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�����V� ����� ���Ã¬¥�3�Ã��������� } � �F��¡�� } ������| } �������¢�F���F���­�F���H����� �����F�
��|�����Æn¬��k¹�� ¸ Ç |��
�����V� �v� ���V���3�3� | } �«��¤|��F�9�������µ�­�F|����C�;�����«¹������F��§��°���F����� } ���s�3���F���
���F��� |�������� � } ��|������3��� ���
¡���� |����v��¤C�F����� ���F��� |���§£¡#��§����7�9|�����F������� � |��������3� ���F���°�µ�­� �°���%¬¥��| } ��� ���¥¡#��§����7�F| } ����¶V|�� } �r����§�|���§������F�r������| } �������%� ��� ��� } ��|���� Ü Ér���µ�����k�"¡ �ª��k¬®��¤%Å%��� } � �F��¡#��§����7�F| } ¼Û����� } � |�����ÞL�����r�­�H�µ�­�F�
|��¥§�� ���­� ���·�¥¬¥�����Ú� ���/¡#��§������°�r�������°���F� } ����� �����¥� ��� ���} ��|������[�������������·��¬¥������� ���V¡#��§����7�����������
���F�K¤¯��� � �����·�K�k¬��k��¤¯�F��¡S�F��� } ��|������/Ä���� ����¡���� | } ����������� ���²�µ�­�F���¤°¡#��§������ | } ����¶ } �r����§��v������� �+���F���µ�­� |���§�¡#��§������£¤¯�������­¬°�K�F���­����¤H�Ù��|����v¤¯��� } �F|����C�E� ���F���v¹������F��§�����F����� } �����3��� ��� } ��|����9¤¯�������­¬°��� �����H� ��¡²�
¤¯��� } � |������
¼p¤°¬9�s¬���� ���F��¤¯�������­¬B� ��� } ������§�|���§Ã¹������F��§��#���F����� } ���+�3� � } ��|���|�� ��� ����� ��� ����� ���/¤¯� ��¡ ���3�Ù����|��´����_� ���s� |����V¬��k¹��V§��µ�����_� �0� �r�­�/�r��|��´�/¬¥�����_�F����¬9�k¹��V� ���������r��§�|����«� �Ú� ���r���­��|¢�µ�����¢¤·��¬��²¬9�����������k¹��¡#���F�������7¶�� } � ���#��������ý��C¤�à9��¤?�F���­��¬��k¹����=����|��E|��9¡�������������|������ ���­¬¥�s�3�s� ��������|���§K� ���
��|����F��� } �H���7�·¬9�����|������´� | } ��������������������� } ���Ã���²¡²����� ���F���Ú���7�·¬9���������3� } ���F� ������������|���§#����|��´�F�«���Ã�F���£§��F�����C�°�����²����§�� ���¡#���F���¥���Ú�F���£����� |¦º����´�F���C��¶�|��H��¤=� ���£§��µ�����Ú�F�����F��� ���´�¥� ���V����¡���|��Ã��¤=� ���£� �F|�§�������¡²��� �F| } � |����/¤¯��� } � |����C����r�v����� �²� ���K����§�������������� |¢�F|����v��¤!�����°� |�¡������
�·¬���Æn�������/����� ���F����� ���¥� ���­¤ä�°����|¢�°�F���µ�­� ����×
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one wave cycle

Alternator shaft
position (degrees)

0
þ

90
ÿ

180 270 360
(0)

90
ÿ

180 270 360
(0)

¨3|�� } ���F���/����� |¦º������µ���?�­¶�|��¥��¤!� ��|��¥§��F����� } ���0¡#���F�s�F���/�����F�F��§��
��¤!� |�¡��K���¥¬9���������¥������¤ä�°�r�´��|�� |����Ú|������§��F�������´� ���K��|�¡����r��|����Ú¡#���F�����#¤¯���H����� } � } ��� } ���v���K¡���������� ���s|��Ú�²����|¢�H��¤��F|�¡����r¡���������¤ä� ���Ú� � } ����������%¤¯�F� } � |����r�;��¤C�K� � } �����?�!»X�����s�7¶����F���F���������%�/¡������ ��� ��¡����´����� ��|��%|��%��¤ä� ��� } ���������²� ������àC�Lâ�æ;�H��¤C�/¬��k¹���������
�r��� |�������¤��V¬9�k¹��H|��0����§��F�����E|��
¢)¤�Ñ3¢$ýE¶��������´������� ������¡������´����¤C�F|�¡��������
�����F|����v� }�} ����|����9����������������v� ���/�F��� ��¹����¢�µ��§��
|��°����� ��� ����� |���§²��� } ��������¤¯��� � �C�¸ ¡����F���r�����������/¡����������F�²¤¯���K����� } � |���|���§Ú� ���s����� ���F����� |���§Ú�F��� ����¤¥��� ¸ Ç ¹������F��§������ } ��� �F���´�/¬��k¹��� �r������àC�Lâ�æ;�²|��«� ���#� �r��������¤%� �r�­����� } �´ÆÛ�����3Æn¤¯��� � �Ù����� ���F����� |����C�/����|��
|�� } ���������våy� à��7é�à�ã(�Cý­�£�����²¡��������F�����|��£¤¯���K¤¯�F��ç´����� } � |��K� ���v½°��� �¼º Ü �������F��¹3|���� ��� ½|º�Þ7�;¬¥��| } ��|��K��ç´�����E� �������s¬��k¹�� } � } ���s�����²��� } ���r�+��¤� |�¡���� Ê �F|����
� �Ú� ��� } ��������|¦º���� |���� ��¤9� ���v½°��� �¼º#����|¢���!¤¯� ��ç������ } ��¬9���K� |�¡������_��¶3��� ��� � ��� ��� � } � } ������������ � } �����?� � ¾«�������/¡²��� ���F�/�����_����� } �F� ����| } ��ç´��|���¡����´�K��¤ä� ���+�����F�£¤¯�F��ç´����� } �_����|��F�/��¤ �´Ç Ê ¨ � Ü Ç � } ����� Ê ���¨3� } ���r��Þ9|��r�·�F�����v��¤;½�º��
Ê ���F|��3�v������¤¯�F��ç´����� } ����� �
¡#�­� ����¡#�­�F| } ���?�F� } |����F� } ��������¤������/������� �������;�������¥|����F�#� �k���´|�¤;�V¬��k¹��
������²�r��� |����0��¤�������� } ���r������|��F�¥¤¯� ��ç������ } �s¬¥|����?���K������½|º������/�k±����²� } � } ���
�����«��� } ���r�?×

Frequency in Hertz = 
1

Period in seconds¸ �²|����·�F� ��¡²���´� } ���������£���Úæ)¶���â�¤�¤�æ)¶��µæ���àE|��!��¶3��� ��� � ���K����� |�§������K� �/��|��������k�K� } ������§�|���§H¹������F��§��E�­¹����!� |�¡��������§��F������| } ���C� } � �����C�������K�F�����­�F|���������|��Ú���7�·¬9�����Ã�����F|��3�Ã�����0¤¯�F��ç´����� } ��|��°¹����F����� �7¤¯���C� ���´���­¬®¬¥�������|��������k�3|���§���� ¸ Ç ¹������F��§��K��� } ���F�F���´�«¬��k¹���¤¯���F¡ ���_���Ã��� } |�������� } ���r�V� } � �����C� È �0¡������ ���F|���§#� ���V�r��� |������¤E� ����¬��k¹��£�����F���������F|»º����´�F���!��¶�|��
��¤E� ������� } |������´� } �����V� } �F�����Ù�����Ù� � } |����F� } �­�F|���§s� �����
�F|�¡���¹­������� Ü |��� � } �������µÞL������� } ���Ú����� ���F¡�|������ ����¤¯�F��ç´����� } �s|��Ã½°�����Âº��
�;�����F��§��/���r� } ���F� �����H��� �/�3�v���#¡������r��� ���£�����������3��� | } ���?¹­���F|����������°� ����Ý·� } �¥� ��¹k��� |��­�F|����v�­¹������F|�¡����ÄÃ� } �²¡����F� } ��¡�¡����£� �������=��¹����F�����k���7¶������F|���� } �9|���¶�æ�é�ã(�­��¬¥��| } �²|�������� ��|���§�¡����F��� �����£�F���¥����� ���F����� |���§} ��¡���� ��� � |����#�����#��� } ��¡���� ��� � |���� Ü ���F���F����� �°¬��k¹����FÞ���¤?��|���¡������ } ����������|��´� ��� ��� ��� �����3�²�����E�����µ�%���E�/���3����Æ| } ���C� ���r� ��� |����C� È � } ����� �/����� ���F����� |���§ } ���F� ���´��|��¥�²¬9�k¹��«����������¡��������C��|��H������� ���9¡����3�s��¤!� ���/��� ���r�����F|������¤!���F������¬��k¹��H����������¡�����������|����/� �������C�=É����9� ��|����F���������C����������� Ü ��� �r� } |��������v�·�F� � } � ���F���v¡£�r��| } Þ����F�­¹3|���������0�7¶ } �����������H����������§��²¤¯���¥�F�����­� |���§ ¸ Ç } ��� } �����F���¼Û�_¡V��� | } ���!� ��� ¡#���?¤¯� ��ç´����� } �Ã|��
��ç���|�¹­�������´��� ����â��·�yÁ3�#ªC�­¬�Æp��|�� } ������� ���
� � } �+���«� ����� �V���F����� } �����3��²� ���������°�r���F���3��� } ����� |����¥��¤%��|��¥¡������ } �����/¹3|����F��� |������9�F���­�
���F�
�F�����­�F|�¹�������� ���­¬ Ü ���­¬]¤¯�F��ç´����� } ��Þ7�E½°|�§���Æ��|�� } �+����� ���/� � } �+���
�F����� ����� ����� } ���Ù�3�_�B�����F�#���/¬¥��|��·�F��� } ����� |����/��¤9� ���s�F��¡��V�·�3�r�#��¤9¹3|����F��� |������
|��� ���£��|�������������¹3|����F��� |���§s�­�H��¡V� } �0¤������ ���¥�µ�­�F� Ü ��|�§������¥¤¯�F��ç´����� } ��ÞL�9½°��� �/|��°�²�F�������K�����­¬¥|���§²� ���£� } � �����¤¯�F��ç´����� } |����9¤¯���°�²�µ����§�����¤ } ��¡�¡����0¡£��� | } ���?����� ����×
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C (middle)

Note Musical designation

C

C sharp (or D flat) C# or Db

D D

D sharp (or E flat) D# or Eb

E E

F F

F sharp (or G flat) F# or Gb

G G

G sharp (or A flat) G# or Ab

A A

A sharp (or B flat) A# or Bb

B B

C

B

A sharp (or B flat) A# or Bb

A A1 220.00

440.00

261.63

Frequency (in hertz)

B1

C1

293.66

233.08

246.94

277.18

311.13

329.63

349.23

369.99

392.00

415.30

466.16

493.88

523.25¸ ��� ��� �²����� ���F¹����F�¥¬¥|����!����� | } �£� �����������!����� ���«���_� ���V�F�������£�������F|���§s�F���²�F��¡��V������� ���
����� |�§����­�F|����_���F��F�����­� ���+�3� �Ú¤¯�F��ç´����� } � �µ�­� |��Ã��¤H(�×����ÚÉ����V�7¶���¡��������!� ���#³��µ�·�K¤¯�F��ç´����� } �+� ���­¬¥� Ü ������|�§��r�­� ���+¬¥|¢�F��� ������7���F��� � ¸ � Þ=|���(�(��/½�º��;�����H����¶3����|�§������·� � ¸ � �����F�°��������¤¯�F��ç´����� } �²��¤¬���´�/½�º��V�7¶�� } � ���K�·¬¥| } �
���%¡#���´�� �������Ú¬��k¹�� } � } �����¥�����«� � } �����C�������£� ��¡��£(�×��/�F��� |��#���������¥�F� ���/¤¯���¥�F���K³r�F��� ¸ � �����F� Ü (������ ����½|º�Þ¥������ ���/���7¶3� ¸ � �����F� Ü �&���������V½|º�Þ7�������v¤¯���°�����?�����F�
�r��|��F�9¤¯�������0|��0�F�����F���������¸ �r��|��������C�·¬9�0����� ����¬¥����� �V¤¯� ��ç������ } |����/���F�V��¶�� } �F���_�����������#��� } �_��� �����K���������Ù� ��¡���� �­��������� |�¡²|������������|��%� |�¡�|������ |��·�K|���� �������²|��;¡V��� | } �������K�F� } ��§���|»º����?�k�F���H� ����� � ���·�%� �����²���#��¡V����| } ����� } �����¥���������µ�­�F|���§�� � } ������ �/����|��µ���r��|���§ } ���������Ú����æ;�C�·¢)Ò­à7�9É��������­¬¥|���§²�F��|��°� ��������� ���K���7¶3�°��|�§������·� � ¸ � �����F� Ü �����/� } �F�k¹��
���r�­¹�����´�£½|º�Þ�¬¥|����?���@�&���V½�º��3�F�������7¶3�����­¬9����� � ¸ � Ü �����
� } �F�k¹��H�������­¬®(�(��£½�ºkÞ�¬¥|����?�r�������£½|º�� ¸ ¹3|���¬���¤!���|������������3�r�´���µ�s�������r��� �������¥�F��|��°� } ������|��´� �������µ����� } � |�¹���×

C D E F G A B C D E F G A BC D E F G A B

C#

Db
D#

Eb
F#

Gb
G#

Ab
A#

Bb
C#

Db
D#

Eb
F#

Gb
G#

Ab
A#

Bb
C#

Db
D#

Eb
F#

Gb
G#

Ab
A#

Bb

one octave�

¸ �C����� } ���K� �����������;� } �F�k¹��;|��?��ç´�����­�F�Và�âÄÃ�ÁD��¬¥��|�� �E�������;¡7¬9��� � ����¤���|��·�µ��� } �%���/�¥��|������¥�����3�������F�?�C�����
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¤���¡�|���|����/¡V��� | } ���=¡�����¡�����| } Ü ���3�7Æp�F�k�´Æp¡²���7Æn¤�����ÆÛ� ��Æp������Æg�F����Æp���3�kÞ	�Ú�������?� ���s�F��¡���������� ��� � |�¡²¡������µ����|»º����|��#� ���
¬¥��|�¡#��| } ���r�¥����§����µ�E���r�s½H��¡²¡����F��� ��|���� ����§£������§K|�� � ������¨3�������#��¤�Ä�����| } � � } �­¹����µ�;�����°� } �F�k¹��¤¯�F��¡ Ç � � Ç �»X��|����«����� } � �F��¡�� } ������| } ���r����� ���F����� ���µ�%������¡#���3�V��� ���������´��� | } ���r����������¡������K���­�F���F�������²��� ����� } �H� |����¬��k¹������!� ��|��²|��²�����V�F���0���������3|���� ��¤«���¢�F���F���­�F|���§_¬��k¹��s|�� ��¶3|���� ��� } ��� ¾H�F����� � ¬��k¹���¤¯���F¡#� � ��¤ ¸ Ç ���F�
} ��¡�¡²������� ��� ����� } ��� ¬¥|¢�F��|��©����� } � �F����| }�} |�� } ��|¢�F� ��� ½°���F�v��� �v�����s�_¤¯��¬2�F��¡������v¬��k¹���¤¯���F¡#�K����� � ����|��
} ��¡�¡²���0����� |�§����­�F|�������×

Square wave Triangle wave

Sawtooth wave

one wave cycle one wave cycle

���������²¬9�k¹��7¤¯��� ¡#�H��� �²�3�Ã���0¡²�������«�F�����������Ã�3|���������¤E¬��k¹���¤¯���F¡��«|��_�7¶�|��·�F��� } ���²�������"¡ � ����|�¡��������¤¯��¬�� �����¥��� � } ��¡²¡����s��������§��s� �²���k¹��«�r������§�|�¹����0��|���� |�� } �9����¡������=ÅE¹����s|�� } |�� } ��|��F��� ��������� �
�������r�´������ �V¡#����|�¤¯����� � �����F� � � |�������� ç´����� �����F� |�����§������������F�k¬�� �3���F�#¹����¢�µ��§��­± } ��� �F���´�;¬��k¹��7¤¯��� ¡#�����F���H�F�����¢Æp��|�¤¯�°�F��� �����|��«��¤ä� ���Ù����|���� �����F����¹����µ��|����Ã��¤%� ���²|��´� ���������_¬9�k¹���� ���������/¨3��¡²�V¬9�k¹��7¤¯��� ¡#�H��� �²��� } ��¡²������¶Ã� �����«�F���������¤¯� } �����F��|�³ } �­� |����V���!�H�������F| } ������� � �·�3��� � Ü |�� } ������|���§�¬9�k¹��7¤¯���F¡#����� � � } |��­� ���/¬¥|�� �²¡����3�/�´|������!��¤r¡£�r��| } ���|����·�F� ��¡²���´�F�µÞL��

