb� Ty��¤ E¯� ­r¶�d�� Yl� �wO��� �km§ ;£®��

­d§d��� dq`�� �y}w�¤ ,Tyl}±� ­r¶�d�� ¨� ¢�¤ �� ¨�

,d��¤ d§d� �ls� �Wq§ �§d� �lF ��  � �y�� �®F��

.£A� � r\��

.CAyt�� �wm�� Xq� w¡ ,¨¶A�rhk�� CAyt�� T�A� ¨� ;��z�� ­d�w� ¨Rr� �Wq� �®� Tlqtnm�� �¶Am�� Tym� w¡ ��dt�� {y� ,�¶Am�� ��dt�
(12)

��¤d�� �yq� �r`�) ®qts� ®�A`� T§CAyt�� T��d�� Tmy� Ahy�  wk� ¯ ¢�¤� ��An¡  wkyF Ahny� �k� ,��@� T§wts�®�� r¶�¤dl� T��A} ­CAb`�� £@¡
(13)

.TVAs� ��� 61 ­rk� �ybW�  wkyF �@� (T�CAqm�� ¢�¤°� T§CAyt��

A. Russell 1904(14)

L.A. Zadeh 1951(15)
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dh��� �r� 
q�� T§CAW� Tyl}±� ­r¶�d�� ¨� An§d�  A�

An§d� ,­d§d��� An�r¶� ¨�¤ ,ε þ� A§¤As� �y�r�m�� �y�

T§wl`�� �y�dq`�� �s� T§CAyt�� T��d�� �r� ¨qb§ CAy� CdO�

��  wh��� Tq§rV An�d�tF� A�dn� .Iþ� T§¤As� Tylfs��¤

 wkyF ­dq� �k�  µ� ;dh� ­dq� �k�  A� ,Tm§dq�� An�r¶� 

 A�§� �� ,Tm§dq�� ­r¶�dl� .T§CAyt�� T��dl� Tmy� ��An¡

�k� CAytl� �wJry� �y��w� T�At� �§rV �� ϕi  wh���

jþ�� ­dq`l� ;­dq�∑
i

(ψi − ψj)Rij = 0

(Tm§dq�� ­r¶�d�� ¨�) �ls�� Yl� T�¤Aqm�� ¨¡ Rij �y�

�y�dq`�� �y� Tl}�w�� ­d§d��� ­r¶�d�� �lF �� �VAqt� ¨t��

XbS�A� �¯ A`m�� T�wm�� Hf� Yl� �O�nF .jþ��¤ iþ��
­ At`� �A�¤Aq� TkbK� ­d§d��� ­r¶�d�� rbt`� An� w�

�kK�� ¨f� �@�) Tm§dq�� ­r¶�d�� �Ayl}w� ©¤As� �A�¤Aqm�

¨¡ b T�¤Aqm�� T�¤Aq� ,1Ω−1 ¨¡ a T�¤Aqm�� T�¤Aq� ,£®��

dh��� �r�  � AS§� |rtf� Tylm`�� £@¡ .(��� ,0.25Ω−1

­d§d��� ­r¶�dl� Ylfs��¤ Ayl`�� �y�dq`�� �y� �bWm�� d§d���

(b¤ a �A�¤Aqm�� ¨� ��CAyt�� �wm��) ¨lk�� CAyt��  �¤ ,I ¨¡

,¨�At�A� .Tm§dq�� ­r¶�d�� ¨�r�� �y� ε dh��� �r� ©¤As§

þ� Ahn� rb`§ T�¤ zm�� An�r¶�d� R∗ T�¤Aqm��

R∗ =
I

ε
=

1

R

º¨J ��) Tm§dq�� ­r¶�dl� T·�Akm�� T�¤Aqm�� ¨¡ R �y�

�A�¤Aqm��¤ R∗  � �y� ,��d�w�� P�§ Amy� ��r§ A� Yl�

.Ω−1)þ� xAq� ­d§d��� ­r¶�d�� ¨�


As�� T�¤ zm�� r¶�¤d�� ��d�tF� Tylm� ,P�l� Yt�

T�¤ zm�� ­r¶�d�� �n}� :¨�At�A� �AqtF ­AW`� ­r¶� T�¤Aq�

��An¡  wkyF ,­d§d��� ­r¶�d�� ¨� �lF �k� ¢�� �y��

Xb�rm�� �ls�� T�¤Aq� Tyl}w� ©¤As§ C�dq� Ah� T�¤Aq�

�lF ¨� T§CAW� ��An¡  A� w�) Tm§dq�� ­r¶�d�� ¨�

T�¤Aq� 	s�� .(d§d� CAy� CdO� �d�tF� ,Tm§dq�� T§CAWb��

T�¤Aq� Yl� �O�� Yt� 
wlqm�� @�¤ T�¤ zm�� ­r¶�d��

.Tyl}±� ­r¶�d��

Ay��Ð T�¤ z� £®�� rbt`m�� ©rWnq�� �y}wt��  � ^�¯

T�wk�−	y�rt�� Hf� Ah� T�¤ zm�� Ah�r¶�  ± ,Ay�w�w�w�

Tym�r�� �yq�� AS§�¤ .­rWn� T`�A} �A�¤Aq� Hm� ��

Hfn� �A�¤Aqm�� �� An�rR w� ¢�� �y�� ­zym� �A�¤Aqml�

­r¶�dl� T·�Ak� T�¤ zm�� ­r¶�d�� �bOtF ,(4Ω2
) ��A`m��

.Ay��Ð T�¤ z� ­r¶�d�� �`�� ¨t�� ¨¡ Ty}A��� £@¡ ;Tyl}±�

:15.x
;16 ­rk� A�Rw� ©rWnq�� �y}wt�� T�¤Aq� d�¤�

.©rWnq�� �y}wt�� �@h� ¨��@�� ��¤ E¯�¤ 17 ­rk� �d�tF�

Ah�r¶�  ± ,Ay��Ð �¤ z� £®�� Xysb�� ©rWnq�� �y}wt��

.�wn�� Hf� �� ©rWn� �y}w� �� ­CAb� T�¤ zm��

r}An`�� �� T§C¤d�� Ty¶Ah�®�� �F®s�� :18 ­rk�

AhtF�C �km§ (��� ,�Af�km�� ,�A�¤Aqm�A�) Ty�¤rtk�³�

¯ Y�¤±� ­C¤d�� �@� :Tlslsl� ¨��@�� ¢�AKt�� ��d�tF� rb�

.Tlsls�� P¶AO� Yl� r�¥§

:16.x

.Ty¶Ah�®�� T§C¤d�� ­r¶�d�� T�¤Aq�  d�
(16)[IPhO-1967]