�������µ�������0���������´|���§r�r���3�v¬9�k¹���� �������/�r�����F|���§ } ����� �/� ������¡£������� } ��� ���s�r����¤¯� } �
� |����K¬��k¹��|��;� ��� ¡����H¶Lâäã�é:¶�æ­â �&¢)¤ �����´�´�F��|���§£��|»%���� �����9�r��|���§K�����r�������s���Hã�æ�ã
� ¶Lâäã�é:¶�æ­â �&¢)¤ � È ��|���§K� �����E� ���H¬��k¹��7¤¯��� ¡ ��¤��� ¸ Ç ¹������F��§��K��� } ��� �F���´�H|�� } � � } |������F�s|��F�«|�¡���� } �«|��_� } |�� } ��|¢���r¬9�£�������Ã� �����V�k¬����F�/��¤;�F���K¤�� } �«� �����¸ Ç ¬9�k¹���� } ��¡���|��Ú�²¹­���F|��7�·�s��¤=� �����������
Ö Í�
��vÎ7
�JÆÅ
Ö ¸ Ç ���F����� } �����3�0���0����� } �F� ��¡�� } ������| } ���?����� ��� �r�­� ���9¤¯�������­¬°��� ���/§��µ������| } ���?�������r�/��¤!��� |����/¬��k¹����
Ö ¾«�����Cý���¤�àH��¤E�s¬��k¹��K|��«����� } ��¡������7�F�V��¹��������F|����Ã��¤%|��F��� �������£���´�F|��!� ���V����|��´�H� �r�­��|¢��|��«�F���������F�� ���r���­�¥|¢�µ�����¢¤·�
Ö ��������àC�Lâ�æ;�/��¤;�V¬��k¹��
|���� ���K��¡������´�¥��¤�� |�¡²�/|��¥�F�������9� � } ��¡²������� �/����� } � } �����
Ö�� � à���é�à7ã"��ý«|��9�F�����3��¡£�����¥��¤ } ��¡������7� � } � } �����9� �����°�V¬��k¹�� } ��¡�������� ����|��Ú�²§�|�¹����0��¡��������¥��¤��F|�¡����¿H� ����������¡²����� ���F���s|��Ã½°�����Âº Ü ½�ºkÞL�C�K½|º��r��|���§#��ç´�����[�F�#����� } ��¡�������� ��¬��k¹�� } � } ���/�r���°��� } �����?�
Ö É��F��ç´����� } ��É �k± Ü �r��� |�����|��Ã��� } �������µÞ
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®,-��C/�°���1 ���
mKn�� � z�q
u2�H{6z|Ï z|}�r8uLÎKÍä� � ÏÐq
�0}�s r2����z

¨3��¤����H¬9�K�3���­¬Ë�F���­� ¸ Ç ¹������F��§��K���¢�F���F���­�F���°|������������F|¢�·�Ú���r� ¸ Ç } ���F� ���´�«����� ��� ����� ���°|��_��|�� � } � |������H» ������ �#�´���­¬]�F���­� ¸ Ç } ��������� ��� �r�­� �/|����#¹­���F|��7�·����¤=��|Ä%[���F���´�H¬��k�����������Ú�3���F�F� } |���§�� ���£����� ��� ����� |����Ú�­¹����� |�¡��«¬9� } ���v��������|��°���9� � ¬��k¹���¤¯���F¡Ú� � » � } ���s¡������ ��� �°� �����µ�­� �H��¤����¢�F���F���­�F|����s�3�²¡������ ��� |���§£� ���«� |�¡��|��/�F�������«¤¯���K�Ú¬��k¹��£� �Ã��¹�����¹��²���7¤¯���F��|¢�K�F���������F��|��F� ����¤ Ü � ��� � �r��� |���� � Þ7�����r�_��¶3��� ��� �
�F��|��/��� } � } ���������������|��H�F|�¡����r��� � ¤¯�F��ç´����� } ��� � ¼Û�Ã¡V��� | } ��¤¯�F��ç´����� } �0|��°� ���²� ��¡��£�����[â�� �yÁ3�[¬¥��| } ��|��¥�F���£��� � ���´� |�������� ���r�����·���|��·�F|���§���|�����|���§������/�����F�
¤¯� ��¡2������� �������
½°�­¬9��¹������r¬9�²��� } �����´� ���
�v¡����������F��¡����������F��������¡ |�¤�¬9�K�F� ��� �0�7¶����F���F�H���­¬ ����� §��£����� ¡������;��� ¸ Çç´�����´�F|¢�·�Ã|����V»X|¢�F��¦ Ç �?¬¥����� ��ç´�����´�F|¢�F|����«��¤�¹������F��§��V����� } ���F� ���������F�V§��������F�������Ã�·�µ����������¬��²���k¹��V��|����F���� �F���������V�7¶����F���F��|���§s���­¬J¡£� } ��¹������F��§��K��� } ��� �F���´�
¬��V���k¹��K|��Ù���3�0�r��� �«��¤E� } |�� } ��|���� È ���
���­¬ ���������§��µ���´�¥�#��|���§�����¡����������F��¡���������¤=¡#��§���|¢�F�����
� �s� ��¡���� ��|���§²� �����°|�� } �������F���´� ��� } ������§�|���§´þ
¾«���9¬9�k���F���7¶����F���F���F����¡#��§���|¢�F����� Ü ���|¢)¹��(¤ â��né���àFÞ!��¤[��� ¸ Ç ç´�����´�F|¢�·�/|��!� ��¡����������F�9|¢�µ�;�r�����/����|�§��´����Ú�²¬9�k¹��7¤¯��� ¡ §��F�����C�;����|���|��¥�3���­¬¥�Ú���9�F������àÂ¢��
���K�C� à�¶ �?¹k�������/��¤!��� ¸ Ç ¬��k¹��7¤¯��� ¡Ú×

Time 

Peak

¸ ����� ������¬��k�©|���� �P¡²����� ���F�Ã� ���Ù� ���F���«����|�§��´�v���7�·¬9�����]��������� |¢�F�_�������3���ö����|��v|��v�3���­¬¥������� ���
��àÂ¢����·�Ûæ�����ày¢�� Ü Ê Æ Ê Þ�¹­����������¤;��� ¸ Ç ¬��k¹���¤¯���F¡Ú×

Time 
Ó

Peak-to-Peak

¿°��¤¯��� � ������� ����������|�� �����£�����#��¤9� ����� �#�7¶����F���F��|���������¤9¬��k¹���¤¯���F¡ ��¡�����|�� ����� } ���+���s¡�|�� ��������|���§Ã¬¥�����} ��¡������F|���§��·¬��£��|Ä%[���F���´�%�·�3��������¤?¬9�k¹�������É����E��¶���¡��������3�K� ç´����� �¥¬��k¹��¥�������3|���§V�­�«����¹����¢�µ�%|��E���´¹3|������ �����§��F����� ���°��¡������´�°��¤!¹������F��§��
¤¯���H��§�� ���­� ���°��¡��������°��¤=� |�¡²�K� �����Ú�²�F� |�����§����/¬9�k¹��
�������3|���§s���K����¹������F��������/�C%�� } �F����¤��F����� ���·¬9� ¸ Ç ¹����¢�µ��§����9�r�­¬9���F|���§²�²�������v¬9�����������Kç´��|�� �K��|»%���� ���´��×
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Time 
Ó

10 V

10 V
(peak)

10 V
(peak)

more heat energy
dissipated

dissipated
less heat energy

(same load resistance)

¾«���K¬��k����¤;�7¶����F���F��|���§#�F���£��¡�����|�� �����V��¤E��|»%[���F���´�«¬��k¹����������r����|��Ù�#¡����F�/��ç´��|�¹k�������´�H¤���� ��|����Ã|��¥�F�¡#�­�F����¡#�­�F| } ���������k¹����µ��§��/� ���#¹­���������
��¤9�����=�F�����r�´��|�� |�¹��²��������§���� |�¹��²�r��|��´�F�����Ù�0¬��k¹��7¤¯��� ¡H¡ �°§��F�������F��_� |���§������%��§�§��F��§´�­�F�#�´��¡£�������+����|��²��¡�����|¢�F�����0¡������ ���F���%� |�¡��������3���­¬¥� ���K�F��� ¢$ÒkàC�¼¢;Ã�à��E|��K�F���0¹k������������ ���µ��������|�����| } ��� ���P�3� ���P����� } �F� ��¡²� } ������| } ���9¡²��� ���#¡²�­¹���¡����´���������Ú�F� � ���Ã�k¹����F��§�|���§_�C%�� } �#��¤
� ���������������¡ ��|������ � |����%�������������°¬9�k���F�#�7¶����F���F�E�F���K��¡�����|�� ����������¤ ¸ Ç ¬��k¹���¤¯���F¡�����ç´��|�¹­�������´� ���������­¬���¹������´|��� �0�µ�­� �V� ����¡ |��_�F���F¡#����¤%�F����|��>¢�ê�â�¤ â��¥ý��pæ ��à��¯å7æ$� ¹ é:¶�àgåµéD¤2ÑEæ)�!�������r�Ã� ���²¡#��� ����¡���� | } ���=�k¹����µ��§��K��¤����¸ Ç ¬9�k¹��7¤¯���F¡ ���3��� �¬¡ �°� ����� �������´���F���­���

¸ �3�������H¤���¡�|���|�����¬¥|¢�F�v¡�������� �v¬��3����¬9���F�´|���§V��ç´��|���¡����´�¥�´���­¬°�E¬¥�����°�£���������F�k¬������v�«Ý·|�§´� �k¬���� ���È ���F���·�´�����E��¤C�F�k¬°� } ���9¬¥|¢�F�s��� ��|��C��� �3���F�����C��¡����F��� Æn���­¬9���F���V¡²���F�������������°� � } ���E¬9�´���?� È ���E¬¥��|����°� ������������F�k¬ ��� ���%� } ���´� |��3�����r�;¡���� |�������¤r�F���°�����������F� } �������F���;Ý·|�§��F�k¬ ��� ���E����� } �´ÆÛ�����3Æn¤¯��� � �²¡����F|����C�!�����} ��¡������F|�� ���v��¤;����� ��� ����� |���§ } ���F�F���´� Ü ¸ Ç Þ�� �s��|��F� } � } ���F� ����� Ü ¦ Ç Þ } ���0�r�£��|������������ ���F��� } ��¡²�r���F|�� ���v��¤� ����� ���·¬���� �k¬]�·�3�r����×
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blade
motion

wood being
cut

(analogous to DC)

blade
motion

wood being
cut

(analogous to AC)

Bandsaw

Jigsaw

�����²���F��������¡ü��¤E� �F�´|���§v� �0����� } �F|����V� ��� } ������§�|���§�ç´�������F|¢�F|����
��¤ ¸ Ç ¹������F��§��K��� } ���F� �����
|�� �v� |���§����¡����������F��¡�������|��9�������£��� �������´�E|���� ��|��9� �k¬X���r������§��[×����­¬º¡²|�§��´�9¬��«�7¶����F���F�;� ���«� �r�����#��¤��¥Ý·|�§��F�k¬©����������þ¸ �r�������F�k¬º���������°¡��­¹����%¬¥|�� �v� } �����·�µ���´��� �r�����?��� |�¡�|������%�F�/� ���«¬9�k��¦ Ç ¹������F��§��¥���r�������E����¦ Ç } ���F�F���´�¡��­¹�����¬¥|¢�F� � } ���r�·�µ���´�/¡���§���|�� �r����� ¸ Ý·|�§´� �k¬ö���������������Ù�F���s��� �����K�����r�?��¡��­¹����
��� } � �����Ù¤¯�����F�C��|��F����������/� �r����� } �����·�µ���´� ��� } ������§�|���§��=»X�����¥|���¡����F���´�F���/��� } �´ÆÛ������Æg¤¯�����F�s¡���� |����0��¤=���3���·¬9�HÝ·|�§��F�k¬°�9¡��k������%�r�¥��¤r�F���°� ��¡����·�3�����3���������r��|���§/���V� ���°¡�� } ������| } ��������� |�§��²��¤�� ���°�F�k¬°���;¾«���=Ý·|�§��F�k¬ ¡�|�§����%¡��­¹��9|��F����������£¬¥|¢�F�_�s� |�����Æn¬��k¹���¡����F|����C��¬¥��|����£�������F�����«¬¥|¢�F�_�²� �F|�����§����7Æp¬��k¹���¡���� |������°���s�µ�­�F�K��Ý·|�§��F�k¬ �r��� ������0|��F����ày¢��
����������� �������0¬9�������v�r�/ç´��|�� �/¡�|�� ��������|���§�¬¥����� } ��¡������ |���§²�����/�F�k¬�� �#�������F����� Ü ���°�«Ý·|�§´� �k¬¬¥|�� �v�V���������F�k¬
¸ Þ7�=¦«��� ��|�� �«� ���«¤�� } ���F���­���F����� �
��|Ä%[���F���´�¥� �k¬°�E¡²�­¹��°�F����|��������������9|��v��|»%[���F���´�9¡#���������µ���� ���������F�¥��ç´������|��#�����¥� ������� } ��×�� �����²����� } ���E¬9�3���?�������#��¡������ ���F��¡����´�%��¤��F��|��%��ç´������¤¯��� } � |���� } ���#����� ¹�����¥� } ��¡�¡����0����� |��9¤¯���¥¬¥��| } �v�F���F��� �����������/� �r�����?�

Ê | } �F���F����Ý·|�§��F�k¬ù���������������F�k¬ ��|����7Æp�3�´Æp� |������=��ç´��|���������¬¥|�� �P|������´� | } ��������������� Ü � ��¡²��� �3���F� ��|�� } �C�����§���������� } � Þ7�!��ç´��������� } ��������������¤ } ����� |���§Ã�F�����F��¡���� ��| } �3����� �/��¤��F�����F��¡����·�3�r����¤�¬��3���+�­�K�F�����F��¡���µ�­� ���=»Ù��¡�|�§��´���F�k�²� �����9�F���
�·¬��²� �k¬°��¬9���F�«��ç���|�¹­�������´�����9��ç´������|��v� ����|�� } ����� |���§ } ����� } |¢�·���;ÄÃ|�§��´���F��|��} ��¡������F|�� ���+������� ����� �_��� � |�§�� � � �r�������F�k¬B��ç´��|�¹k�������´� � ���������v� �r�����+�F�Ã� ���VÝ·|�§��F�k¬
¡ �/�r� } �´Æp�����3Æn¤¯��� � ����������/¡���� |���� Â � �s�F�����­�F��� ���K¬9�3���3Æ } �����F|���§#��%[� } �F|�¹�������� �°��¤=�������F�#� ���£��� �����Lþ_����|��°|����F���K§��������µ���?|��������� ���v� �s��� � |�§��Ú� � ¦ Ç ��ç���|�¹­�������´� � ¡������ ��� ��¡����´��� �s���3� ¸ Ç ¹������F��§��«��� } ���F�F���´��×;¬¥����� ��¹����¥¡#��§���|�� �������¤H¦ Ç ¹����¢�µ��§��²��� } ��� �F���´�£¬9�������+���F����� } �#� ���0� ��¡�����¡��������V��¤°�����­�£�������F§��+��|�� � |��r�­� |����+�F���F����§��+�����ç´�����?� ����|����F��� } ��×
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RMS