Ty¶Ah�®�� Tlsls�� �� ­C¤ �¤� �WqnF ,81 ­rkf� AqbV

¨qbtm�� ºz��� ;(£A� � �kK�� ¨� ¨�Aq�rb�A� T�wFr�)

¨t��) R Aht�¤Aq� ¨t�� Tyl}±� ­r¶�d�� ¸�AkyF (�CE±�)

T�At� Annkm§ ,�@¡ 	bs� .(T�wh�� 
��E A�

R = R1 +
RR2

R+R2

.R Yl� �wO�l� Ahl� �km§ ¨t��

�� d§d�t�A�¤ – «r�� CAk�� �� AhmR �km§ ­rkf�� £@¡

.T� Aq�� T��sm�� ¨� 10 ­rk�

:17.x

�A\n� Tyl��d�� T�¤Aqm��¤ Ty¶A�rhk�� T`��d�� ­wq��  d�

.£A� � �A§CAWb��

.¢l�ts�  � �¤A� ,T��sm�� ¨� ®�Am� d�� A�dn� :19 ­rk�

T��rK�A� ,Ahl�Am� ��d�tFA� Ahl� �km§ T� Aq�� T��sm��

.41 ­rk� ��

:18.x

��w� ,	`k� ¨� �yl�Aqtm�� �yF�r�� �y� T�¤Aqm��  d�

.1Ω ¨¡ T�A� �� T�¤Aq�¤ �®F� �� T�wnO� 	`km��

.r ©¤As� 
�A� �A�¤Aqm�� �� ,[IPhO-1967] ¨�
(16)
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�� ­rkf�� £@¡ ��d�tF� dyfm�� ��  Ay�±� {`�

�®y}w� �� 	y�r� Y�� ­r¶�d�� ��zt�¯ Tny`� Tym�CA�w�

.©E�wt�� Yl�¤ ¨��wt�� Yl�

 �dh� �y�dq`�  A� w� :dq`�� �� Tq§rV :20 ­rk�

.A¡rO� �km§ (�A�m�� �ybF Yl� ��Amt�� 	bs�)  A§¤Ast�

T�¤Aq� �y�m� �km§ :T�A��� �O� Tq§rV :21 ­rk�

,�yt�¤Aq� �� ©E�wt�� Yl� �y}wt� B¤ A �y�dq� �y�

�y�dq`�� �dh�  A� w� ,�y�dq� Y�� AhlO� �km§ A ­dq`��¤

.�yt§¤Ast� A′′¤ A′ �y�d§d���

.T� Aq�� T��sm�A� £@¡ CAk�±� 
�R¤

:19.x
£z�r� �y� �O�) �®F� TtF ¢y� ABCDEF ¨F�ds��

Ty¶A�rh� T�¤Aq� Ah� Ahl� ,�lF 21 �� �wnO� (¢F¤¦C¤

��d�tFA� O z�rm��¤ A x�r�� �y� T�¤Aqm�� d�¤� .R
.12 ¤ 02 �ytq§rW��

Y�� �w��  � �km§ ��Amt�� Tm§d� �¶Asm�� :22 ­rk�

.	��rt�� �db� ��d�tFA� Tl�Amt�

:20.x
TkbJ ¨� B¤ A �§C¤A�t� �yF�C �y� T�¤Aqm��  d�

,�®F� �� T�wk� TkbK�� ��w�  � |�rt�A� Ty¶Ah�¯ Ty`�r�

.R ¢t�¤Aq� �lF ��  � �y��

w� :­rJAb� Ahl�� T��sm�� £@¡ ¨� ¨�A� ��Am� d�w§ ¯

TFdn¡ ,B x�r�� �� £Anb�F¤ A x�r�� dn� I �CAy� Anl� �

Ay�A�  wk§ �� ©@�� ,¨FAk`�� ��Am� Ah�  wkyF T��sm��

­rJAb� Tl}wm�� �®F±� �y� I CAyt�� �Ewt§ �y� T�r`m�

Tl�Amt� T��s� �n} �kmm�� �� ��E A� �k� .A x�r�A�

¢b�F ��¤ A x�r�� Y�� �� � I CAyt��  � |rt�� :Ay��C¤ 

�� (d`b�� T§Ah�®�� dn�) ­dy`b�� x¤¦r�� dn� ��Amt� �kK�

Yl� ©¤Ast�A� �EwyF I CAyt��  � �R�w�� �� Ahny� .TkbK��

�kK� .I/4 w¡ Ahn� �� ¨� CAyt�� : T�CA��� T`�C±� �®F±�

,T§Ah�®�� dn� Ay��C¤ ��Amt� �kK� CAy� �A� � Annkm§ ,��Am�

�ytl�Amtm�� �yt�A��� �y�A¡ 	��r� .B x�r�� �� ¢b�F¤

;B �� �r�§¤ A �� ��d§ CAyt�� :XbS�A� d§r� A� AnyW`yF

�y� �}�w�� �ls�� ¨� .YJ®tyF CAyt�A� ,T§Ah�¯Am�� dn� A��

©@�� £A��¯� Hfn� CAyt�� Hf� Amh� �yb��rt�� ®� ,B¤ A
dh� �rf� Xb�r� ¨t�� ,I/2 ¨¡ TlO�m�� ¨�At�A� ,I/4 ©¤As§