power
dissipated

power
dissipated10 V

10 V

2 Ω

2 Ω

50 W

50 W

5 A RMS

5 A RMS

5 A

5 A

Equal power dissipated through
equal resistance loads

¼Û��� ���¥�·¬�� } |�� } ��|¢�µ�%�����­¹�����¬9�°���k¹����F���«�F��¡��°��¡²�����´�E��¤?�������V�F��� |��·�µ��� } � Ü (#"¥ÞE��|��F� |������ |���§�� ���«�F��¡����¡������´�9��¤����­¬�����|����F���
¤¯���F¡ ��¤!������� Ü ���V¬9�����µ�FÞ7�´�������r�­¬9���F���s�´� ¸ Ç ������� ���
��� �������´�s¦ Ç � È � } ����� �� ��� ¸ Ç ¹����¢�µ��§��£������� } �K��| } �F���F�������r�­¹��/|��«��ç´��|�¹­�������´� Ü |��_� ���F¡#�°��¤%�r�­¬9���
������|�¹����F���0�F�v�s��������Þ9�F�v�����¹����¢��¦ Ç ���­� � ���F���?¬9�£¬9������� } �������F��|��
� � ���#¹����¢� � ¸ Ç � ����� } ����ÄÃ���F�£� �r� } |�³ } ���������?¬9�£¬9�����������������F�V|��F�¹����¢�µ��§���¹­�������¥���!����|���§#���«¹����¢�µ�%$
ëÚèr�������¥ç´������|�³���� � �°Ä_¨ � ���F���r���!¤¯���	$«æ�æ$�Cë_ày¢­ãsè&�7é�¢$� à���¬¥��| } �²|��!� ���¡#�­�F����¡#�­�F| } ���C¡���� �����Ú��¤;����� |�¹3|���§��F���£¦ Ç ��ç´��|�¹k�������´�°¹k�������/¤¯� ��¡2����|��´�F�¥���Ú��§��F����� Ü ��� � ���´� |������������F��|��¡��7�F����� } ������|����F�C��¤�� ç´����� |���§°������� �����r�´��|�� |�¹��9����������§���� |�¹��%����|��´�F�C���£�¥¬��k¹���¤¯���F¡]§��µ�����C���k¹����µ��§�|���§�� ����� ��Fç��r���F���v¹k������������� �����0�F���3|���§�� ���K� ç´����� ���F�´���¥��¤!� �����«�k¹����F��§��°�F�#�����µ��|��0� ����³��r����������¬9���LÞL�E¨���¡��7�F|�¡����� ��������� ��� ����� |�¹��²� ��� ¡#��à���é�â�ÒE¢$¤�à�ã��E���('�)Jà���é�â�ÒE¢$¤�à�ã������ ����� ���+|������ ����� ��¤ � �°ÄÙ¨[� � �����K� ���s|������Ú|��/� ����F��¡�����°Ä_¨���¡�����|¢�F������¡����������F��¡������9|��9�F���
�r���·�¥¬��k�V�F�V�F�����­�F� ¸ Ç ç��r���´� |�� |������ ��¦ Ç ç´�����´�F|¢�F|������3������� �����¸ Ç ç´�������F|¢�F|����9��¤���|»%[���F|���§²¬��k¹��7¤¯��� ¡ù� �����������3¬¥�����0��������|���§£¬¥|�� �0¡����������F��¡������µ�E��¤������ } � �F| } ���­¬������=É�������F����� } ����� |������µ�­� |����r���´�r�����#���9�������´Æg�F��Æp�r������¡������ ���F��¡����´�µ��¡#�k�#���
� �����������9�F�V��¡������­���;É�����|������F��� } ���¬¥�����P����� ���F¡�|���|���§_� ���0���F����������|¦º��v��¤H¬¥|��F� Ü ��¡���� } |¢�·��Þ��F� } ������� } ������� } �F� | } ���­¬9���K¤¯�F��¡ �Ù������� } �#�F��Ã�������?���°ÄÙ¨ } ���F�F���´�K¡������ ���F��¡����´�K|��/�F���s�������£� �_����������� } ����� �#�F���s���F|�� } |������ } ��� } ���F�+¬¥|¢�F� } ���F�F���´�|��«�­¹����F������� |���§s��¤E� ���V¬¥|�� ���?¬¥��| } �_|��/�s¤¯��� } � |���� ��¤��r�­¬9������|�� � |��r�­� |���� } �����������3� } ��� �F���´�H�F���F����§���� ����F��� |����F��� } ����¤�� ���/¬¥|��F���%½°�­¬9��¹������3¬¥�����Ú�µ�­� |���§�|������������ ���µ�9¤¯���°� ���F¹3| } �«|��Ã��|�§���Æp¹����¢�µ��§�� ¸ Ç ��������| } �­�F|���������������£¹������F��§���¡����������F��¡������µ�=���F���F���¥¡������E������� ����� |��­�F���­��� } ����� �9� ���¥���F|�� } |������ } ��� } ���F�V�����F�9|��;|���� ������� ���� ����� ���­¹���� � } ����� ���v�3�����F|��7¤!� ��|���������¤=¹������F��§����´|��F� ������� } � |�¹��
��¤!� |�¡²���Ê �����
�����K�������´Æg�F��Æp�r������¡������ ���F��¡����´�µ����� ���r���·�;����� ¤¯���F¡²���/¬¥|�� �����£�´� } |�������� } �������k¬¥��| } � } ��� } ����� ���F�� ��� } �F�����F�K��¤�� ����¬9�k¹��7¤¯���F¡ ¬¥|�� � ����|�§�� ����§�� ���#��¤°� }�} ���µ� } �_������� �Ã�F���#¤����·�V� } �F|�������¤�� ��� } ��� ��������Æ�µ�k��Æn� ���r�Ù|��®� ����������� ���F� } ������§�����|��]¹������F��§����BÉ����0�°ÄÙ¨�¡���������� ��¡²���´�F���H����������§ ¡��7�F���0¡²�­¹���¡����´�µ�Ü ¦0¡ ¸ �µ�����´¹­���g��» ����� ���C��|�� ���V¹­������������� } �F� �����3����¡²��¡��7� ���µÞ�¬¥|�����¬9���F�K����������§����!�F�����£���k¹��9�r����� } ����|����µ�­�F���|��]�°Ä_¨X³�§����F����� �¥��¡���¡£�����v� �r�­�Ã����������§�¡²��� ���v¡��­¹���¡����´�F�����­�F���F�������©|�����| } �­� �_� ���S¢)Ò­àC�¼¢CÃ´àv¹k���������¤/�+¹����¢�µ��§��0����� } ��� �F���´��� ¸ } ����|����µ�­� |����P¤�� } � ���#¤¯�����HÄ_¨º���F����¡²���#�+����� � | } �������#¬9�k¹���� �������Ú¬¥�����F�� ���v�F�����­�F|���������|�� ���7�·¬9�����P�k¹����µ��§��s����� �HÄ_¨�|��²�´���­¬¥�C��Å%��� } �F� ����| } ¡��7�F���µ�²� ��� } |�³ } ��������������|�§�������¤¯����°Ä_¨Ã¡²����� ���F��¡����´�«��� �K�������H¤¯���H�F���K�µ��� �[�«¨3��¡��K|������ �F��¡����´�«¡#���´��¤�� } �F���F���µ�°���k¹��K����� |�§�������|���§�����|����r�¡��7�F�������9¤¯���°����� ��� ¡�|���|���§£�F���K�°Ä_¨�¹­����������¤����´��¬9�k¹��7¤¯���F¡Ú�=¾«���/� � } ��¡#���´��¤�� } �F���F�������F�3��� } ��� � ���F����Æ�°Ä_¨ � ¡��7�F���µ�9¬¥|¢�F�v�£� |��´�#�F��� |��·�F|�¹��H�����­� |���§²������¡����´���r�­¬9���F���s�´�s�V¹����¢�µ��§��°���F������� � |����������F�£�F���­���r��|���§¡����������F���C�9�����£������� |���§s��%[� } �H��¤=�F���­�H�F��� |��·�µ��� } �/������¡����´�H|��°¡���������� �����F�����F¡#��������� �s§�|�¹��K��� �F���£�HÄ_¨¹­�������H¬¥|�� �v���£¡#��� ����¡���� | } ��� } ��� } �����­�F|������%¬¥�����F� �3��¹�������Ý·�������F���H���k¬°����¤C���3����| } ��|��v� } � |����#|��s¤¯����³�����¡������
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��¤!� ���K���7³���|¢�F|����0��¤!�°ÄÙ¨[�É���� � ����� � � ¬9�k¹��7¤¯���F¡#����� |�¡²����� } ���3¹����F� |���� } �3��� } |����´�F� } ������� } ��� } �����­� ���²¬¥��| } ����ç��r�­� � Ê �����[� Ê �����´Æ� ��Æ Ê �����[� ¸ ¹����µ��§����´�����Ú�°Ä_¨v¡����������F��¡������µ���

RMS = 0.707 (Peak)

AVG = 0.637 (Peak)
�
P-P = 2 (Peak)

RMS = Peak

AVG = Peak
�
P-P = 2 (Peak)

RMS = 0.577 (Peak)

AVG = 0.5 (Peak)
�
P-P = 2 (Peak)

È �����/|���¡�|���� � �����K� ��� } ���´¹����µ��|���� } �������F���´�µ�/�����­¬¥�����r�­¹���¤¯���£�°ÄÙ¨+�����+�k¹����F��§��²¡������ ���F��¡����´�µ��������Ú�F� ���£�������v¤¯������éD� àH¬��k¹���� �����r�����¥�����²�°Ä_¨������Ã�k¹����F��§���¹­���������«��¤E��|���� �����F���Ú¬��k¹���� �����r���°���F�K������F�����­� �����3�#�F���K�F��¡���¡£����� |�����|����°¹­����������×
RMS = ???

AVG = ???

P-P = 2 (Peak)

����|��C|����¥¹����F�H|�¡��r�����µ���´� } ��� } �������F�°���������µ�·�µ������¬¥�����/��� |���§«���£����������§�¡��7�F����¡��­¹���¡����´�C�F�°¡������ ���F�¸ Ç ¹������F��§��%��� } ���F� ������� ¸ �²����������§«¡²�­¹���¡����´��� } ����|����F��� ���/� �
|�����| } �­�F�¥�°Ä_¨[�­¬¥|����3�������£�r�¥� }�} ���µ�­�F�E¬¥�����¡����������F|���§«����� �¥� |����¥¬9�k¹������C¼p¤r�F����¬9�k¹��7¤¯��� ¡J��¤�� ���¥¹������F��§��9��� } ��� �F���´�;�r��|���§
¡������ ��� ���K|��%���3�´� ��|���§
������/����� �H� |����H¬��k¹����­� ���«|��r��| } �­�F|����s§�|�¹����²�3�²� ���°¡��7� ����¬¥|����r�����E���°� ���°� �F���H�HÄ_¨�¹­�������H��¤[� ���«¬9�k¹��7¤¯���F¡Ú������K��¡²�����´�°��¤=�����������£�����r� } �F|����Ú|��Ã���Ã����������§�¡��7�F���°¡��­¹���¡����´�¥|��¥��� ���r�����F|��������[�F��� ���>¢$ÒkàC�¼¢CÃ´àH¹k���������¤��F���s¬��k¹��7¤¯��� ¡Ú�C�����K�F���v�°ÄÙ¨[���°ÄÙ¨ ¡²��� ��� } ����|����µ�­�F|���� |��/�����F��|������+�3� � � ����¬¥|���§ � � ���v����������¤�� ���¡��7�F���£� �Ú� �����£|��£��|�� �����k���K�0³�¶���� ���F������� � |���� ��¤9� ���v�k¹����µ��§��V¹­�������#�3���­¬¥�Ù� �_�r���F�����°Ä_¨ ¹­�������Kå7æ$�¢*��¢)� �nâ ��éD¤»¢)��Ñ3¢$Òkà�¶¼ÁÈ¢+��à��v¨3|�� } ���F���s��|�����Æn¬��k¹��²�������r��|��/¡������ } ��¡�¡���� |��Ù����� } � �F| } ���;¡������ ��� ��¡����´�F���C|��|��°�F���£¬��k¹����������r�K��� � ��¡����Ã¤¯���«����������§#¡���� ��� } ����|����µ�­�F|����C� ¸ �3�Ú���F�����«¬9�k¹���� �������/¬¥|����=���k¹��K����|»%���� ���´����F������� � |����v�r���·¬������Ú|¢�µ�¥�k¹����F��§��«�����0�°Ä_¨v¹­�����������������0� ���²¡��7�F��� } ����|����µ�­�F����¤¯���°� |����7Æp¬9�k¹��H¹����¢�µ��§��«���} ��� �F���´�¥¬¥|����C�����¥|�����| } �­� ���F� �����HÄ_¨v¬¥�����Ú�F������|���§#�²������Æp� |��´�r����|������[¬9�k¹����
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Ö Í�
��vÎ7
�JÆÅ

Ö �����x¢)¹��(¤ â��né���à=��¤���� ¸ Ç ¬9�k¹��7¤¯���F¡Ë|��!|��F�;����|�§��´�=���;������| } � ���V�����
§��µ�����£�­¹����!�F|�¡���� ¸ �#��¡²����|�� �����¡²����� ���F��¡����´� } ���0�µ�����«� ����¤¯���F¡2��¤!�r�����[����������Æn� ��Æn�������[�3�k¹����µ��§����´���¥�°Ä_¨0ç´�����´�F|¢�·���

Ö�, ày¢��9��¡�����|�� �����9|����F��������|�§��´�=��¤r��� ¸ Ç ¬��k¹���¤¯���F¡ ���!¡²����� ���F����¤¯�F��¡Ë�F���Iº����F�H¡#���F��� �«� ������|�§���������r�´��|�� |�¹����������­¬����·�¥����§���� |�¹��
�r��|��´�°���Ã�²§��µ�����C� ¸ ��� �#�3���­¬¥�Ú���9� ���>��� à�¶ �C��¡�����|¢�F�����/��¤!��¬��k¹����

Ö�, ày¢��-�·�pæ-����ày¢�����¡�����|�� �����v|��K� ����� ���F��������|�§��´�£��¤°��� ¸ Ç ¬9�k¹��7¤¯��� ¡ ���K¡���������� ���_¤¯�F��¡ ¡#�­¶�|�¡£��¡�r�´��|�� |�¹��
� ��¡#�­¶�|�¡£��¡ ����§´�­�F|�¹��«�������3�����Ã�V§��F�����C�%¾H¤ä� ���Ú�������F��¹3|��­� ���v��� � Ê Æ Ê � �

Ö�. ÒkàC�¼¢CÃ´àv��¡�����|¢�F�����_|��#�F���_¡#��� ����¡���� | } ��� � ¡������ � ��¤K�����H����� |¢�F|�¹������0�����H����§��­�F|�¹�������|����µ�s�����¬9�k¹��7¤¯���F¡ù§��µ�������

Ö � �°Ä_¨ � ���F���r���%¤¯����$Hæ�æ)�;ë_ày¢­ãÚè&�7é�¢$� à7�������#|����£¬��k�V��¤��7¶����F���F� |���§²��� ¸ Ç ç��r���´� |��·�#��¤�¹������F��§��°���
} ���F� ���´��|����F���F¡���¤¯��� } � |����r�������#��ç���|�¹­�������´��� ��¦ Ç ��É�������¶���¡��������[���V¹������F� ¸ Ç �HÄ_¨#|��9� ���/��¡²�����´���¤;¹����¢�µ��§��K� �����«¬9�������Ú���F�3��� } �£� ���²� ��¡²�²��¡��������«��¤%�����­�
��|��F��|������ |������ } � �´� �H�s�F��� |���� ���°��¤%§�|�¹����¹k�������H�����s����¹������9¦ Ç �r�­¬9����������������� ¸ �����V�´���­¬¥�s���;�F��� � ��ç´��|�¹­�������´� � ��� � ¦ Ç ��ç´��|�¹­�������´� � ¹k���������¤!��� ¸ Ç ¹����¢�µ��§��«��� } ���F� ���´���

mKn0/ 1Bs;Ï32�w�z � � ��s�{6����s rv�,qxw�����wCq�r2sCÎ0}Hu

¾«¹����°�F��� } �����F� �K��¤E� ���²���7¶3�
¤¯��¬ } �r�����F���µ���[������¬¥|����=�������F�Ã�F���­� ¸ Ç } |�� } ��|��«¡���������� ��¡²���´�F�
����� } ��� } ��Æ���­� |����r� } ���_§��7��¹���� � } ��¡�����| } ��� ���������V� �v� ��� } ��¡������7¶Ã���­�F���F�V��¤������ ��� ����� |���§ } ���F� �����
|�� } |�� } ��|��F�
¬¥|¢�F�|������ } �F��� } �����r� } ����� } |��F��� } ���º½H�­¬���¹�������¬¥|¢�F�º� |�¡²����� } |�� } ��|��F��|��3¹�����¹3|���§+�����F��|���§�¡²��� �0�F�����X��� ¸ Ç���­¬������ ����� } �������v� ����|��·�µ��� } ���3�F���K� ��¡��
���k¬°�������0�F����������¤=¦ Ç ���������0��|�¡������������Ú��|��F� } �F�����

10 V
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1
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R
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3

100 Ω

500 
5

Ω

400 
6

Ω
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R
4

total = R1 + R2 + R3

R
4

total = 1 kΩ

I
�

total = 
E
8

total

R
4

total

I
�

total =
10 V

1 kΩ

I
�

total = 10 mA

E
8

R1 = ItotalR1 E
8

R2 = ItotalR2 E
8

R3 = ItotalR3

E
8

R1 = 1 V E
8

R2 = 5 V E
8

R3 = 4 V¨3��� |������F��� |����F��� } ���#�·�F|����H�����?�������µ���������¥�F��� |����F��� } ���²��� |����«��|�¡�|���|�� �C�¥�����P� ���_ª��k¬°����¤���|�� } �����$%]�����¾«��¡ù�·�F|������������²� �F����� ¸ } � �����������3���E¬��H¬¥|����r��|�� } �­¹����;����� ���E������� ����� �°� �������E���r�����k¬°�|¢$¤�Ñ3¢)ýE¶%�������²� �F�����´|¢��¡ �Ý·�����/� �����/¬������k¹��£�F�Ã�7¶����F���F�H�F���#ç´�����´� |�� |�������¤�¹������F��§���� } ��� �F���´���������Ù�����r�´��|�� |����Ù� � } ��� �F���´��|��+¡����F�����¹k��� } ����¡#�­� ����¡#�­�F| } ���r¤¯���F¡����!»X|¢�F�������F������� ����|���� |�¹�� } |�� } ��|��F�������­¬���¹��������F����� � } ��¡������7¶�|�� |����%��¤ ¸ Ç ���F���¤?���/���F� } � | } ��� } ����� ��ç´����� } ���������#� �/¬�� } �����F� ���­�;� ���°�3��¡£�����µ�%���;� ������§��#¬9�¥¬���� �°��������|���§/¬¥|¢�F�s��|�¡������¦ Ç ç´�������F|¢�F|������È � } ����� �v�����9� ����� �v¡#�­�F����¡#��� | } ���9�F�����­� |����r����|�������� |������������ � �F�����%¬9� } ���P¡#�����v��� �v��¤H�����²¤���¡²|���|����� �µ������� � ¡��7�F�����0��¤���� §´����|¦º�|���§ } |�� } ��|���¹­���������!Ý·�����«����¬¥|�� �Ã¦ Ç ×