.r = v/I = R/2 ¨¡ T�¤Aqm�� ¨�At�A� .V = RI/2

Yl� AhqybW� �km§ £@¡ ��Amt�� |r� Tq§rV  � ¤db§

.Ty�µ� T��sm�� Y�� r\�� ,Ty¶Ahn�� �AkbK��

:21.x
rK� ¨n�� ¤Ð ¨� �§C¤A�t� �yF�C �y� T�¤Aqm��  d�

¢�¤r� ,(�kK�� Y�� r\��) ( ¤Cdy¡Ak§ ¤ ) ¨FAm� A�WF

.R ¢t�¤Aq� �lF ��¤ ,�®F� �� T�wnO�

	lWt§ Tl�Amt� T��sm�� �`� , Ay�±� {`� :23 ­rk�

�ybW� �� TlkK� ©� d�w� ¯ :Tb�AF Tyly�� �A�¤Aq� �§dq�

R ,QA� �kK� .
(17)

Tb�As�� �A�¤Aqml� �wJry� �y��w�

¨��wt�� Yl�¤ ,Ty¶Ah�¯ T�¤Aqm� Xb�r� ©E�wt�� Yl� −R¤

.T§rf} T�¤Aqm� Xb�r�

:22.x

¨n�� ¤Ð ¨� B¤ A �§C¤A�� �yF�C �y� T�¤Aqm��  d�

�lF ��¤ �®F� �� T�wnO� ¢�¤r� AyFAm� A�WF rK�

©@�� ,B¤ A �yF�r�� �O§ ©@�� �r��� �d� A� ,R ¢t�¤Aq�

.�wWq� w¡

­r¶� ¨� Ty�¤� ry� �A�¤Aq� ��An¡  A� w� :24 ­rk�

Ahny� I(V ) dh��� �r�¤ CAyt�� �y� TyW�¯ T�®`� T�w}w�

T�®`�� :�Fr�� rb� ¨W�®�� rOn`�� �®� CAyt��  A�§� �km§

¨�¤ ,�wJry� �y��w� TWF�w� Ahn� ryb`t�� �km§ I(V )
A¡dn� .V = U0− Ir AyW� A�w�A� �tnyF �@¡ TWysb�� �¯A���

.I(V )¤ U0− Ir ,�yyn�nm�� �y� �VAqt�� TWq� ����  wkyF

TylRAft�� T�¤Aqm�� «d� ¨� (�VAqt�� ªAq�) �wl���

;­rqts� ry�  wk�  � �km§ (Rdiff ≡ dV
dI < 0 Amn§�) Tb�As��

�@h�¤ ,Ty���� �Aflm�A� T�r`� 	lWt§ C�rqtF¯� �yl��

.�wRwm�� �@h� AntK�An� ���nF

 �� rqts� �� �� r��� ��An¡  A� w� :9 Tqyq�

dh��� �r�  A� w� ®��) �A\n�� �§CAt� AqbV d�wyF ����

r}An`�� ,Ayl�� ¢�± (AO�Ant� ¤� �d§�zt� ­r¶�d�� Yl� �bWm��

�®�A� T�A�� ,�A�m�� �ybF Yl�) CwOql� �S�� TyW�®��

zfq� ��¤ (Ay\�� Hy� �k� ,T�rs� ry�t�  � �km§ Tn�K��

C�rqtF¯� ­CAs� ���) dy� 	bF  ¤d� «r�±  �z�� T�A� ��

.(�y`m�� CAyt�� ¨W`§ ©@�� ���� ºAft�� ¤�

T�¤Aqm� �Otm�� ¨qfn��  w§d�� TWF�w� 24 ­rk� �Rwn�

.ε Ty¶A�rh� �� ­w� Ah� T§CAW�¤

,(­E�zt¡¯� �l��) T�AW�� �AyS� Xb�r� Tb�wm�� T�¤Aqm�� :�Afl�¤ �Af�k� �mSt� ¨t�� ­  rtm�� r¶�¤d�� �� d§d�t�� ¢�¤ Yl� T§An`��� @�¥�  � 	�§
(17)

.(­E�zt¡¯� d�AO�) C�rqtF¯� �d� 	bs� Tb�As�� T�¤Aqm��
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Xq� ­d��¤ �VAq� �Wq� ��An¡  wkyF ,­ry�} ε 
�A� w�

,ε A� E w� ;(�kK�� ¨� CAsy�� YO�� Yl� ºA�Cz�� TWqn��)

,A� TWq� ¨�  A� w� Yt�¤ ,Yl�°� �r�ttF �VAqt�� TWq�

�r�¤ CAyt�� ,­d��¤ �VAq� TWq� �� r��� ��An¡  wkyF

CwWt�A� TWb�rm�� «rsy�� TWqn��  A�wkyF �yyqyq��� dh���

T\�� ¨� ,r��� ε  �z� A�dn� .Ty¶�dt�¯� T�A��� �� rmtsm��

Am� �ymyl� zfq§  � Yl� rb�yF¤ ¨ft�yF ���� �@¡ ,Tny`�

��d� w� , µ� .¨q�� ¢bK�� �CE±� �hs�A� �kK�� ¨� �Rw� w¡

�kK� �r�ttF ��l� Tnybm�� �VAqt�� TWq� ,|Af��¯A� ε
,�wl� T�®� Ahy�  wk� ¨t�� ­rtf�� ��wV¤ ,�fF°� rmts�

TWq� ,r��� ε 
Sf��� w� .¨qyq��� ���� ��mtF Ynmy��

­dy�w�� �VAqt�� TWqn� zfqyF ����¤ ,¨ft�� £@¡ �VAqt��

.Tyqbtm��

Yms� ¢�§CA� Yl� �A\n�� T�A� Ahy� dmt`� ¨t�� ­r¡A\��

�A\nl� �kmm�� ��  A� w� ­ A� rh\tF Tyfl�t�� .Tyfl�t��

¨� Xys� �A�� |r`yF ;Tyl�� T�A� �� r��� �ltm§  �

.Ty�µ� T��sm��

:23.x

T�¤Aq� ¢� £A� � ­r¶�d�� ¨� X rOn`�� [EstOPhC-2009]
,VX ≤ 1V þ� :¢yl� VX dh��� �r� Yl� dmt`� ¨t�� RX
r}An`�� £@¡ �� �®� .RX = 2Ω ,VX > 1V þ� ¤ ,RX = 1Ω
¨� �Rw� w¡ Am� ¨�A�� rty�� �� {`b�� AhS`b� 
l}¤

.��z�� ¨� T��d� rty�±� ­º�r� �FC� .�kK��

T�A� ,dh��� �¤r� {`b� ¢�� ¯w� TWys� T��sm�� £@¡

 wkyF An¡ �¶AJ �W� .�§CAt�� Yl� dmt`tF ­r¶�d�� r}An�

��Am� |�rt�� �� ,¨��w� 10 �¤± �y�} �kK� T��sm�� ��

�¤� ?£@¡ ��� ºAW�� « Aft� �y� .¨¶A�rhk�� CAytl� ¨FAk`��

Tl�`tsm�� �A�AtntF¯� �� �¶�d�� d`b�� ¨¡ Tq§rV �S��¤

¨��w�l� ¨FAk`�¯� ��Amt�� �AtntF� – ­AW`m�� T�A��� £@¡ ¨�)

«r�� Tq§rV .(Y�¤±� rK`�� ¨��w��� �� ­ry�µ� rK`��

.­rkf� 
�y} ¤db§ Am� TWys� 
sy� Cw�±�  � T�r`m�

.T��sm�� ��¥� rykf�  A� �ÐA� ,rkf�  � �¤A� :25 ­rk�

¢��� ,Th�AKt�¤ Ahyl� �CA`t� º�z��  Aybm�¤� T��sm�  A� w�

­rkf�� £@¡ ºAn�tFA�) .A� ©r¡w� �r� ��An¡  wkyF ­ A�

(.Ty¶A§zy� 
sy�

ry�� º¨J T§� ��An¡  wkyF  A� �¡ ,­AW`m�� T�A��� ¨�

�§rV �� T�ytn�� Yl� �wO��� �kmm�� ��  A� w� �Amt¡®�

?¨sk`�� ��Amt�� �� �AtntF¯�

T��sm�� rb� �Rw� Xys� �yRw� ,24 ­rkfl� A�w�C

.Ty�µ�

:24.x

I(V )þ�� T�®� ;£A� � ­AW`m�� ­r¶�d�� ¨� CAyt�� d�¤�

.£A� � Tnyb�  w§dl�

dh��� �r� ¨� ry�O�� �§Abt�� T�A� ¨� :26 ­rk�

CAyt�� ¨� ry�} �§Ab�¤ ,¨W� ry� rOn� Yl� Ṽ ≡ V − V0
Yn�n� �`�§ �nO§  � P�Kl� �km§ ,¢�®� Ṽ ≡ I − I0
Yms� Rdiff = dV

dI �y� ,Ṽ = Rdiff Ĩþ� AyW� V − Iþ��
dh��� �r� Atmy� Am¡ An¡ I0¤ V0 .TylRAft�� T�¤Aqm�A�

 wkyF Ahny� .(�y�ztm��) �y�rWS� ry��� Y¶A�rhk�� CAyt��¤

.V = V0 +Rdiff Ĩ ¨W� ry��� rOn`�� Yl� ��Ak�� dh��� �r�

�§Ab� T�¯d� �wJryk� dh��� �r�  w�A� T�Atk�  µ� Anm� w�

,Rdiff Ĩ dh��� �r� �§Abt� �¤�  w�A� Y�� T�AR³A� ,Ĩ CAyt��

­wq�A� £CAbt�� �km§ ©@�� V0 ¨�AR� 
�A� d� An§d�  wkyF

�r� ,R TyW� T�¤Aq� ©� Yl� .T�A`f�� Ty¶A�rhk�� T`��d��

�§Abtm�� d���¤ I0R 
�A��� d��� �wm�� AS§�  wkyF dh���

�� YJ®t�  � 	�§ T�rWS�®�� Tt�A���  ¤d��� �� .RĨ
I0¤ V0  � Am� �wJryk� dh��� �r�  w�A� �� {`b�� AhS`�

,�`f�A� .�wJry� �y��wq� �y�y�} �yl� A�wk§  � |rtf§

Ṽ = 0¤ Ĩ = 0  �� ,�rf} �A��rWR¯� �� �`�� Anm� w�


��w��� �� ¨�At�A� ,�wJry� �y��wq� ®� AyW`§  � 	�§

.A`� YJ®t�  � 	�§

xCdnF ,��CAyt��¤ dh��� �¤r� TF�C �� ¯d� ,P�l� Yt�

�O� ¨t�� T�A`f�� ­r¶�d�� ;�Aymk�� £@h� Ĩ¤ Ṽ �A��rWR¯�

C AO� ��  A`�� �§rV �� A¡ A�§� �km§ T�rWSm�� �yq��

Ah� ¨t�� �A§CAWb�� ���) T�rWS�®�� CAyt��¤ dh��� �r�

TyW�¯ r}An� {§w`t�¤ ,(Tt�A� Ty¶A�rh� T`�� ­w�

r}An`�� �A�¤Aq�  � �dy� ^�¯ .TylRAft�� Ah�A�¤Aq� ��

ry��� Ahtmy� �m`ts�  � 	�§ ;CAyt�� Yl� dmt`� TyW�®��

.T�rWS�

.Ty�µ� T��sm�� rb� �RwtF ­rkf�� £@¡ ­d¶A�

:25.x

��S� �� ­r¶� �Rw� £A� � �kK�� ¨�
(18)[EstFin-2003]