E

I

R

Volts

Amps

Ohms

1

100

R1 R2 R3 Total

10

400500
5

10m 10m 10m 10m

1k

5
5

4

¾«����¡#�­Ý·��� } �k¹����­�¥�����������F�#�r�/§�|�¹����0�����F��×������C¡������ ���F��¡����´�µ����¤ ¸ Ç ¹������F��§��
����� } ���F�F���´�¥¡£�����H����7¶����F���F� ���²|��s� ���H�F��¡��¥�F���F¡#� Ü �������[����������Æn� ��Æn�������[���k¹����F��§����­���E�°ÄÙ¨�ÞL�´¼p¤?� ���«������� } �°¹����¢�µ��§��9|��%§�|�¹����#|��������� ¸ Ç ¹����¢�µ���k�F�����#����� } ���F�F���´�F�=���r�K¹����¢�µ��§����!�����r����ç������´� ��� } ��� } �����­� ���£��� � } ���·�=|��V� ��� ¡#�!��¤��r�����K����|¢�µ���¼p¤��F���/������� } �H¹������F��§��H|��9§�|�¹�����|�� ¸ Ç �HÄ_¨#¹������F�����F�����Ú����� } ��� } ������� ��� } ��� �F���´�F�������s¹������F��§��������F� } �����9|��¸ Ç �°Ä_¨s����|��F������¬9�����g�;����|��E���������%�F� ���°¤¯���
¢­ã�ý } ��� } �����­� |���������� �������Ú¾«��¡H¡ ��ª��k¬°���´��|�� } ������%.¡ �9ª��k¬°����7� } �=¿°�������F�!���F�����F¬¥|�� �����F��� ���?�������3¹­������������¤�¹������F��§��E����� } ���F� �����!|�� ¸ Ç } |�� } ��|��F�=��� ��§��������µ�������/���F� ��¡������F������°Ä_¨/�F��� �����C� �r���K���������­�k¹����µ��§����������������´Æn� ��Æn���������?¼Û�V����¡²�9���F�����?��¤������ } � �F����| } ���k�r�����
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BDCFEHG!CFIKJML(NOEPLRQSE�EPTUL!CFE�G0EVLRQ�W�Q�XZY[E\J]W[^!_HG�I�G#X`NOW[abL ���dc E�e`^+EPE�G�f&L+CFE �`g�h Q�XZY[E(NiEPI�TFejX-C
E�X c W-J�L!C
E
h`kDh QDXZY`E[l g G!X`_VmFnoI�TFepW`J c IoqiE�^!E�TrL�mFC
X[G0E*G0C
IKJML�G�IsG�e`I�Y`EPTtIoT�L+CFE(J]W`n�noW�Q�I�TFepe[^+X`mFC
G�L+WdNiE\L!L!E�^�I�non�a
G0L!^�X�L+E
L!C
I�G�uPW`T
uPEPmbL�v
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A
}

B

Phase shift = 90 degrees

     A is ahead of B

(A "leads" B)

B A
}

Phase shift = 90 degrees

B is ahead of A

(B "leads" A)

A
}

B

Phase shift = 180 degrees

A and B waveforms are
}

mirror-images of each other

A
}

B

Phase shift = 0 degrees

A and B waveforms are 
}

in perfect step with each other

k E�u�X-a
G!EDL!CFE�Q�XZY[E\J]W[^!_HG~I�THL!CFE�X-NiW�Y`E�EP�bX`_VmFnoE�G�X-^+E�X-L�L!CFE�G!X`_VE�J]^!E ç aFEPT
uP�`f[L!CFE��(Q�I�n�nONiE�W[abLSW`J&G0L!E�m
N��HL!C
E#G!X`_*E�X`TFe`aFnsX-^�X`_VW`aFTrL�X�L�EPY[EP^+�pmiW`I�T[L�I�T�L!I�_*E[l	�FW[^DL!CFIsG�^+E�X[G0W[T�f�QSE�uPX`T�E\�bmF^+E�G+GSm
C
X`G!E�G0CFIoJML�J]W[^
LRQ�W�W`^�_VW`^+E(QDXZY`EPJ]W`^+_HG�W-J�L+CFEHG!X`_VE#J]^+E ç aFEPTOu\�jX`G�X�u\W`TOGRL�X-TrL ç a
X`T[L+IKLR��J]W[^�L+CFE*EPTrL!I�^!E*QDXZY`E`f�X-T c TFW`L
� a
G0L�X-T�EP�bmF^!E�G!G!I�W`T�W-J%G0CFIoJML�NiE\LRQ�EPE�T�X-T��pLRQ�WHm
X-^!L!Isu\a
n�X`^�mOW[IoTrL+G�X-n�W`TFe*L+CFE#QDXZY`E�G�l	BDC
X-L�IsGPfFIoL�IsG�G+X�J]E�L+W
G+XZ��G!W`_VE\L+CFI�TFepn�Io�[E`f h Y`W[nKL�X-e[E ¡ g ¡ IsG���� c E�e`^+EPE�G�W`abL�W-J�mFCOX`G!E#Q�IKL+CjY`W[nKL�X-e[E ¡ k ¡ l hp� CFI�u�C
EPY`E�^�QDXZY`EPJ]W`^+_
IsG�X-CFE�X c IoT�IoL+G�E�Y`W`n�abL+IoW[TdIsG�G!X`I c L!WHNiE ¤o�y¢��-�M��Ã X-T c L!CFE�W[TFE�NOE�CFI�T c I�G�G+X-I c L!WHNiE ¤»¢CÃ�Ã-�M�:Ã l
��COX`G!E�G0C
IKJML�frn�I��`E�Y[W`noL+X`e`E`frIsGSX`noQDXZ�bG�X#_VE�X[G0a
^!E�_*E�TrLS^+EPnsX�L!I�Y`E�NOEPLRQSE�EPTpLRQ�W�L+CFIoT
e[G�l~BDC
EP^+E ¡ G	^+E�X`non��(T
W

G!a
u�C�L!CFI�TFe�X[G�XHQDXZY`EPJ]W`^+_�Q�IKL+CtX-T ¢`��¶P�)¤ éD��� mFC
X`G!E�_VE�X[G0aF^+EP_VE�T[L�NiE�u�X-a
G!E�L+CFEP^+E ¡ G�TFWH��TFW�Q�T�aFT
IoY[EP^�G!X`n
^+E\J]EP^+EPTOu\EHJ]W[^(mFCOX`G!E`l�B	��mFIsuPX`non���I�T�L+CFEdX`T
X-n��bG0IsG#W`J g�� u\I�^�u\aFIoL+G�f~L!CFEdY`W[nKL�X-e`E�Q�XZY[E\J]W`^+_�W`J�L!C
E�miW�QSE�^
G!aFmFmFn���I�G�a
G!E c X[G�X�^!EPJ]EP^+EPT
uPE�J]W`^�mFC
X[G0E[f
L+C
X�L�Y`W[nKL�X-e[E GRL�X�L+E c X[G h �r����Y`W[nKL�G�X-L�� c EPe`^+EPE�GPl hHg T���W`L!CFE�^
g�� Y`W[nKL�X-e`EVW[^ u\aF^+^+EPTrL I�T�L!C
X-L(u\I�^+uPaFIoL Q�Ion�n	COXZY`EHIoL+G#m
C
X`G!E�G!CFIKJML(E\�bmF^+E�G+G0E c I�T�L!E�^!_HG ^!E�n�X-L!I�Y`EVL!WjL!C
X-L
G!W`aF^�u\E�Y`W[nKL�X-e`E[l
BDCFIsG�IsG�Q�C
X�L�_VX`�`E�G g�� u\I�^�u\aFIoL�u�X-nsu\aFnsX�L+IoW[T
G�_VW`^+E uPW`_VmFn�I�u�X�L!E c L!COX-Tt� � l � CFEPTUX-mFmFn���IoT
e���CF_ ¡ G

��XZQ X`T c�¡ I�^+u�C
CFW-q ¡ G(��XZQ�GPf ç a
X-TrL+IKL+IoE�G W`J g�� Y`W[nKL�X-e`EdX-T c u\aF^+^!E�TrL _ a
G0LV^!E � E�u\L(mFC
X[G0E�G0C
IKJMLHX`G(QSE�non
X`G�X-_VmFn�IKL+a c E[l�¢jX-L!CFE�_HX�L!IsuPX`n�W[mOE�^+X-L!I�W`T
G�W-J	X cFc IoL!I�W`T�f�G0a
NbL!^�X`u\L!I�W`T�fi_ aFnoL!I�mFn�I�u�X�L+IoW[T�f&X-T cjc IoY�IsG0I�W`Tj_(a
G0L
W`miEP^�X�L+E�W`TVL+CFE�G!E ç a
X`T[L+IKL+IoE�G�W`J�mFC
X`G!E�G!CFIoJML�X`G	QSE�noniX`GSX-_VmFn�IKL+a c E`l%�
W`^!L!aFT
X-L!E�no�[f`L+CFEP^+E�IsG	X�_HX�L+CFEP_HX-L!IsuPX-n
G!��G0L!E�_£W-J ç a
X-TrL+IKL+IoE�G�uPX-n�n�E cQ�+�$¹��"¤o�+¤t�réD¹V���C�y¶ I c E�X`non��tG!aFIKL+E c J]W`^�L+CFIsG�L+X[G0�jW`J�^+EPm
^!E�G0E�T[L+IoT
e�X`_*m
noIoL!a c E
X-T c mFCOX`G!E`l
k E�u�X-a
G!E�L+CFE�G0a
N � E�u\L�W-J¥uPW`_VmFn�E\��T�aF_(NOE�^+G�IsG�G0WVE�G!G!EPTrL!IsX-niL+W(L+CFE�aFT c EP^�GRL�X-T c I�TFe*W-J g�� uPIo^�u\aFIoL+G�f�L!C
E
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TFEP�rL�u�COX-mbL+EP^�Q�I�non&NiE c EPY[W-L+E c L!WVL!COX�L�G!aFN � E�u\L�X-n�W`TFE[l

ª¬«�­�®d¯\­�° Å
ª�, ÁÈ¢)¶\�K¶¼Á�� ±y� I�G�Q�C
EP^+E�LRQ�WVW`^D_VW`^+E�Q�XZY[E\J]W`^+_HGSX`^!E�W[abL�W-J%GRL+EPm�Q�IKL+C�E�X`u�C�W-L+CFEP^�l
ª BDCFE�X-_VW[aFTrL#W-J�mFC
X[G0EpG!CFIoJML(NiE\LRQ�EPE�T�LRQSW�QDXZY`E�G#uPX`TUNiE�EP�bmF^!E�G!G!E c I�T�L!E�^!_HG#W`J c EPe[^!E�E�G�f¥X[G c E\²
³ TFE c N��jL+CFE c E�e`^+EPEVaFTFIoL+G W`TUL!CFEHC
W`^+I º W`TrL+X`n~X-�bI�G�W`JSL+CFEHQDXZY`E\J]W[^!_´e[^+X`mFCUa
G0E c IoTµmFn�W-L!L!I�TFe�L!C
E
L!^+Ioe[W`TFW[_*EPL!^+I�u�G!IoTFE�J]aFTOu:L!I�W`T�l

ª g ¤��Â¢&���M�:Ã QDXZY`E\J]W[^!_´IsG c E ³ TFE c X[G�W`TFEVQDXZY`E\J]W[^!_¶L+C
X�L#IsG#X-C
E�X c W-J�X-TFW`L!CFE�^�IoT�IoL+G�E�Y`W`n�abL+IoW[T�l g¤»¢CÃ�Ã-�M�:Ã QDXZY`EPJ]W`^+_·IsG�W[TFE�L!C
X-L�I�GDNiEPCFI�T c X`TFW-L+CFEP^�l%¸%�FX-_VmFn�E`v

ª
A
½

B

Phase shift = 90 degrees

A leads B; B lags A
¹

ª � X-nsu\aFnsX�L+IoW[T
G�J]W`^ g�� uPIo^�u\a
IKL#X-TOX-n���G!IsG�_(a
G0L�L+X-�[E(I�TrL!W�u\W[T
G!I c E�^+X-L!I�W`T�NOW`L!CµX-_VmFn�IKL+a c EHX-T c m
C
X`G!E
G0CFIoJML�W-J�Y`W[nKL�X-e[E X-T c u\aF^+^!E�TrL�QDXZY`E\J]W[^!_HGDL+WdNiEVu\W`_VmFn�E\L+EPn���X`uPuPaF^�X�L!E[l�BDCFIsG�^!E ç aFIo^+E�G�L!CFE*a
G!E W`J	X
_VX-L!CFE�_HX�L!IsuPX`n�G0�bG0L!E�_ºuPX`non�E c�»���¼�½i¾o�+¤���éb¼H���\¿�À l
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��TFE�W-J�L!CFE�_VW`^+EdJÔX`G+u\I�T
X�L+IoTFe�X-m
mFnoIsuPX-L!I�W`T
G*W`J�EPn�E�u\L!^+I�uPIKLR�µIsGVI�T¬L+CFE�e`E�TFEP^�X�L+IoW[T�W-J�IoT�Y�I�G!I�NFnoE�^+Iom
mFnoE�G*W-J
EPT
EP^+e`��uPX-n�n�E c�¿!Õ[Ö��Ô��×	Õ-ØZ�\À l�BDCFE(noI�_VIKL+E c G+u\W[mOE(W-J~L!C
I�G�n�E�G+G0W[T�W`TjX-noL!E�^!TOX�L!I�TFe�uPaF^+^!E�T[L c W�E�G�TFW-L�mOE�^!_VIoL
J]aFn�n�E\�bmFn�W`^�X�L+IoW[T�W`J�L+CFE#u\W[T
u\E�mbL�fFG!W`_VE�W-J¥L!CFE�NOX`G!I�u�mF^+IoTOu\I�mFnoE�GDQ�Ion�n�NiE#u\W�Y[EP^+E c l
� IoL!CÙ��EP^�G0L!E c�Ú GHX[uPu\I c E�T[L�X-n c I�G+u\W�Y[EP^+��W-J�EPn�E�u\L!^+W`_HX-e[TFE\L+I�G!_�fSIoL�QDX`GH^+E�X`noI�ÛPE c L+C
X�L�E�noE�u:L+^!Isu\IoLR�ÜX`T c

_HX-e[TFE\L+I�G!_�QSE�^!E�^!E�n�X-L!E c L!W*E�X[u�C�W`L!CFE�^�l � CFE�T�X`T�EPn�E�u\L!^+I�u�u\a
^!^+EPTrLSQDX`G�m
X[G!G!E c L!CF^+W`aFe[CdX*u\W[T c a
u\L!W`^�f�X
_HX-e[TFE\L+I�u ³ EPn c Q�X[G%e`E�TFEP^�X�L+E c mOE�^!miEPT c I�uPaFnsX-^�L+W�L!C
E�X��bIsG%W-J�Ý
W�Q�l%��Io�[EPQ�IsG0E[f`IoJ&X u\W`T c a
u:L+W`^�QDX`G	E\�bmiW[G!E c
L!WµX�u�C
X`TFe`EdIoTÞ_HX-e[TFE\L+I�u�Ý
ab�¬miEP^+miEPT c Isu\a
n�X`^VL!WUL!CFEjuPW`T c a
u:L+W`^�f	XUY`W`noL+X`e`EdQ�X[G(m
^!W c a
uPE c X-n�W`TFe�L!C
E
n�EPTFe`L!CtW`J%L!C
X-L�uPW`T c a
u:L+W`^�l�ß�W�JÔX-^�f&G!uPIoE�T[L+I�G0L+G���TFEPQàL+C
X�L�EPn�E�u\L!^+I�uPIKLR��X`T c _HX-e[TFE\L+I�G!_´X-n�Q�XZ�bG�G!EPE�_VE c L+W
X�q�E�u\LSE�X`u�CVW-L+CFEP^�X�LS^+I�e`CrLSX-T
e`n�E�G�l¥á�W�QSE�Y`EP^�f`X�_HX � W`^ c IsG+u\W�Y`E�^!�(n�XZ�*CFI cFc E�T � a
G0LSNiEPTFE�X�L!CpL!CFIsGSG!EPE�_VIoTFe[no�
G!Io_VmFn�Eju\W[T
u\E�mbLpW-J�^!E�n�X-L!E c miEP^+mOE�T c Isu\aFnsX-^+IoLR�`fDX-T c IoL+GHaFT�Y[EPI�noI�TFe�Q�X[GVW`TFE�W`J�L+CFE�mFI�Y`W`L+X-n�_VW[_*E�TrL+GHI�T
_VW c EP^+T�G+u\I�EPTOu\E`l
BDCFIsGHNF^+E�X`�[L+CF^+W`aFe[CÜI�TÞmFC���G!IsuPGHIsGpC
X`^ c L!W¬W�Y`EP^�G0L+X�L+E`lÑBDCFEt_VX`TÞ^!E�G0miW`T
G!I�NFnoE�J]W[^HL!C
I�Gdu\W`TOu\EPmFL!a
X`n