Tl�d� ­CAJ³ �y�St�� ��A`� d�¤� .¨qf�  w§ Yl� ¨nb�

.ε = 0.25V ,R = 10Ω :Ty�µ� �yq�� ��d�tFA� TSf�n� Aht`F

T�¤Aqm� ¨lfF d�¤ ©wl� d�  A�§� �kmm�� �� :27 ­rk�

.Ty�µ� �A§r\n�� ��d�tF� �§rV �� ­r¶� 

, A�r�� Ah�¤ �A�¤Aq� ��  wkt� TyVAbt�� ­r¶�d� (I)
CAyt�� �Ew�  �� ,B �� 	�F¤ A rb� CAy� �� � w� ,B¤ A
­Cdhm�� ­Cdq��  � �y��  wkyF ­r¶�d�� ¨� �A�¤Aqm�� �y�

TWF�w� ­Cdhm�� ­Cdq�� ,«r�� ­CAb`� .�km§ A� ���  wktyF

Tl�Ak�� T��sm�� �� ºz� Xq�
(18)
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CAy� �Ew� ©� �� r�}� Am¶�  wkyF ¨qyq��� CAyt�� �Ew�

(19)
.��CAytl� �wJry�  w�A� Xq� �q�§ ¨m¡¤

�y� V dh� �r� ��An¡  A� w� ­r¶�d�� Hfn� (II)
­r¶�d�� dq� �y� dh��� �¤r� �Ew�  �� ,B¤ A �y�r�m��

­CAb`� .�km§ A� ��� ¯Am�� ­Cdhm�� ­Cdq��  � �y��  wkyF

¨qyq��� dh��� �¤r� �Ew� TWF�w� ­Cdhm�� ­Cdq�� ,«r��

��A�� ¨ly�� dh� �r� �Ew� ©� �� r�}� Am¶�  wkyF

(20)
.��CAytl� �wJry�  w�Aq�

�lF �W� :¨¡ �A§r\n�� £@¡ �� TyqybWt�� �A�AtntF¯�

,�`f�A� .T�¤Aqm�� �lqyF�lF ­r¶� rO�¤ ,T�¤Aqm�� d§zyF

�km§ A� Y�� © ¥yF �@¡¤ ¢y� CAyt�� �WqnF ,AklF An`W� w�

Tylk�� ­Cdhm�� ­Cdq�� ¢y� � �E ¨ly�� CAy� �Ew� £CAbt��

rO� ,¢�AK� �kK�¤ .� � E� R T�¤Aqm�� ¨�At�A�¤ ,I2R
©@�� ,Ankm� �y�dq� �y� CAyt�� zf� �`�yF �lF ­r¶� 

CAytl� �wJry�  w�A� {�An§¤ T§�db�� ¨� ®y�ts�  A�

­d§d��� ­r¶�d�� ¨� ­Cdq�� C�d¡� ,T�ytn� .Tyl}±� ­r¶�dl�

.
l� R T�¤Aqm�� ,¨�At�A�¤ ,V 2/R C�dqm�  �E

:26.x

T§¤Ast� �A�¤Aq� �� T�wnO� £CA�¤� �� ¨�Am� d�w§

Y� �¤ Yl�� �d� d�¤� .�E�w� �� T�wnO� ¨�Am��� �®R� ;R
.�y�C¤A�t� �y�dq� �y� T�¤Aqml�

,�A�¤Aq� ­d� �WqnF ,¯¤� .¨�At�A� w¡ T��sm�� £@¡ ��

T�¤Aq� .rs§±� �kK�� ¨� T�Rwm�� �l� Xq� �rtnF¤

TtF ­r¶� rOq� AS§� �qn� .
2R
4 = R

2 ¨¡ «rsy�� ­r¶�d��

.2R5  wktF T�¤Aqm�� ;�m§±� �kK�� ¨� �Rw� w¡ Am� dq�

�®F±�  � Am� .0.4R ≤ r ≤ 0.5R  � �tnts�  � Annkm§ , Ð�

�®F�� A¡Anl}¤ ¨t�� dq`��¤ ,CAy� Ahy�  A� A¡An`W� ¨t��

�rf��¤ CAyt�� �Ew� d��t�  � Annkm§ ,dh� �r� Ahny�  A�

Ty�Amt�� �@� Annkmy� ,�}±�  ®�Am§ ¯ �§d§d��� dh���

.0.4R < r < 0.5R :­�¤Asm��

:27.x

�Wq� ¯) TyRAm�� T��sml� r < 0.5R Yl�±� d��� �s�

Y� ±� d��� ��@� �s�¤ ,(�b� An`W� ¨t�� r�� �®F�

.(dq`�� �� ���  d� ­r¶� rO��)

�A�Am} Ah� ¨t�� r¶�¤d�� CAbt�¯� �y`� d��n� ,A�At�

.Ty�A�� (�� w§ ) Ty¶An�

­r¶�d�� ¨� Ty¶An� �A�Am} ��An¡  A� w� :28 ­rk�

Ty¶Ah�¯ T�¤Aq�¤ ,¨�A�±� CAytl� T§rf} T�¤Aq� Ah� ¨t��)

:�yt�A��� �Ofn� �kK� rbt`�  � �At�tF ,(Tysk`�� ��CAytl�

,�wtf� ¨¶An��� �AmO��  �¤ ¨�A�� CAy� d�w§ ¢�� |rt�� (a)