^+EPY`W[noaFL!I�W`T�QDX`GSL+CFE ßbu\W`L0L+I�G!Cdm
Cr�bG!I�uPI�G0L�â[X`_VE�G � noE�^!�d¢jX��bQ�EPn�n~ã {�ä[åF{ ² {�ä�æ�|rç f`Q�C
W h aFTFI ³ E c h L+CFE#G0L!a c ��W-J
EPn�E�u\L!^+I�uPIKLR�pX`T c _HX`e`TFEPL!IsG0_�I�TpJ]W[aF^D^!E�n�X-L!I�Y`EPn��*L!I c �pE ç aOX�L!I�W`TOGPl¥è�TdE�G!G!EPTOu\E`f�Q�C
X-L�C
E c IsG+u\W�Y`E�^!E c QDX`G	L!C
X-L
EPn�E�u\L!^+I�u(X-T c _VX`e`TFEPL!Isu�é �P¾oÖ�À QSE�^!E#I�TrL!^+IoTOG0IsuPX`non���^!E�n�X-L!E c L+W�W[TFE(X`TFW-L+CFEP^�fOQ�IoL!C�W`^�Q�IKL+CFW`abL�L!CFE*mF^+E�G!EPT
uPE
W-J%XVu\W[T c a
u\L!I�Y`E�m
X�L+C�J]W`^�EPn�E�u\L!^+W`T
GSL+WVÝ
W�Q�l�ßrL+X-L!E c _VW`^+E�J]W`^+_HX-n�no�[fF¢jX��bQ�EPn�n Ú G c I�G+u\W�Y[EP^+�HQ�X[GSL!CFIsGPv
êìëZí�îFï¥ðiñÔï¥ðµòróôò�ë-õPö�ñôë�÷~ò�óÔøÞù¥öZú�ø�û¥ë`ò�üVîtùSò[öZù	ò�ï¥ø�ñôë`û¥óÔîbödý�îFðiï�òrõ�ñôëp÷~ò�óÔø fFX-T c
êìëZí�îFï¥ðiñÔï¥ðµý�îFðiï�òrõ�ñôëp÷~ò�óÔø�ù�ö�ú�ø¥û¥ë`ò�üHîtùSò[öZù	ò�ï¥ø�ñôë`û¥óÔîböpò�óôòrë`õPö�ñÔë�÷~ò�óÔø l
g n�n�W`J~L!CFIsG�u�X-T�L+X`�`E#m
n�X[u\E�I�TjW`miEPTjG!m
X`uPE`f
L!CFE X`nKL+EP^+T
X�L+IoT
eHEPn�E�u:L+^!Isu#X`T c _HX-e`T
E\L!Isu ³ E�n c G�G!aFmFmiW`^!L!I�TFe

E�X[u�CHW-L+CFEP^�X`G%L+CFEP�*L+^+XZY[EPnbL+CF^!W[aFe`CpG!m
X[u\E�X-L	L!C
E�G!mOE�E c W`J�n�I�e`CrL�l%BDCFIsG c �rTOX-_VI�u�GRL+^!a
u\L!aF^+E�W`J�EPn�E�u:L+^!Isu�X`T c
_HX-e[TFE\L+I�u ³ E�n c G�mF^!W[m
X-erX�L+IoTFe L!CF^+W`a
e`C�G0m
X[u\E�IsGDNOEPL0L!E�^���TFW�Q�T�X`G�X-T �P¾o��»\þÿ¿!�-¼VÕ��-���\þÿ�Ô»#×	Õ-ØZ� l
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BDCFE�^!E�X-^+Ed_HX`Tr�¬�rI�T c GVW`J�T
X-L!aF^�X-n�^�X c I�X-L!I�Y`E�EPTFE�^!e[��u\W`_VmiW[G!E c W-J�E�noE�u:L+^!W[_VX`e`TFEPL!Isu�QDXZY`E�GPl�¸�Y[EPT
n�Ioe[C[L�I�G�E�noE�u:L!^+W`_HX`e`TFEPL!Isu�IoT�T
X�L+aF^+E`l#ß�WdX`^!E���² ^+XZ�bG�X-T c h e[X`_*_HX h ^+XZ��^�X c IsX�L+IoW[T�l�BDC
E(W[TFno� c Ioq�EP^+EPT
uPE
NiE\LRQ�EPEPTdL!C
E�G!E���I�T c G�W-J¥EPn�E�u\L!^+W`_HX-e[TFE\L+I�u�^+X c IsX�L!I�W`T�I�G�L+CFE�J]^!E ç a
EPT
uP�pW-J�L+CFEPI�^�W[G+u\I�n�n�X-L!I�W`T�ãôX-noL!E�^!T
X-L!I�W`TdW-J
L!C
E�EPn�E�u:L+^!Isu�X-T c _HX-e[TFE\L+I�u ³ EPn c G�N
X[u���X-T c J]W[^0L+CdI�T�mOW[n�X`^!IoLR� ç l k �pa
G!I�TFepXVG0W[aF^+uPE�W-J g�� Y[W`noL+X-e[E�X`T c X
G!mOE�u\IsX-n c EPY�Isu\EVuPX`non�E c X-T Õ-�
þ��\�O�iÕ f&QSEVuPX`T�u\^+E�X-L!E*EPn�E�u\L!^+W`_HX-e[TFE\L+I�u Q�XZY[E�G ãÔW-JDX�_(a
u�Ctn�W�QSE�^�J]^+E ç aFE�T
u\�
L!COX-T�L!C
X-L�W-J¥noI�e`CrL ç Q�IoL!C�E�X`G!E`l

g THX`T[L+EPTFTOX�IsG%TFW`L!CFI�TFe�_VW`^+ESL+C
X-THX c E�YrIsu\EDNFa
IonoL%L!W�mF^+W c a
uPEDX c IsG!mOE�^+G!IoT
e�E�noE�u:L+^!Isu�W`^%_HX-e[TFE\L+I�u ³ E�n c l
BDQ�W(J]a
T c X-_VE�T[L�X-n�LR��miE�G�W`J~X`T[L+EPTFTOX-E�X-^+E�L+CFE Ö�� ½
��¾�� X`T c L+CFE ¾o���+½ v

DIPOLE LOOP

Basic antenna designs

� CFI�noE�L+CFE c IomiW`n�E�n�WrW[�bG(n�I��`E�TFW-L+CFIoT
eU_VW[^!EdL!C
X`T�X`TÜW[mOE�T�uPIo^�u\a
IKL�fSX-T c L+CFE�noW�W[mÜX�G0C
W`^!LVuPIo^�u\aFIoL�f
L!C
E�G!E(mFI�E�uPE�G�W-J�Q�I�^+E*X`^!E(E\q�E�u:L+IoY[E(^�X c I�X-L!W`^�G�W`J�EPn�E�u\L!^+W`_HX-e[TFE\L+I�u ³ EPn c G�Q�CFEPTUu\W[TFTFE�u\L!E c L!W g�� G!W`aF^�u\E�G
W-J&L+CFE�mF^!W[mOE�^�J]^+E ç aFE�T
u\�[l~BDC
E�LRQ�W#W`miEPTpQ�I�^+E�GSW-J&L!C
E c I�mOW[noE�X`u\LSX`G�X G!W`^!L	W`J�uPX-mOX`u\IoL!W[^�ã]LRQSW uPW`T c a
u:L+W`^�G
G!EPm
X`^+X-L!E c Nr�µX c IoE�noE�u:L+^!Isu ç f�Q�IKL+C¬L+CFE�EPn�E�u:L+^!Isu ³ EPn c W`miEPT¬L!W c IsG0miEP^�G!X`nSI�T
G0L!E�X c W`J�NOE�IoT
eUuPW`T
uPEPTrL!^�X�L+E c
NiE\LRQ�EPEPTjLRQSW�u\n�W[G!EPn��[²�G!m
X`uPE c mFnsX�L+E�G�l�BDCFE*u\n�W[G!E c Q�I�^+E m
X-L!CjW`J�L!CFE(noW�W[mtX-TrL!E�TFT
XdX`u:L�G�n�I��`E(X`TjI�T c a
u\L!W`^
Q�IoL!CÜX�nsX-^+e`E�X`Io^Vu\W[^!E[f�X-e[X`IoTµm
^!W�Y�I c IoT
e�X-_VmFn�E�W`mFmiW`^!L!aFT
IKLR�UJ]W`^(L!C
E ³ E�n c L!W c IsG0miEP^�G0E�XZQ�XZ��J]^+W`_ìL!C
E
X-TrL+EPTFT
X*I�T
G0L!E�X c W`J¥NiEPI�TFepuPW`T
uPEPTrL!^�X�L+E c X`T c u\W[T[L�X-I�TFE c X`GDI�T�X(T
W`^+_VX`n&IoT c a
u:L+W`^�l

g G�L+CFEVmOW�Q�EP^+E cjc IomiW`n�EV^+X c I�X-L!E�G�IoL+G�u�C
X`TFe`I�TFedEPn�E�u:L+^!Isu ³ EPn c I�TrL!W�G0mOX`u\E[f�Xdu�COX-TFe[IoTFed_HX-e`T
E\L!Isu ³ EPn c
IsG#mF^+W c a
u\E c X�L#^+Ioe[C[L X`TFe`n�E�G�f�L+C�a
G G!a
G0L+X-I�TFI�TFe�L!C
EpEPn�E�u\L!^+I�u ³ E�n c J]a
^0L+CFEP^(IoTrL!WjG!m
X[u\E`f~X-T c G!W�W`T�X[G�L!C
E
QDXZY`E�m
^!W[m
X-erX�L!E�GSX-LDL!CFE�G!mOE�E c W-J�n�I�e`CrL�l g G�L+CFE�miW�QSE�^!E c noW�W[m�X`T[L+EPTFTOX ^�X c IsX�L+E�G�IoL+G�u�C
X`TFe`I�TFe*_VX`e`TFEPL!Isu
³ E�n c I�TrL!WtG!m
X`uPE`f~Xju�C
X`TFe`I�TFe�EPn�E�u\L!^+I�u ³ EPn c I�G mF^+W c a
u\E c X�L ^+Ioe[CrL X-TFe[noE�GPf¥Q�IKL+C�L!CFE�G!X`_VEHEPT c ² ^+E�G!aFnKL(W-J
XpuPW`TrL!I�T�aFW`a
G�EPn�E�u\L!^+W`_HX-e[TFE\L+I�u�QDXZY`E#G!EPTrL�XZQDXZ�pJ]^+W`_¶L+CFE(X`T[L+EPTFTOXFl�¸	IKL+CFEP^�X-TrL!E�TFT
XpX[u�CFIoE�Y`E�GDL!CFEVG+X-_VE
N
X[G0Isu�L+X`G!��v¥L!CFE#uPW`TrL!^+W`n�noE c m
^!W c a
u\L!I�W`T�W-J~X-T�EPn�E�u\L!^+W`_HX-e[TFE\L+I�u ³ EPn c l

� CFE�T*X-L0L+X[u�CFE c L!W�X�G0W[aF^+uPE	W`JOCFI�e`Cb²ÿJ]^+E ç aFEPTOu\� g�� miW�QSE�^�f-X`T*X`TrL!EPT
T
X�X[u:L�G¥X[G~X þÿ¿!Õ��
À:¼(�Mþÿþô�M����c EPY�Isu\E`f
u\W[T�Y`EP^!L!I�TFe g�� Y`W[nKL�X-e`E�X`T c u\aF^+^+EPTrL�IoTrL+W#EPn�E�u\L!^+W`_HX-e[TFE\L+I�u�QDXZY`EDEPTFE�^!e[�`l g TrL!E�TFT
X[G	X-nsG!W�COXZY`EDL!C
E�X-NFI�n�IKLR�
L!W�I�TrL!EP^�u\E�mbL#EPn�E�u\L!^+W`_HX-e[TFE\L+I�u(QDXZY`E�G�X-T c uPW`T�Y`E�^0L�L!C
EPI�^�EPTFE�^!e[�jIoTrL+W g�� Y`W[nKL�X-e`EVX-T c uPaF^!^+EPTrL�l*è�TUL+CFI�G
_VW c E`f
X`T�X`TrL!EPT
T
XVX`u:L�G�X`G�X ¿!��»��\�MØ��M��� c EPY�Isu\E[v
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AC voltage
produced

AC current
produced

electromagnetic radiation electromagnetic radiation

Radio receivers

Radio transmitters� CFI�noE#L!CFE�^!E#IsG ¼²é
»$# _VW`^+E�L!C
X-L�uPX`T�NOE(G!X`I c X`NOW[abL�X-TrL+EPTFT
XHL!E�u�C
TFW`n�W`e[�`fbL+CFI�G�NF^+IoEPJ~I�TrL!^+W c a
u:L+IoW[T�I�G
EPT
W`aFe[CHL!W(e`I�Y`E��[W`aHL+CFE�e[EPTFE�^+X`nFI c E�X W-J�Q�C
X-L Ú G	e[W`I�TFe#W[TtãÔX`T c miEP^+C
X-m
GSEPT
W`aFe[CpIoTFJ]W`^+_VX-L!I�W`THL+W mF^+W�Y`W[�`E
X(J]EPQ E\�bmiEP^+Io_VEPTrL�G ç l

ª¬«�­�®d¯\­�°&%
ª â[X`_*E�G	¢jX-�bQSE�non c IsG!uPW�Y`EP^+E c L+C
X�LDu�C
X-T
e`I�TFe E�noE�u:L!^+Isu ³ E�n c GSmF^+W c a
u\E�miEP^+mOE�T c Isu\aFnsX-^�_HX-e`T
E\L!Isu ³ EPn c GPf
X-T c Y�I�G+X�² Y`E�^+G+XFfrEPY[EPT�IoT�EP_VmbLR�dG0m
X[u\E[l

ª g LRQ�IoTHG!E\L�W-J�EPn�E�u\L!^+I�uDX`T c _VX`e`TFEPL!Isu ³ EPn c G�f`W[G+u\I�n�n�X-L!I�TFe�X�L�^+Ioe[C[L�X`TFe`n�E�G¥L+W�E�X`u�C*W-L+CFEP^�X`T c L!^�XZY`E�noI�TFe
X�LDL!CFE#G!miEPE c W`J�n�Ioe[C[L�f
u\W[T
G0L!IoL!abL+E�G�X-T �P¾o��»\þÿ¿!�-¼VÕ��-���\þÿ�Ô»#×	Õ-ØZ� l

ª g T Õ��
þ��P�
�iÕ IsGDX c EPY�I�uPE�_HX c E�W-J�Q�I�^+E`f c E�G0I�e`TFE c L+W*^�X c I�X-L!E�X(u�C
X`TFe`I�TFe*EPn�E�u\L!^+I�u ³ EPn c W`^�u�C
X-T
e`I�TFe
_VX`e`TFEPL!Isu ³ EPn c Q�CFE�T�miW�Q�EP^+E c N��dXVCFI�e`Cb²ÿJ]^+E ç aFEPTOu\� g�� G!W`aF^�u\E[fFW`^�I�TrL!E�^+uPEPmbL�X`T�E�noE�u:L+^!W[_VX`e`TFEPL!Isu
³ EPn c X`T c u\W[TrY[EP^!L�IoL�L!WHX`T g�� Y`W[nKL�X-e`E�W`^�uPaF^+^!E�T[L�l

ª BDCFE Ö-� ½F�-¾o� X-TrL!E�TFT
XÜu\W`TOG0IsGRL�GpW`J�LRQSWÜmFIoE�u\E�G�W`J#Q�Io^+EÜãÔTFW-LdL!W`aOu�CFIoT
e ç f�mF^!I�_HX-^+Ion��Þe`E�TFEP^�X�L+IoTFe�X`T
EPn�E�u:L+^!Isu ³ EPn c Q�CFEPT�EPT
EP^+e`I�ÛPE c fFX-T c G!E�u\W[T c X`^!I�no�VmF^+W c a
uPIoTFeHXV_HX-e[TFE\L+I�u ³ E�n c I�T�G0m
X[u\E[l

ª BDCFE ¾o���+½ X`TrL!EPT
T
XHu\W[T
G0IsG0L+G�W`J~XVn�W�W`m�W-J~Q�I�^!E[fFmF^+Io_HX-^+I�no�de`EPT
EP^�X�L!I�TFeHXV_HX-e[TFE\L+I�u ³ E�n c Q�C
EPT�EPT
EP^!²
e`I�ÛPE c fFX-T c G0E�u\W[T c X-^+I�no�HmF^+W c a
uPIoTFeHX`TdE�noE�u:L!^+Isu ³ EPn c IoT�G0mOX`u\E[l
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èED�è�FHGIG�JKG�JMLON0JPGRQOSITOUWVXGYLOZKG[JPU\Q]L_^`FaSbGcVXGbL�d!GIGIFeL�d!N0SbU�LOUWG�Q�f�ègSbN�hKi\JMjHTONlk�U\JPGc^`Fm^`FHQOdnG�ToSbN�FHQ]U\Q]LOUWFKpqN`D
^
QOU�FKp�i�GrF�hKstVXGIT
UWFusBUWiWG�Q�fPv�UWiWN�sYGbL_GIT$QIf�N�T
QON�sYGrN`LOZHGIT
hKFKU�L
N`D�i�UWFKG�^�T�sBGR^�QOhKT_GIsYGIF�L�w%á�NldnG�k�GITRf�UxD¥è�d!GIT_G�L_N
JPGRQOSITOUWVaG�ZKNldyLONtLOT$^zk�GIiKD{TON�s,N�FKG�SIUxL�|�LONB^`FKN�LOZKG�T�frè}d!N�hKi\JYZH^zk�G�LONtjHTONlk�U\JPG�sYN�T_G�UWFPD{N�T_sc^lLOUWN�FYL_ZH^`Fo~�hHQ�L
LOZHGoJPUWQ]L_^�FHSbGgVXGbL�d!GIG�FuLOZKN�Q]GrL�d!N[SbU�LOUWG�Q��Fènd!N�hHiWJu^`i\Q]NYZH^zk�GrLONcjKT_Nlk�UWJPG�UWFPD{N�T_sc^lL_U�N�Fu^�VaN�hPL
LOZKG Ö`�M¿O��»\þ����l�LONBL_T_^zk�GIi�fK^�Q�d!GIiWi�w
��ZKGcv�UWFHJmN`D�U�FKD{N�T_sY^`LOUWN�FeLOZa^lLtGI��jHTOGRQOQOG�Qg^�QOU�FHp�iWG[JPU�sYG�FHQ]UWN�F�f�QOhHS$Z�^�QgiWUWFKG�^�TtJPU\Q�L$^`FHSIG�f�UWQoS�^`iWi�GRJm^