CAy� d�w§ ¢�� |rt�� (b) ;�ls� ¢S§w`� �km§ ¨�At�A�

,T��sm�� Yl� � Amt�� .­r¶�d�� �� ¢`W� �km§ ¨�At�A�¤ ,¨sk�

�At�� d� ¤� ,�y�O�� w¡ CAy� ©� A�R�¤  wk§  � �km§

�R�rt�� T�} �� d��tl� ��A�As� �¶At� �d�ts�  �

.
(21)

¨FAF±�

:28.x

A�dn� A T�¤Aqm�� ¨� ­Cdhm�� ­Cdq�� ry�ttF ­r� ��

,T�¤Aqm�� Hf� Ah� �A�¤Aqm�� �� ?T§CAWb�� TybW� Hk`�

.Ty�A�� Ty¶An��� �A�AmO��

Ahb§rq� �km§ ¨t�� Ty�A�� ry��� Ty¶An��� �A�AmO�� :29 ­rk�

©rf} ry� �t� dh� �rf� (idealized) �s�u� V − I Yn�nm�

(V = Vc ,¨�A�� CAy� ©±¤ ,V < Vcþ� CAy� ©� d�w§ ¯) Vc
w¡ dy�w�� �rf�� ;28 ­rk� Tylq� Hfn� �h`� ��A`t�� �km§

T§CAWb� �dbts§  � 	�§ ¨¶An��� �AmO�� ,Ty�A�±� ��CAytl� ¢��

­Cdq�� ,�@¡ Y�� T�AR³A� .ε = Vc Ty¶A�rh� T`�� ­w� Ah�

¨t�� Tq§rW�� Hfn� 	s�� ¨¶An��� �AmO�� Yl� ­Cdhm��

­C�r���¤ ,VcI ¨¡ ­Cdhm�� ­Cdq�� :T§CAWb�� ��J Ah� 	s�§

�®� ­CAm�� Tn�K�� ¨¡ ∆Q �y� ,Vc∆Q  wktF ­Cdhm��

.¨¶An��� �AmO��

V − I Yn�n� An�r� w� :­rkf�� �ym`� �km§ ¢�� ^�¯

TyW� T�� ) �yqts� X� n ��  wkt§ Yn�nm� A� ¨W� ry�

n �¯A��� CAbt�� Anyl� 	�wtyF ¢��� (�Af§r`t�� ­ d`t�

¢S§w`� �km§ ¨W� ry��� rOn`�� ,T�A� �k� ;�Ofn� �kK�

X�l�
dV
dI ≡ r �ym�� ©¤As� Tyl�� T�¤Aq� Ah� T§CAWb�

©¤As� Ty¶A�rh� T`�� ­w�¤ ,T�A��� £@h� �l`tm�� �yqtsm��

dyfm�� ��  Ay�±�{`� ,T§CAW� �� ¯d� .X��� �@h� V �Wq�

Tyl�� T�¤Aqm� ¨��wt�� Yl� �}wm�� CAyt�� CdO� ��d�tF�

Tq§rW�� £@¡ �d�tF� ;X�l� I �Wqml� ©¤As§ �CAy� CdO§ r
.r =∞  wk� A�dn� d§d�t�A�

:29.x

�Am} �� Yl� ­Cdhm�� ­Cdq�� d�¤� EstOPhC-2012
�r� dn� �tf� Ty¶An��� �A�AmO�� £@¡ .£A� � �kK�� ¨� Y¶An�

�A�AmO��  � |�rt�� �kmm�� �� .V0 = 1.0V ¨�A�� dh�

�r� ©± ¢��¤ ,¨�A�� CAy� ©± V0 dh� �r� Yl� �\� Ty¶An���

Tmy� .¨¶An��� �AmO�� �®� CAy� ©� rm§ ¯ ,V0 �� ��� dh�

.�kK�� ¨� ­AW`� Ty¶A�rhk�� T`��d�� ­wq��¤ �A�¤Aqm��

.3 ��l� ¨� r�w�  A¡rb��
(19)

.3 ��l� ¨� r�w� �Ab�³�
(20)

T�r`� �Akt�� ­w� d�w� ¤  Aq�zn§  Ams��� (a) A�dn� �yt�A��� �Ofn� �kK� rbt`� A�dn� TblO�� �As�±� �y� �A��� �Akt�¯� �¶Asm� ¢�AK� �@¡
(21)

 Aq�zn§ ¯  Ams��� (b)¤ ,¨�r��� �Akt�¯� ��A`m�
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28-1 CAk�°� TnmStm�� �¶Asm��

30.x
�m� Yl� ¢�r} �km§ ­Cdq�� �� �km� Cd� rb��  d�

.£A� � ­r¶�d�� ¨t§Ahn� �}w§

31.x
.£A� � ­r¶�d�� ¨� �ybm��  w§�d�� ¨� CAm�� CAyt�� d�¤�

£@¡ ¨�  w§�dl� 24 ��¥F ¨� YW`m�� I(V ) Yn�n� �d�tF�

.T��sm��

32.x
(Ewy�) CAy� A`VA� d�w§ ,Tm�S�� ��CAyt�� �� T§Am�l�

CAy�¤ RA = 1Ω T�¤Aq� ¢� A �VAq�� :©E�wt�� Yl�  ®}w�

T�¤Aq� ¢� B �VAq�� ;IAmax = 1A (£dn� rhOn§ ©@��) YO��

�A\n� CAy� YO�� w¡ A� .IBmax = 1.2A YO�� CAy�¤ RB = 2Ω
An�dbtF� w� YO�±� CAyt��  wkyF �� ?�@h� �V�wq�� ��

?ICmax = 1.7A¤ RC = 2Ω T�¤Aq� ¢� C �VAq� B �VAq��

33.x
¨¡ Amh�º�r� ; Aq�AWt� £A� � ­r¶�d�� ¨�  �rtymt�wf��

�� .I = 750µA ¨¡ rty�±� ­º�r� .V2 = 20V ¤ V1 = 30V
.R Tmy� d�¤� ;R ��¤Aq� Ah� Hm��� �A�¤Aqm��

34.x
­Cd�¤ T �� 	FAnt� �AbOm�� �lF T�¤Aq�  � |�rt�A�

 w�A� (x�) ­w� d�¤� ,T 4
�� 	FAnt� T§C�r��� ¢�A`J�

T  � |�rt��¤ ©C�r��� �y}wt�� �m¡� .¢� QA��� I-V þ��

.T�r��� ­C�r� T�C �� ry�k� rb��

35.x
.R = 1Ω Tmyq�� Hf� Ah� �A�¤Aqm�� �� [EstPho-1999]
�� ��º�r�  d� .ε = 1V ,Ty�A�� T§CAWb��¤ ��rty�±�

.��rty�±�

36.x
.£A� � ­r¶�d�� ¨� rty�±� ­º�r� d�¤�

37.x
��r�� ;�®F� �� �wnO� ¢�¤� ¨�Am� �Rw§ £A� � �Fr��

�®F±� T�¤Aq� .�¤±A��ls�� T�¤Aq� rh\§	�A� ��
r�

.��rty�±� ��º�r� d�¤� .Tlmh� ��rty�±� �y� �O� ¨t��

38.x
��¤ ,Tq�AWt� T�®��� ��rtymt�wf�� �� ,�kK�� ¨�

rh\§ �¤±� rtymt�wf�� .Tq�AWt� �®��� �A�¤Aqm��

rtymt�wf�� rh\§ �ÐA� .V3 = 8V rh\§ ��A��� ,V1 = 10V
?¨�A���

39.x

A� Am¶� ¨RC±� dh���  � ^�¯) .A ­dq`�� dh�  d�

(.�rf}  wky� |rf§

40.x
rty�±� ­º�r� @��§ Device©EAh��� ,£A� � ­r¶�d�� ¨�

.�rf} rty�±� ­º�r� �bO� Yt� ­ry�tm�� T�¤Aqm�� �d`§¤

,V = 5V  � �wl`m�� �� .R3 T�¤Aqm�� Yl� dh��� �r� d�¤�

.R4 = 4.99kΩ ,R3 = 100kΩ ,R2 = 1kΩ ,R1 = 10Ω
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41.x

CAy�¤ V = 4V ¨lkJ dh� �rf� Tq�AWt� �y�AO�  Am�

w¡ Am� T�¤Aq� rb� T§CAWb� TlOt� I = 0.25A ¨lkJ

�y�AOm��  � �y�� T�¤Aqm�� CAyt�� �� .�kK�A� �Rw�

.(¨lkJ CAy�¤ ¨lkJ dh� �rf�) ¨lkK�� �AWn�� ¨� �m`tF

ry�ttF ­r� �� .(Aht��E�� Anm�) 
�rt�� �y�AOm�� d��

Yl� Tklhtsm�� ­Cdq��) ?�y�AOm�� Yl� Tklhtsm�� ­Cdq��

Yl� �y�AOm�� �A�¤Aq�  Amt�� �m¡� (.AnmSt� Hy� T�¤Aqm��

.­C�r��� T�C 

42.x

,�®F� �� T�wnO� ¢�®R� Ab`k� �yb§ £A� � �kK��

�®F�� Tl}w� ��rty�±� .R = 1kΩ ¢t�¤Aq� �lF ��

T§CAWb�� dh� �r� .	`km�� x¤¦r� Tlmh� Aht�¤Aq� xA��

d�¤� .	`km�� x¤¦C dn� ¯� Y�®t� ¯ �®F±� ;ε = 9V
.��rty�±� ��º�r�

43.x

T�¤Aq�¤ r Tq�AWt� Tyl�� �A�¤Aqm� ��rty�� ��C�

�� .�kK�A� �Rw� w¡ Am� CAy� CdOm� Tl}w� R T�¤Aqm�

A2 rty�±� ­º�r�¤ I1 = 3A ¨¡ A1 rty�±� ­º�r�  � �wl`m��

.R/r �yt�¤Aqm�� Tbs�  d� .I2 = 5A ¨¡

44.x
Ansk� w� T§CAWb�� ¨� rm§ ©@�� CAyt�� ry�tyF ­r� ��

T�¤Aqm��¤ ,Ty�A�� �� w§�d�A, ,Ty�A�� �A�¤Aqm�� �� ?AhtybW�

.Tlmh� T§CAWbl� Tyl��d��

45.x
TkbJ ¨� B¤ A �y�C¤A�t� �y�dq� �y� T�¤Aqm��  d�

,�®F� �� T�wnO� Ah�®R�  � |�rt�A� Ty¶Ah�¯ Tb`k�

.R ©¤As� �lR �� T�¤Aq�¤

46.x
TkbK�� �®R� ;��� A§®� �� T�wk� Ty¶Ah�¯ TkbJ d�w�

�®�� z�rn� .R ¨¡ �lR �� T�¤Aq�¤ �®F� �� T�wk�

.C¤ A �y� T�¤Aqm�� d�¤� .C ¤ B ,Aþ� ­C¤A�t� x¤¦C

:47.x
�� T�wnO� TkbK�� ��w� ;Ty�l�� Ty¶Ah�¯ TkbJ d�w�

B ,Aþ� �l�� x¦r� z�rn� .R T�A� �� T�¤Aq�¤ �®F�

A �y� T�¤Aqm��  d� .�wWq� C¤ B �y� �}�w�� �ls�� .C¤

.B¤
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:48.x
.R T�¤Aq� ¢� ¢y� r�¤¤ �lR �� .�lR n ¢� �lS� d�w§

?�lSm�� ¨� �y�C¤A�t� 
y�dq� �y� T�¤Aqm�� ¨¡ A�

:49.x
�A�¤Aq� �� T�wnO� £CA�¤�¤ �®R� �� ©CAK� d�w§

x�r� �§C¤A�m�� �yF�rl�  �z�r� C¤ A �kt� ;R T§¤Ast�

­Cw�@m�� T�®��� x¤¦r�� �� A§� C¤A�� ¯ AF�CD �kt�¤ ,B
d�¤� .
`W� BC¤ AB �®R±A� TWb�rm�� �®F±� .£®��

.D¤ A �y� T�¤Aqm��

50.x
T§¤Ast� �A�¤Aq� �� T�wnO� £CA�¤� �� ¨�Am� d�w§

Y� � �§d� d�¤� .�E�w� �� T�wnO� ¨�Am��� �®R� ;R
.Ahtmy� 
As�  ¤d� �ytl�Aqt� �y�dq� �y� T�¤Aqml� Yl��¤

T�¤Aqm�� £@¡ 
As� �§rV �� ��A�As� T�} �� d���

.XbS�A�

51.x
Ty¶Ah�®�� Tlslsl� B¤ A �y�r�m�� �y� T�¤Aqm�� d�¤�

�k� �yn�� ��A`m�  � z� �Rw� w¡ Am� �A�¤Aqm�� .£A� �

.Ty�Att� Tl}¤

52.x
Tlslsl� B¤ A �y�r�m�� �y� dh��� �r� d�¤�

.£A� � ­Y¶Ah�®��

:53.x
�yF�C �y� T�¤Aqml� T�y�}  wk�  � 	�§ �An§Abt� ©�

T�wnO� TkbK�� �®R�
�A�w� ,T`�r� Ty¶Ah�¯ TkbK�B¤A
�§db� �� �@� ,�CrS� TkbK�� º�z��{`� �k� ,R�A�¤Aq� ��

�� Yl� .Tlmh� T�¤Aq� Ah� TyFA�� �®F�� �®F±� {`�

AB �ls�� �� �yklF Xy�� ¨� TmylF ­r¶�d�� 
lZ ,�A�

.(¢yl� A§ wm� AklF 12, ,ABþ� A§E�w� AklF 13 �mSt§ �@¡)

:54.x
�lR n ¢� �lSm� AhmFC �km§ ­r¶� ¨¡ Tyl�`�� ­r¶�d��

�y� �O� R T�¤Aq� n �� T�wnO� Tl�`��  ¤d�  � �y��

T�wnO� Tl�`�� ��wJ�¤ ,{`b�� AhS`b� ­C¤A�m�� x¤¦r��

R1 �kt� .AhF¤¦C¤ Tl�`�� z�r� �y� �O� r T�¤Aq� n ��

¨¡ R2¤ ,Tl�`�� £@¡ ¨� �§C¤A�t� �yF�C �y� T�¤Aqm��

T�¯d� R1 �� rb� .z�rm��¤ x¤¦r�� d�� �y� T�¤Aqm��

.(n ��d�tF�  ¤d�) r¤ R ,R2

T�w�±�

R ≈ 14Ω .(1)

I = 0.5A .(2)

R = 0.5Ω .(3)

R = 2.5Ω .(4)

I = 3
22A .(5)

I = 196µA .(6)

V∑ = 78V .(7)

I = 21
19A .(8)

I4 = 3A, I3 = 2A .(9)

P = 1
4

R2

(r+R1+R2)(R1+r)
ε2 .(10)

r = (
∑n
i=1 r

−
i 1)−1, ε = r

∑n
i=1 εir

−1
i .(11)

I2 = I4 = 0, I1 = I3 = ε/R .(12)

.(13)

.(14)

R = 2Ω .(15)

R = R1

2 (1 +
√

1 + 4R2/R1) .(16)

ε′ = ε ,r′ = R
2 (1 +

√
1 + 4R/r) .(17)

ΩR = 5
6 .(18)

RAO = 9
20R .(19)

.(20)

r = 19
30R .(21)

r = 19
11R .(22)

;(0s, 0A) :Ty�µ� ªAqn�� X�r� Tmyqts� ªwW� .(23)

;(10s, 103 A) ;(5s, 53A) ;(5s, 2A) ;(1.5s, 0.6A) ;(1.5s, 1A)
;(18.75s, 56A) ;(18.75s, 0.5A) ;(17s, 1.2A) ;(17s, 1A)

.(20s, 0A)

I ≈ 8mA .(24)

.­r� 1.4 Ab§rq� .(25)

.(26)

2
29R ≈ 0.414R < r < 4

9 ≈ 0.444R .(27)

­r�
16
9  � z� .(28)

0.75mW, 0W, 0W .(29)

Pmax = ε2R
4(5R+3r)(3R+2r) ,ε′ = ε R

5R+3r ,r′ = R 3R+2r
5R+3r .(30)

I ≈ 3mA .(31)

I1 = 1.5A; I2 = 1.7A .(32)

R = 40kΩ .(33)

I5/3 V r�� �kK� ¤� V 0.6 I .(34)

I1 = 0, I2 = 3ε/R, I3 = I4 = 1.5ε/R .(35)

4A .(36)

0.75A Ah�º�r� ��rty�±� �� .(37)

V2 ≈ 8.65V .(38)

V = (ε1R2 − ε2R1)/(R1 +R2 + R1R2

R3
) .(39)

V3 = 1V .(40)

.­r� 1.14 Ab§rq�  � z� .(41)
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3mA, 6mA, 7mA, 14mA .(42)

R/r = 9 .(43)

I1 = 0.7I0 .(44)

RAB = R/3 .(45)

r = R .(46)

r = 3
8R .(47)

r = 2R/n .(48)

r = 67
315R .(49)

R
3 < r < 5

11R; r = 6
17R .(50)

r = 1
4 (3 +

√
17)R .(51)

r′ = R
2 (1 +

√
1 + 4R3 ) �� ε′ = ε(1 + r

r′ ) .(52)

40
87R ≤ r ≤

47
87R .(53)

R(1− R2

r ) .(54)

16