ÀP»�Õ�¾oÕ-¿�� hH^�F�LOU�L�|[U�Fqsc^lL_ZKGIsc^`LOU\SIQ�w%ßKSI^`i\^`T
F�hKs�VaG�T_Q
^�TOG�LOZHGgv�UWFHJuN`D�F�hKstVXGIT$Q�|�N�h Ú k�GrhHQ]GRJuU�FusYN�Q]L�^`iWi�N`D|�N�hKT
sc^lL_ZKGIsc^lL_UWS�^`i�^`jKjKiWU\SI^lL_U�N�FHQ
QONYD�^`TRw!��ZKGgk�N�i�L_^�p�G�jKT_N�JKhHSbGRJ�V�|q^YVH^lLOLOG�TO|�fKD{N�T�Gb�K^`sYjKiWG�fKU\Q�^cQ_SI^�iW^�T
� hH^`F�L_UxL�|�w%ßPNcUWQ!L_ZKGgTOGRQ]U\Q]L_^`FaSbG�N`D�^�jHU�GRSbGgN`D�d
U�T_Gpã{N�ZKscQ ç fPN�T�L_ZKGoSbhKT_T_GIF�L�LOZKT_N�hKp�Z�U�L ã�^�sYjHQ ç w
á�Nld!GIk�GITRfId
ZKG�Ftd!G�VXGIp�U�FgL_Nr^�FH^`iW|�ÛIG�^�ixL_GIT_FH^lL_U�FHp�SbhKT_T_GIF�L�SbUWT$SbhKU�L_Q�fldnG��HFHJoLOZH^`L � hH^`F�L_UxL_U�GRQ�N�DHk�N�ixL$^`p�G�fSbhHTOT_GIF�L�f�^`FHJeGIk�GIFeTOGRQ]U\Q]L_^`FaSbG�ã�SI^�i�iWG�J �M¼�½K��Ö[Õl�i»$� UWF���� ç ^`T_GYFKN`L�LOZHGYD�^`sYU�iWU\^`TgN�FHGb��JPU�sYG�FHQ]UWN�Fa^`i � hH^`FK�

LOU�LOUWG�Q�d!G Ú TOGchHQOG�JeL_N�sYG�^�Q]hHTOUWFKp�UWF����,SIU�T$SbhKU�L_Q�w0��^`LOZKG�T�f�LOZKGRQ]G � hH^`F�LOU�LOUWG�Q�f�VaGRSI^`haQ]GcL_ZKGI| Ú TOG�JP|�FH^`sYU\S
ã�^�ixL_GIT_FH^lL_U�FHpoU�FuJPUWTOGRS�LOUWN�F[^�FHJ[^�sBjHi�U�LOhHJKG ç fPjXN�Q_QOG�Q_Q�N`L_ZKGIT!JPUWsBG�FHQOU�N�FHQ�L_ZH^lL�sthaQ�L!VaG�L_^`v�GIF[UWF�LONB^�SISIN�hKF�LRw�KT_G � hKG�FHSb|e^`FHJejKZa^�QOG[Q]ZKU�D�Lt^`T_GYL�d!NuN�DnL_ZKG�QOG�JPUWsYGIFHQOUWN�FHQ�L_ZH^lLtSIN�sYGcUWF�L_N�jKi\^z|�w���k�GIFmd
U�LOZmT_GIi\^lLOUWk�G�i�|
QOU�sYjKiWGo��� SIU�T$SbhKU�L_Q�fPd
ZKG�TOG�d!G Ú TOGrN�FKiW|�JPGR^`iWU�FHpBd
U�LOZ�^YQOU�FKp�i�GrD{T_G � hKG�FHSb|�fPdnGgQ]LOUWi�i¡Za^zk�G�LOZKGoJPUWsYGIFHQOUWN�FuN`D
jKZH^�Q]GgQOZKU�D�L
LON[SbN�F�LOGIFaJ�d
U�LOZqUWFq^�JKJPU�LOUWN�FuLONBL_ZKGo^`sYjKiWUxL_hHJPG�w
è�F�N�T$JPG�ToLONMQ]hHS�SbGRQOQ]D{hKiWi�|m^`FH^�i�|�Û�G����,SbUWT_SIhKU�L_Q�f�d!G[FKG�G�JmL_N0d!N�T_vMd
U�LOZ�sc^`LOZKG�sY^`LOU\SI^�i�N�VK~�G�S�L$Qt^�FHJ

LOGRS$ZKFKU � hKG�QYSI^�jH^`VHi�G�N`D�T_GIjKT_G�QOGIF�L_U�FKp0LOZKGRQ]GusthKi�LOU���JPU�sYG�FHQ]UWN�Fa^`i � ha^`F�LOU�LOUWG�Q�w�á�G�TOG�UWQBd
ZKG�TOGudnG�FKGIGRJ�L_N
^`Va^`FHJPN�F�QOS�^`i\^`TgF�hKstVXGIT$QgD{N�TtQON�sYGbL_ZKU�FHp0VaGIL]L_GIT�QOhKU�LOGRJ�¢ »$�-¼�½�¾��!¤e�réb¼Y£$�P¿�À w�â�hHQ]Lti�UWv�GYL_ZKG�GI�K^`sYjKiWGcN`Dp�UWk�U�FHpMJPUWTOGRS�L_U�N�FHQoD{T_N�s&N�FKG�SIUxL�|eLONm^`FHN`LOZHGITRf���� � ha^`F�LOU�LOUWG�Q�U�Fy^�QOU�FHp�iWGb��D{TOG � hHGIFHSI|eSIU�T$SbhKU�L�Za^zk�G�VXN`L_Z
^`sYjKiWU�LOhHJPG�ã�^�FH^`iWN�p�|¤¢!JPU\Q]L_^`FaSbG ç ^`FaJ�jKZH^�Q]GBQ]ZKU�D�LHã�^`Fa^`iWN�p�|¤¢�JPUWTOGRS�LOUWN�F ç w��¥SIN�sYjKiWGb��F�hKstVXGITrUWQr^�QOUWFKp�iWGsc^lL_ZKGIsc^lL_UWS�^`i � hH^�F�L_UxL�|�^`VKiWG�LONYGb�PjKT_G�Q_QnLOZKGRQ]G�L�d!NcJPUWsBG�FHQOU�N�FHQ�N`D}^`sYjKiWUxL_hHJPGo^�FHJ�jHZH^�QOGgQ]ZKU�D�L�^`L�N�FHSbG�w
�nN�sYjKiWGb�cF�hKs�VaG�T_Q!^`T_G�GR^�QOU�G�T�L_N�p�T_^�Q]jcd
ZKG�F[L_ZKGI| Ú TOGrTOG�jKT_G�QOGIF�LOGRJYp�T$^`jKZKU\SI^�i�iW|�w¥èED�è�JKT_^zd¦^ti�UWFKG�d
UxL_Z

^0SIGITOL_^`UWF�iWGIFKp�LOZÑã{sc^�p�FKU�LOhHJKG ç ^�FHJ�^`FHp�iWGjã�JPUWTOGRS�L_U�N�F ç f~ègZH^zk�G[^�p�T$^`jKZHUWSYT_GIjKT_G�QOGIF�L$^lLOUWN�FeN`D�^�SbN�sYjKiWGb�F�hKstVXGIT
d
ZHUWS$ZqU\Q
SbN�sYsYN�FHi�|[v�FKNld
FuUWFujHZ�|PQOUWS�Q
^�Q
^ Øl�+»Pþ���¿ ¢
¦-å
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length = 7
angle = 0 degrees

length = 10
angle = 180 degrees

length = 5
angle = 90 degrees

length = 4
angle = 270 degrees

(-90 degrees)

length = 5.66
angle = 45 degrees

length = 9.43

(-57.99 degrees)
angle = 302.01 degrees

�¡UWv�G�JKUWQ]L_^�FHSbGRQ�^`FHJcJKU�T_G�SbLOUWN�FHQ}N�F[^gsc^`j¡f�LOZKG�TOG�sthHQ]L�VXG�Q]N�sYG�SbN�sBsYN�F�D{T$^`sYG�N�DXT_GbD{G�TOG�FHSbG�D{N�Tn^�FKp�iWG
�Hp�hKTOGRQ¡L_N�Za^zk�Gn^�F�|rsYGR^`FKUWFKpHw�è�FoL_ZKUWQ�S�^�QOG�f`JPUWTOGRS�L_i�|gT_U�p�Z�L�U\Q�SIN�FHQOU\JPGIT_G�J�L_N�VXG
³�´zf�^�FHJo^�FKp�iWG�Q�^`T_GnSIN�hKF�LOGRJ
UWFq^BjXN�QOUxL_U�k�GgJPU�T_G�SbLOUWN�Fup�N�U�FKpcSIN�hKF�LOG�T]��SbiWNPS$v�d
UWQOG�¢

0
µ o

90
¶ o

180o

270o

(-90o)

The vector "compass"

��ZKG�U\JPGR^gN`D�T_GIjKT_G�QOGIF�LOUWFKpg^gF�hKs�VaG�T�UWFcp�T$^`jKZKU\SI^�iPD{N�T_s,UWQ�FKN`L_ZKU�FHpoFKGIdgw�·eG�^`iWiHiWG�^�TOFHG�JBLOZHUWQ�U�Fcp�T_^�JPG
Q_S$ZKN�N�i�d
U�LOZuLOZKGo¸�F�hKstVXGIT�iWU�FKG�¢ ¸

0 1 2 3 4
¹

5 6 7 8 9 10

. . .

·eG!G�k�G�FtiWG�^`T_FKGRJoZKNldº^�JKJPU�LOUWN�FB^`FHJBQ]hHVPLOT$^�SbLOUWN�Ftd!N�T_vPQ�V�|oQOGIG�U�FKprZKNld�iWGIFHp`LOZaQ�ã�sc^`p�FHUxL_hHJPG�Q ç Q�L$^�S$v�G�J
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hKjuLONYp�U�k�G�^��HFa^`i�^�FHQ]d!GITR¢

0 1 2 3 4 5 6 7 8 9 10

. . .
5 3

8

5 + 3 = 8

��^`LOG�T�fzd!G�iWG�^`T_FKGRJrLOZH^`L�L_ZKGIT_G�d!GIT_G�d�^z|�Q¡LONrJPG�QOU�p�FH^lL_G�L_ZKGnkl^�i�hKGRQ £$�Pþô×��$�I� L_ZKG�d
ZKN�i�GnF�hKstVXGIT$Q�sc^�TOv�G�J
N�F�LOZHGgi�UWFKG�w���ZHG�QOGgdnG�TOG�D{T_^�S�L_U�N�FH^`i�N�T�JPG�SIU�sc^`i � hH^�F�LOU�LOUWG�Q�¢

0 1 2 3 4
¹

5 6 7 8 9 10

. . .

3-1/2 or 3.5

��^`LOG�T!|�GbL�d!G�i�GR^`T_FKG�J�LOZH^`L
LOZKGgF�hKs�VaG�T
i�UWFKGoSIN�hKi\J�GI��LOGIFaJ�L_NBLOZKGgiWGbD�L�N�D�Û�GIT_NY^�Q�dnG�i�i�¢

0
¼

1 2
½

3
¾

4
¿

5
À

. . .. . .

-1-2-3-4-5��ZKGRQ]G��HGIi\JKQ�N�D�F�hKstVXGIT$QVã{d
ZKN�i�G�f¡U�F�L_GIp�G�T�f�T$^lL_U�N�FH^`i�f¤U�T_T$^lLOUWN�Fa^`i�fXT_G�^�i�f�GIL_S�w ç iWG�^�TOFHG�J0UWFep�T$^�JPGBQOS$ZKN�N�i
QOZH^`T_Gt^[SIN�sYsYN�FqLOT$^`U�L�¢�L_ZKGI| Ú TOG�^`iWi �`�X�IÁ0Öl�M¼c�b�
À$���`�iÕ-¾ wr��ZHG�Q]LOT$^`UWp�Z�LOFKGRQOQ�N`D}LOZHGtF�hKstVXGITriWU�FKG�U�iWiWhHQ�L_T_^`LOGRQLOZHUWQ�p�T$^`jKZHUWS�^`iWi�|�wqÂ�N�h�SI^�F�sYNlk�GchKjºN�T�JKNld
FmLOZKG�F�hHstVXGITBi�UWFKG�f}VHhPLB^�i�i!¸`sYN`L_U�N�FH¸0^`iWN�FHpqLOZH^`L�iWU�FKG�UWQ
T_G�Q]LOT_UWSbLOG�JºLON�^�QOUWFKp�iWG0^l�PU\Q�ã{ZKN�TOU�ÛIN�F�L$^`i ç w¬Ã�FKGI�EJKU�sYGIFaQ]UWN�FH^�i�f�Q_SI^`i\^`TYF�hKs�VaG�T_Qc^�TOG�jXGITOD{G�SbLOiW|	^�JKG � hH^lL_GD{N�TYSbN�hKF�LOUWFKp0VXG�^�JKQIf}T_GIjHTOGRQ]G�F�L_U�FHp0dnG�U�p�Z�L�f�N�T�sBGR^�QOhKT_U�FKpM���¥VH^`L]L_GIT_|ek�N�i�L_^�p�G�f�VKhKLtLOZHGI|mD�^`iWi�Q]ZKN�T]L�N`D
VXGIUWFKp[^`VKiWGrLONcT_GIjKT_G�QOGIF�L
Q]N�sYGbLOZHU�FKpcsYN�TOGgSbN�sYjKi�GI��iWU�v�G�L_ZKGoJPU\Q�L$^`FHSIG Õl��Ö JPU�T_G�SbLOUWN�FuVaGIL�dnG�GIFuL�d!NYSIUxL_U�GRQIf
N�ToLOZKG�^�sYjKi�U�LOhaJPG Õl��Ö jKZH^�Q]GcN�D�^`F����Äd!^zk�GbD{N�T_sqw[��N�TOG�jKTOGRQ]G�F�LrL_ZKG�QOG[v�UWFHJKQgN�D � hH^�F�LOU�LOUWG�Q�f�d!GcFKGIGRJsthHixL_UWJPUWsYGIFHQOUWN�FH^�iaT_GIjKT_G�QOGIF�L$^lLOUWN�FaQIw¥è�F[N`L_ZKGIT!d!N�T$JKQIf�d!G�FKG�G�J[^tF�hHstVXGIT!i�UWFKG�LOZH^`L�S�^`F[jXN�UWF�LnUWF�JPU�ÅXG�TOG�F�L
JPUWTOGRS�L_U�N�FHQIfK^�FHJ�LOZH^`L Ú Q
Gb�K^�SbLOiW|[d
ZH^`L�^�k�G�SbLON�T�U\QIw
ÆºÇ�È�É�ÊbÈ�Ë&%
Æ � ÀP»�Õ�¾oÕ-¿ F�hKs�VaG�T!U\Q!LOZHG�L�|�jXGrN�D�sc^lL_ZKGIsc^lL_UWS�^`i¤N�VK~�G�S�L!LOZa^lL�jaG�N�jKiWGr^�TOGrhHQOG�J[LONBhHQ]UWFKpBU�F�GIk�GIT_|�JH^z|i�U�D{G�¢�^BN�FHGb��JPU�sYG�FHQ]UWN�Fa^`i � hH^`F�LOU�L�|[iWU�v�G�LOG�sBjXGIT$^lL_hKT_G�fPiWGIFKp�LOZ¡fKd!GIUWp�Z�LRfPGbL_S�w
Æ � »$�-¼�½�¾��!¤u�réb¼Y£$�P¿ U\Q�^BsY^`LOZKG�sc^lLOU\SI^�i � hH^`F�LOU�L�|[T_GIjKT_G�QOGIF�L_U�FKp�L�d!NBJPUWsYGIFHQOUWN�FHQ�N�D�sc^`p�FKU�LOhHJPGg^�FHJJPU�T_G�SbLOUWN�F¡w
Æ � Øz��»PþE�-¿ UWQ�^�p�T$^`jHZKUWS�^`i�T_GIjHTOGRQ]G�F�L$^lL_U�N�FeN�D�^0SbN�sBjHi�GI�eF�hKs�VaG�T�w�èELtiWN�N�vPQoiWUWv�G�^�F�^`T_TONldgf�d
UxL_Z�^Q�L$^`TOLOUWFKp�jXN�UWF�L�f�^�L_U�j¡f�^uJKGb�HFKU�LOGYiWGIFKp�LOZ¡f�^`FHJM^qJPGb�HFHUxL_G[JPU�T_G�SbLOUWN�F¡wVß�N�sYGILOUWsBGRQrLOZKGYd!N�T$J ½H#FÕZÀI�-¿
UWQ�hHQ]GRJqU�F�G�i�GRS�L_TOU\SI^�i�^`jKjHi�U\SI^`LOUWN�FHQ
d
ZHGIT_GgLOZKGB^`FKp�i�GgN�D�LOZKGok�G�SbLON�T�TOG�jKTOGRQ]G�F�L_Q
jKZa^�QOGoQ]ZKU�D�L�VXGbL�d!GIG�F
d!^zk�GbD{N�T_scQIw
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Ã�vl^z|�fHQONYZKNld«Gb�K^�SbLOiW|�SI^�F�d!GgT_GIjKT_G�QOGIF�L���� � ha^`F�LOU�LOUWG�Q
N�D�k�N�i�L_^�p�G�N�T�SIhKTOT_GIF�L�UWFuLOZKGgD{N�TOsÕN`D}^Yk�GRS�LON�T$Ö
��ZKGgiWGIFKp�LOZuN`D�LOZKGgk�G�SbLON�T�T_GIjKT_G�QOGIF�L$Q�L_ZKGgsc^`p�FKUxL_hHJPGpã�N�T�^`sYjKiWU�LOhHJPG ç N`D�LOZKGgd�^zk�GID{N�T_sqf�iWU�v�GrLOZKU\QI¢

Amplitude
Length

Waveform Vector representation

��ZKG�p�T_G�^lL_GIT�LOZKGc^`sYjKiWU�LOhHJPGBN`D�LOZKGBd!^zk�GbD{N�TOsqfKL_ZKGYp�T_G�^`LOGIT�LOZKGBiWGIFKp�LOZ�N�D�UxL$Q�SbN�T_T_G�QOjaN�FHJPUWFKp[k�GRS�L_N�TRw
��ZKGu^`FKp�i�G[N�D
LOZKGuk�GRS�L_N�TRf�ZHNldnG�k�GITRf�TOG�jKTOGRQ]G�F�L_Q�L_ZKG�jHZH^�QOG�QOZKUxD�LYUWFºJPGIp�TOG�G�QtVaGIL�dnG�GIF�L_ZKG�d�^zk�GID{N�T_s×UWF
� hKG�Q]LOUWN�F¬^`FHJ¦^�FKN`L_ZKGIT�d!^zk�GbD{N�TOsØ^�SbLOUWFKpº^�Qu^º¸�TOGID{GIT_GIFHSIG�¸mUWF¦L_U�sYG�w�Ù�QOhH^�i�iW|�f�d
ZHGIF¦L_ZKGejKZH^�QOG0N�Dt^
d�^zk�GbD{N�TOsÄU�F�^gSIU�T$SbhHUxL�U\Q�GI�PjKTOGRQOQOG�J¡f�U�LnU\Q�T_GbD{GIT_GIFaSbG�J�L_NgLOZKG�jaNld!GITnQ]hKjHjKi�|Bk�N�ixL$^`p�G
d!^zk�GbD{N�T_sºã�^`T_VKUxL_T_^�TOUWiW|
Q]L_^lL_G�J�L_N�VXGn¸�^`L_¸�³�´ ç w��
G�sBG�stVXGIT�LOZH^`L�jKZH^�Q]G�UWQ�^`iWd!^z|PQ�^ ¿O�\¾�Õ�þ��MØz� sYG�^�QOhKT_GIsYGIF�L�VXGbL�d!GIG�FgL�d!N
d!^zk�GbD{N�T_scQT$^lLOZHGIT�LOZa^`Fq^`F�^`VHQON�iWhPL_G�jKT_N�jXGITOL�|�w
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A
Ý

B

Phase shift = 90 degrees

     A is ahead of B

(A "leads" B)

B A
Ý Phase shift = 90 degrees

B is ahead of A

(B "leads" A)

A
Ý
B

Phase shift = 180 degrees

A and B waveforms are
Ý

mirror-images of each other

A
Ý

B

Phase shift = 0 degrees

A and B waveforms are 
Ý

in perfect step with each other

(of "A" waveform with
reference to "B" waveform)

B

A
Ý

B

A
Ý

BA
Ý

A
Ý

B

90 degrees
Þ

-90 degrees

180 degrees

Waveforms Phase relations Vector representations

BA
ß

B

A
ß

phase shift

angleà

��ZKG�p�T_G�^lL_GIT�LOZKG�jKZH^�QOG�QOZKU�D�LgU�F�JKGIp�T_GIGRQ�VXGbL�d!GIG�F0L�d!N[d!^zk�GbD{N�TOscQ�fKLOZHG�p�TOGR^lLOG�T�L_ZKGB^�FKp�iWGtJPU�Å¤GIT_GIFHSIG
VXGbL�d!GIGIFqL_ZKG�SIN�T_TOGRQ]jXN�FaJPU�FHpck�G�SbLON�T_Q�w
ánG�U�FHp�^cT_GIi\^lLOUWk�GgsYGR^�QOhKTOG�sYGIF�L�fai�UWv�G�k�N�i�L_^�p�G�fKjKZH^�Q]GtQOZKU�D�L*ã�k�G�SbLON�T
^`FHp�iWG ç N�FHi�|�ZH^�Q�sYG�^�FKUWFKpcU�F�T_GbD{G�TOG�FHSbGrL_N[Q]N�sBGoQ]L_^�FHJK^�T_J�d!^zk�GbD{N�TOsqw�ârGIFHGIT$^`iWi�|cL_ZKU\Q�¸`T_GbD{G�TOG�FHSbGR¸td�^zk�GI�D{N�T_s2U\Q�L_ZKG!sY^�U�FB���mjXNldnG�T�QOhKjKjKiW|ok�N�i�L_^`p�G�UWFtL_ZKG!SIU�T$SbhHUxLRw�èEDKL_ZKGIT_G!UWQ�sYN�T_G�L_ZH^`F�N�FKG����ek�N�i�L_^`p�G�QON�hKT$SbG�f
LOZHGIFqN�FKGgN�D�L_ZKN�QOGgQ]N�hKT$SbG�Q!U\Q�^`T_VKU�LOT$^`T_U�iW|[S$ZKN�Q]G�F�L_NBVXGgL_ZKGgjKZH^�Q]G�T_GbD{GIT_GIFaSbGrD{N�T�^�i�i¡N�LOZKG�T
sYG�^�QOhKT_GIsYGIF�L$Q
UWF�L_ZKGoSbUWT$SbhKU�L�w
��ZKU\QoSbN�FHSbG�jPLtN�D
^qT_GbD{G�TOG�FHSbGcjXN�UWF�LtU\QgFKN`L�hKFKiWU�v�GcLOZH^`LtN`D�L_ZKG�¸`p�TON�hKFHJK¸�jXN�UWF�L�U�F�^0SIU�T$SbhHUxLgD{N�ToLOZHG

VXGIFKGI�KL�N�D�k�N�i�L_^�p�GgT_GbD{GIT_GIFaSbG�w!· U�LOZM^cSIi�GR^`T_i�|uJPGb�aFKG�J�jXN�UWF�L�UWF�LOZKG�SbUWT_SIhKUxLrJPG�SIiW^�TOGRJuLON[VXGt¸`p�TON�hKFHJ�f ¸YU�L
VXG�SbN�sYG�Q�jXN�Q_QOU�VKiWG�LONoL_^`iWv�^�VaN�hPL�k�N�i�L_^`p�G�¸`N�FH¸rN�T�¸�^lL_¸gQOUWFKp�iWG
jaN�U�F�L$Q�UWF[^oSbUWT_SIhKU�L�f�VXGIUWFKpohHFHJPGIT$Q]LON�NPJBLOZH^`L
LOZHN�QOG�k�N�ixL$^`p�G�Qpã�^`iWd!^z|PQgT_GIi\^lL_U�k�G[VaGIL�dnG�GIF þÿ×�� jXN�UWF�L_Q ç ^�TOG[T_GbD{G�TOG�FHSbGRJeLONe¸`p�T_N�hHFHJ�w ¸��nN�T_TOGRQ]jXN�FHJKU�FKp�i�|�f
d
U�LOZ¦^mSbiWG�^�TOiW|ºJPGI�HFKG�JyjXN�UWF�L�N`D�TOGID{GIT_GIFHSIGuD{N�TcjKZH^�Q]G�U�L[VXG�SbN�sYG�QcjXN�Q_Q]UWVKiWGqLON�QOjaGR^`v�N�Drk�N�i�L_^�p�G�QY^�FHJ
SbhHTOT_GIF�L_Q�U�F[^�FY���	SIU�T$SbhKU�L�ZH^zk�UWFKpoJPGb�aFKUxL_G�jKZH^�Q]G�^`FKp�i�GRQIw��}�K^`sYjKiWG�¢�¸lLOZHG�SbhKT_T_GIF�L}LOZKT_N�hHp�ZYTOGRQ]U\Q]LON�T���ã
UWQ
¦l§ w å sYU�iWiWUW^�sBjaQ
^lL!� Ì�§ JPG�p�T_GIGRQIf ¸od
ZKU\S$ZusBGR^`FHQnL_ZKGoSbhKT_T_GIF�L!d�^zk�GID{N�T_s�iW^�p�Q Ì`§ ´�VXGIZKUWFHJ�LOZKG�sc^`UWFqQ]N�hKT_SIG
k�N�ixL$^`p�G�d�^zk�GID{N�T_suw
ÆºÇ�È�É�ÊbÈ�Ë&%
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Æ · ZKGIFuhHQOG�JcL_NBJKG�Q_SbT_U�VXGr^�F���� � ha^`F�LOU�L�|�f�LOZHGriWGIFHp`LOZ�N`D�^tk�G�S�L_N�T!TOG�jKT_G�QOGIF�L_Q�LOZKG�^`sYjKiWU�LOhHJPG�N�D�LOZHGd!^zk�G�d
ZKUWi�G�LOZHG�^�FKp�iWGrN`D�^�k�GRS�L_N�T!TOG�jKTOGRQ]G�F�L_Q�LOZKG�jKZH^�Q]G�^`FHp�iWG�N�D�LOZHGrd�^zk�G�TOG�iW^`LOUWk�G�LONcQ]N�sYG�N�LOZKG�T
ã{T_GbD{GIT_GIFaSbG ç d�^zk�GID{N�T_suw

?VÂ$ä ådÇ�Ô3Ê�Ë\ÌæÓ(Ì�É!A~Î Å´Ò�Ó�ÓjÇ�A~Ç\Î*È
�
G�sBG�stVXGITYL_ZH^lLck�GRS�L_N�T$Q�^�TOGusc^lLOZHGIsc^lL_UWS�^`i
N�VK~�G�S�L$Q�~�hHQ�LciWU�v�GqF�hHstVXGIT$Q�N�Fy^MF�hKstVXGITciWUWFKG�¢�LOZKG�|ºSI^�F
VXGq^�JKJPGRJ�fnQOhKVPL_T_^�S�LOGRJ�f�s�hKi�LOUWjKi�UWG�J¡f!^�FHJ	JKU�k�U\JPG�J�wç��JHJPUxL_U�N�FçUWQYjXGIT_ZH^`jaQtL_ZKGqG�^�Q]UWG�Q]Lck�G�SbLON�T�N�jaG�T_^`LOUWN�F
LONuk�UWQOhH^�i�U�ÛIG�f¡Q]NudnG Ú iWi�VaG�p�UWF�d
U�LOZMLOZH^`L�w(èEDnk�GRS�L_N�T$Q�d
U�LOZmSbN�sYsYN�Fe^`FKp�i�GRQ�^�TOGY^�JHJPG�J�f¤L_ZKGIUWT�sc^`p�FHUxL_hHJPG�Q
ã{iWGIFHp`LOZaQ ç ^�JKJ�hHj�~�haQ�L�iWUWv�G�TOG�p�hKi\^`T
Q_SI^�iW^�T � hH^�F�L_UxL_U�GRQI¢

length = 6

angle = 0 degreesè length = 8

angle = 0 degreesè total length = 6 + 8 = 14
é

angle = 0 degreesè
ß�UWsYU�i\^`T_i�|�f�U�D����	k�N�ixL$^`p�G�QON�hHT_SIG�Q}d
U�LOZcL_ZKG�Q_^`sYG�jKZa^�QOG�^`FKp�i�G�^`T_G�SbN�FHFKG�SbLOG�JcLON�p�GbL_ZKGIT�UWF�QOGIT_U�GRQIf�LOZKG�U�T

k�N�ixL$^`p�G�Q�^�JKJt~�hHQ]L�^�Q�|�N�husBUWp�Z�L�GI��jXG�SbL�d
UxL_Z����¦VH^lLOLOG�TOUWG�Q�¢

0 deg
¼

0 deg
¼

0 deg
¼

- + - +

- +

- + - +

- +

6 V 8 V
ê

14 V 14 V

6 V 8 V
ê

ë�iWG�^�Q]G�FKN�LOG
L_ZKG ãEì ç ^`FHJ�ã{� ç jXN�i\^`T_U�L�|tsc^`T_vPQ�FKGb��L�L_NgLOZKG�i�GR^�JKQ}N�D¤LOZKG
L�d!No���ºQ]N�hKT_SIG�Q�w���k�G�FtL_ZKN�hKp�Z
d!Gov�FKNld2���íJKN�GRQ]F Ú LrZH^zk�Go¸�jaN�iW^�TOU�L�|P¸YU�F�L_ZKG�Q_^`sYGtQOGIFaQ]GgL_ZH^lLr���«JPN�GRQIfaLOZKGRQ]G�sc^`T_v�Q�^`T_GoG�Q_Q]G�F�LOU\^`i�L_Nv�FKNld
UWFKp[ZKNld°L_N�T_GbD{GIT_GIFaSbGoL_ZKGBp�UWk�GIF�jHZH^�QOG�^�FKp�iWG�Q�N`D}L_ZKG�k�N�i�L_^�p�G�Q�w���ZKU\Qrd
U�iWi�VaGRSbN�sYGBsYN�T_Gt^`jKja^`T_GIF�L
UWF�L_ZKGgFKGI��L�GI�K^`sYjKiWG�w
èED�k�G�S�L_N�T$QnJKU�T_G�SbLOiW|cN�jKjXN�QOU�FHptG�^�S$Z[N`L_ZKGIT�ã]î ä ³�´
N�hPL!N�D�jKZH^�Q]G ç ^�TOG�^�JHJPG�J[LON�p�GbL_ZKGITRf�L_ZKGIUWT�sc^`p�FHUxL_hHJPG�Q

ã{iWGIFHp`LOZaQ ç QOhKVPL_T_^�S�L�~�hHQ]L�i�UWv�GgjXN�QOUxL_U�k�Gg^`FHJ�FKGIp�^lL_U�k�G�Q_SI^�iW^�T � ha^`F�LOU�LOUWG�Q
QOhKVPL_T_^�S�L
d
ZKGIF�^�JKJPG�J¡¢
length = 6 angle = 0 degrees

length = 8

total length = 6 - 8 = -2 at 0 degrees
ï

angle = 180 degrees

or   2 at 180 degrees
ß�UWsYU�i\^`T_i�|�fKU�D�N�jKjXN�QOU�FKp[���ík�N�i�L_^`p�GgQ]N�hKT_SIG�Q
^�TOGoSIN�FKFKGRS�L_G�JuU�F0QOGIT_UWG�Q�fPLOZKG�U�T�k�N�ixL$^`p�GRQ
Q]hHVPLOT$^�SbL�^�Q
|�N�h

sYU�p�Z�L�Gb�PjaGRS�L
d
U�LOZ0�g� VH^`L]L_GIT_U�GRQ
SbN�FHFKG�SbLOG�J�UWFq^�F�N�jKjXN�QOU�FKpBD�^�Q]ZKUWN�F�¢
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0 deg
¼

- + - +

- +

- + -+

-+

180 deg

180 deg

6 V 8 V
ê

6 V 8 V
ê

2 V
½

2 V
½

��GbLOG�TOsYUWFKUWFKpYd
ZKGbL_ZKGIT
N�T!FHN`L�LOZKGRQ]Ggk�N�i�L_^�p�G�QON�hHT_SIG�Q�^`T_G�N�jKjXN�QOU�FKpBG�^�S$Z�N�LOZKG�T�TOG � hHU�T_G�Q�^`FuGb�K^�sBUWFH^`�
LOUWN�F�N`DKL_ZKGIUWT}jXN�i\^`T_UxL�|�sc^`T_v�U�FKp�Q Õ`�iÖ LOZKG�U�T}jHZH^�QOGn^�FKp�iWG�Q�w�ó�N`LOU\SbG!ZKNld�L_ZKG!jaN�iW^�TOU�L�|gsc^`T_v�UWFKp�Q¡UWFtL_ZKG!^�VaNlk�G
JPU\^`p�T_^�sôQ]G�GIsôLONcUWFHJPU\SI^lL_Go^�JKJKUxL_U�k�Ggk�N�i�L_^�p�GRQ�ã�D{T_N�sôiWGbD�L�LONcT_U�p�Z�LRfKd!GoQ]G�G��n^`FHJ0ìÛN�FuLOZHG Ì k�N�i�L�QON�hKT$SbG�f�r^�FHJ�ìôN�FmLOZHG ä k�N�ixLtQON�hHT_SIG ç wq��k�GIFeLOZHN�hKp�ZmLOZKGRQ]G[jXN�i\^`T_U�L�|�sc^`T_v�U�FKp�Q�dnN�hKi\JmFKN�T_sc^`iWi�|0UWFHJPU\SI^`LOG�^�F
Õ`Ö[Öl�Mþ��MØz� GbÅ¤G�SbL�U�Fc^g�g��SIU�T$SbhHUxL�ã�L_ZKG
L�d!N�k�N�i�L_^�p�GRQ�d!N�T_v�U�FHp�L_N�p�GILOZKG�T�LON�jKT_NPJPhHSbG�^rp�TOGR^lLOG�T�LON`L$^`iPk�N�i�L_^`p�G ç fUWFqLOZKU\Q����íSbUWT_SIhKU�L�LOZKG�| Ú T_Go^�SbLOhH^�i�iW|�jKhaQ]ZKUWFKpcUWF�N�jKjXN�QOU�LOGoJPUWTOGRS�L_U�N�FHQ
VXG�SI^�hHQOGgN�FKGgN�D�L_ZKN�QOGgk�N�ixL$^`p�G�Q�ZH^�Q
^YjKZH^�Q]G�^`FKp�i�G�N`D�³�´�^`FHJuL_ZKGoN`L_ZKGIT�^cjKZH^�Q]Go^�FKp�iWGgN`D
î ä ³�´Rw���ZKGoT_G�QOhKi�L�fHN�D�SbN�hHT_QOG�fKU\Q�^YL_N`L$^`i¡k�N�i�L_^`p�G�N`D
¦ k�N�ixL$QIw

·eGoSbN�hHiWJ�ZH^zk�Gn~�hHQ]L�^�Q!d!GIiWi�QOZKNld
F�L_ZKGgN�jHjaN�Q]UWFKpBk�N�i�L_^�p�GRQ!QOhKVPL_T_^�S�L_U�FKpYUWF�Q]G�TOUWG�Q!iWU�v�G�LOZKU\QI¢

0 deg
¼

- + - +

- +

- +

-+
180 deg

6 V
8 V
ê

6 V
8 V
ê

2 V
½

2 V
½

0 deg
¼

- +

ó�N�LOG�ZKNld,LOZKGujaN�iW^�TOU�LOUWG�Q�^`jKjXG�^�TtL_N�VXG�N�jKjaN�Q]GRJmLONMG�^�S$Z�N`LOZHGITBFKNldgf}JPhKG�LON0L_ZKG�T_GIk�GIT$QO^�i�N`D�d
U�T_G
SbN�FKFKGRS�LOUWN�FaQ�N�F�L_ZKG ä k�N�i�LoQ]N�hKT_SIG�w(ßPU�FHSIGYVaN�LOZmQ]N�hKT_SIG�Q�^`T_GtiWU\Q�L_G�Jm^�QrZH^zk�UWFKp�G � hH^`i�jKZH^�Q]GY^`FHp�iWG�QVã�³�´ ç f
LOZHGI|BLOT_hKiW|Y^�TOG�N�jKjXN�QOG�JBL_NtN�FHG�^`FHN`LOZHGITRf�^`FaJYLOZKG�Nlk�G�T_^�i�iKGIÅXGRS�L!UWQ�LOZKGrQO^�sYG�^�Q�LOZKG�D{N�T_sYGITnQ_SbG�FH^`T_UWNod
UxL_Z
¸�^�JKJPU�LOUWk�GR¸tjXN�i\^`T_UxL_U�GRQ
^`FHJuJPU�ÅXG�TOUWFKpcjKZa^�QOG�^�FKp�iWG�Q�¢}^�LON`L$^`i�k�N�i�L_^`p�G�N�D�N�FKiW| ¦ k�N�i�L_Q�w
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0 deg
- + -+

- +

180 deg

0 deg

0 deg
+ -

6 V 8 V

2 V

2 V

Just as there are two ways to
express the phase of the sources,
there are two ways to express
their resultant sum.��ZKG�T_G�QOhKi�L_^�F�Lnk�N�i�L_^�p�G�S�^`FcVXG�Gb�PjKT_G�Q_QOG�JYUWFcL�dnNoJKUxÅ¤GIT_GIF�Lnd�^z|PQI¢ ¦ k�N�ixL$Q�^`L�î ä ³�´�d
U�LOZcL_ZKG(ã{� ç Q]|�s�VaN�iN�F[LOZKG�i�GID�L!^`FaJYLOZKG*ã�ì ç Q]|�s�VaN�iHN�F[LOZKG�TOUWp�Z�L�f�N�T ¦ k�N�ixL$Q�^`L!³�´
d
UxL_Z[LOZHG(ã�ì ç Q]|�s�VaN�iaN�FYLOZKG�i�GID�L�^�FHJYLOZHG

ã�� ç Q]|�stVXN�iXN�F[LOZKGrTOUWp�Z�LRw��¬T_GIk�G�T_Q_^`iHN`D¡d
UWTOGRQ�D{T_N�sõ^`Fu���	k�N�ixL$^`p�G�Q]N�hKT_SIG�U\Q�L_ZKG�QO^�sBGr^�QnjKZH^�Q]GI�EQOZKU�D�LOUWFKp
LOZa^lL�QON�hKT$SbGrV�|�î ä ³�´Rw

8 V
180 deg
- +

8 V

-+
0 degThese voltage sources

are equivalent!

?VÂ]ö Î Ò·Î(Å%Ó Î(È÷ÎÑÐ øHÊ�Î*Ë\Ò�Å�Ç�AXù�ø
ë�N�i\^`T_U�L�|[sc^`T_v�UWFKp�Q
d
UxL_ZKUWF����«SbUWT_SIhKU�L�QOS$ZHGIsc^lL_UWS�QIfX^`FHJqZKNld«L_ZKG�QOGtsc^`T_v�U�FHp�Q�T_GIi\^lLOGoLON[jKZa^�QOGt^`FKp�i�GRQIfaUWQ
^BjaN�LOG�F�L_UW^�i�iW|�SIN�FPD{haQ]UWFKpcQ]hHVP~�G�SbL�w��«D{GId«UWi�iWhHQ]LOT$^lLOUWN�FaQnsc^z|[ZHGIiWj�L_N[Sbi\^`T_UxD{|[LOZKGgU\QOQOhKG�w
�
G�sBG�stVXGITYL_ZKUWQYUWsYjaN�T]L$^`F�LcTOhHi�G�¢�jKZH^�QOGuUWQ[^ ¿O�P¾oÕ-þ��MØl� sYG�^�Q]hKT_GIsYG�F�LRf�L_ZKG0^`sYN�hHF�LcN�DrQOZKUxD�L�^�i�d�^z|PQ

VXGIUWFKpYTOGID{GIT_GIFHSIG�JcL_NYN�FKGrjH^`TOLOU\SbhHiW^�T!d�^zk�GID{N�T_s¥UWFq^BSIU�T$SbhHUxLRw��°d�^zk�GID{N�T_s¥V�|[U�L_QOGIi�D�T_G�^�i�iW|[JPN�G�QOF Ú L
ZH^zk�Gr^jKZH^�Q]G�w�èEL�U\Q
N�FKiW|�d
ZHGIFqdnGoSIN�sYjH^�TOG�U�L�d
UxL_Z�N`LOZHGIT
d�^zk�GbD{N�TOscQnLOZa^lL�d!GgSI^`F�Q_^`sYGo^`F�|�LOZHU�FKpYsYG�^�FKUWFKp`D{hKi
^`VXN�hKL!¸`U�L_QnjKZH^�Q]G�w ¸���FHJ�d
ZKGIF�dnG�TOGID{GIT_GIFHSIG
LONY^gd�^zk�GbD{N�TOsqf�dnG�sthHQ]L!sc^�v�G�QOhKT_G�d!G�v�FKNld ×�#��Ô»$#��I�iÖ N`D
LOZa^lLnd�^zk�GID{N�T_s Ú Q}QON�hKT$SbG�UWQnQ]G�TOk�UWFKpt^�Q�LOZKG�TOGID{GIT_GIFHSIG�jXN�UWF�LRw}ë�N�i\^`T_UxL�|osc^�TOvPQ�N�F[���	k�N�ixL$^`p�G�QON�hHT_SIG�Q}GI��U\Q]LQOU�sYjKiW|cLONBjKT_Nlk�UWJPG�^tD{T_^�sBG�N�D�TOGID{GIT_GIFHSIG�D{N�T�jKZH^�QOG�^`FKp�i�GRQIf�T$^lLOZHGIT!LOZH^�F�L_NB^�S�L_hH^`iWi�|[JKGIFKN�LOG�jaN�iW^�TOU�L�|cN`D�^
T_G�^`i�k�N�i�L_^�p�G�w
��ZKU\Q�U\Q!^`FH^�i�N�p�N�haQ�LON�LOZKG�jaN�iW^�TOU�L�|���sc^�TOv�UWFKpgN`D��g�yk�N�i�LOsYGbL_GIT�L_G�Q]L!iWG�^�JKQnV�|cSIN�iWN�TR¢�T_G�J[^�FHJ[VKi\^�S$v¤w¥è�F

GIiWG�SbLOT_N�FKU\SIQnd!N�T_vXf�T_G�JcL�|�jKU\SI^�i�iW|cT_GIjKT_G�QOGIF�L_Qn¸`jXN�QOUxL_U�k�G�¸�^`FHJ�VKiW^�S$vYL�|�jKUWS�^`iWi�|YT_GIjKT_G�QOGIF�L$Qn¸�FKGIp�^lLOUWk�G�w ¸t��N�G�Q
LOZHUWQ�sYG�^�F�L_ZH^lL�L_ZKGYTOGRJ0L_G�Q]L�iWG�^�J0N�Fe^�k�N�ixL_sBGILOG�Trd
UWiWi Õ�¾ ×	Õ`úZÀ VXGcSbN�FHFKG�SbLOG�J�LON�LOZHGcjaN�Q]U�LOUWk�GYQ]U\JPGYN`D!^k�N�ixL$^`p�GtQ]N�hKT$SbGt^�FHJ�L_ZKGtVKi\^�S$vuL_G�Q]LriWG�^�J Õ�¾ ×	Õ`úZÀ SbN�FKFKGRS�LOGRJ�L_N[LOZHG�FKG�p�^`LOUWk�GRÖçÃ�DnSIN�hKT$Q]GtFKN`LRûr· ZHN�G�k�G�T
hHQOG�Q�LOZKGok�N�i�LOsYGbL_GIT�U\Q
D{T_GIGoLON�SIN�FKFKGRS�L�U�L�^�SbT_N�Q_Q
^ck�N�ixL$^`p�GgQON�hKT$SbGgZHNldnG�k�GIT�L_ZKGI|ujKiWG�^�Q]G�w!· Za^lL�L_ZKGoL_G�Q]L
iWG�^�JºSbN�iWN�T$QtJKN�U\QtjKT_Nlk�UWJKG�^�ü ¿+Õ�¼c��� ü ¿O� ü �P¿O�I�i»$� D{N�T�LOZKGusc^lL_ZKGIsc^lL_UWS�^`i�Q]UWp�FºN`D
LOZHGuJPU\QOjKiW^z|�G�J�k�N�i�L_^�p�G
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�Hp�hKTOG�fKQ]NBL_ZH^lL
L_ZKGosYGbL_GIT
hHQOGIT
v�FKNld�Q�d
ZH^`L�^BFKGIp�^lLOUWk�G�N�T
jaN�Q]U�LOUWk�G�UWFHJPU\SI^lL_U�N�FqTOGR^`iWi�|[sYGR^`FHQ�UWFqTOG�iW^`LOUWN�F
LONc^�S�LOha^`i�SIU�T$SbhKU�L
jaN�iW^�TOU�L�|¤¢

COMA

V

V A

A
OFF

6 V

COMA

V

V A

A
OFF

6 V

Test lead colors provide a frame of reference
for interpreting the sign (+ or -) of the meter’s
indication.
�

�¡UWv�G�d
UWQOG�f�ã�ì ç ^�FHJµã�� ç jXN�i\^`T_UxL�|�sY^�TOv�UWFKp�Q!D{N�T�^�Fq���ík�N�i�L_^`p�GgQ]N�hKT_SIGo^`T_Ggp�UWk�G�FqQOUWsBjHi�|�LON[jHTONlk�U\JPGg^
D{T$^`sYGtN�D�TOGID{GIT_GIFHSIGgD{N�TrU�F�L_GIT_jKTOGILOUWFKpcL_ZH^lLgQ]N�hKT$SbG Ú Q�Q]L_^`LOGRJ�jKZH^�Q]GB^`FKp�i�G�w���FHN`LOZHGITrU�iWi�haQ�L_T_^`LOUWN�F�sc^z|qZKGIiWj
UWFehHFHJPGIT$Q]L_^`FaJPU�FHp�L_ZKU\QIwdßPhKjKjXN�QOGYLOZH^`LgL�dnNqhKFKi\^`VXGIiWG�Jm�g�Äk�N�i�L_^�p�GYQ]N�hKT$SbG�Q�^�TOGcSbN�FKFKGRS�LOGRJMLON�p�GbL_ZKGITgUWF
QOGIT_U�GRQIf�^`FaJ0d!G�d�^`F�L�L_N�L_TO|qL_NuJKGbLOG�TOsYUWFKGYd
ZH^lLrLOZHGtL_N`L_^�i�TOGRQ]hKi�L_^�F�Lrk�N�i�L_^`p�GoU\Q�V�|�T_G�^�JPU�FHp[LOZHGBk�N�i�L_^�p�G
^�SITON�QOQ�G�^�S$Z0N�FKG�ã{UWFHJPUWk�UWJKhH^`iWi�| ç d
UxL_Ze^�k�N�ixL_sBGILOG�T�fXLOZHGIFeGIU�LOZKG�T�^�JKJPUWFKp�N�TrQOhKVPL_T_^�S�L_U�FKpusc^lL_ZKGIsc^lL_UWS�^`iWi�|LONB�HFaJuLOZKGg^`FaQ]d!GITRw}��UWT$Q�LRfPdnGgd!N�hKi\J�sBGR^�QOhKT_G�L_ZKGgk�N�ixL$^`p�GrN`D�N�FHG�QON�hHT_SIG�¢
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COMA

V

V A

A
OFF

Source 1 Source 2

Total voltage?

The meter tells us +24 volts

��ZKU\Q!�HT$Q�L
sYG�^�Q]hKT_GIsYG�F�L�N`D�ì ¦l§ ^�SITON�QOQ�LOZKGgiWGbD�LO��Za^`FHJ�k�N�ixL$^`p�G�QON�hKT$SbG�LOG�i�i\Q�hHQ!LOZa^lL�LOZKGgVHiW^�S$vci�GR^�J�N`DLOZHGBsYGILOGIT�T_G�^�i�iW|qUWQrL_N�hHS$ZKUWFKp�LOZKGYFKG�p�^lL_U�k�G�QOUWJKGBN�D�k�N�ixL$^`p�G�QON�hKT$SbG��[î�f¡^`FHJ0LOZKGYT_G�J�i�GR^�J0N�D�LOZHGBsYGILOGIT
T_G�^`iWiW|[UWQ!L_N�hHS$ZHU�FKpBL_ZKGgjaN�Q]U�LOUWk�G�w}��Z�haQIfKd!G�v�FKNld¬QON�hKT$SbG���îgUWQ
^BVH^`L]L_GIT_|cD�^�SIU�FKpcUWF�LOZKU\Q
N�T_UWGIF�L_^`LOUWN�F¡¢

Source 1 Source 2

Total voltage?

24 V

¢�GR^�QOhKTOUWFKp�LOZKGgN�LOZKG�T
hKFKv�FKNld
Fuk�N�ixL$^`p�G�QON�hKT$SbG�¢
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COMA

V

V A

A
OFF

Source 1 Source 2

Total voltage?

The meter tells us -17 volts

��ZKU\Q�QOG�SIN�FHJqk�N�i�LOsYGbL_GIT�T_G�^�JPU�FHpHfHZHNldnG�k�GITRfPU\Q�^ �¤���rÕ�þ��MØl� ã{� ç î æ k�N�i�L_Q�fHd
ZKU\S$ZqLOG�i�i\Q�hHQ�LOZa^lL�L_ZKGtVKi\^�S$v
LOGRQ�L}iWG�^�JtU\Q}^�SbLOhH^�i�iW|�LON�hHS$ZKUWFKp�L_ZKG
jXN�QOUxL_U�k�G!QOUWJKG!N�Dak�N�i�L_^`p�GnQON�hKT$SbG�� ¦ f`d
ZHU�iWG!LOZKG�T_G�JtLOG�Q]L}i�GR^�J�UWQ}^�S�L_hH^`iWi�|LON�hHS$ZKUWFKpBLOZKGgFHGIp�^`LOUWk�G�w���Z�hHQ�fPd!Grv�FKNldíLOZH^`L�Q]N�hKT$SbG�� ¦ U\Q
^BVH^lLOLOG�TO|�D�^�SbUWFKpYUWF�L_ZKG �+½[½K��À��MþE� JPU�T_G�SbLOUWN�F¡¢

Source 1 Source 2

24 V 17 V

Total voltage = 7 V
- +

Ã�FKiW|c^lD�LOG�T
SbN�T_T_GIi\^lLOUWFKpok�N�i�LOsYGbL_GIT�T_G�^�JKU�FKp�Q�d
U�LOZ�LOGRQ�L�i�GR^�J�N�T_U�G�F�L$^lL_U�N�F�SI^�F�d!G�JPGILOGIT_sYU�FHG�L_ZH^lL!LOZHG�QOG
L�d!N�k�N�i�L_^�p�G[QON�hKT$SbGRQo^`T_GcN�jHjaN�Q]UWFKp�G�^�S$Z�N`L_ZKGITRf�T_G�QOhKi�LOUWFKp0UWF�^qLON�L_^�i�k�N�ixL$^`p�GcN`D æ k�N�ixL$Qpã ¦`§ k�N�ixL$Q���î æ
k�N�ixL$Q ç w
��ZKG�jXN�QOUxL_U�k�GVãEì ç ^`FHJ�FKGIp�^lL_U�k�G*ã{� ç jXN�i\^`T_UxL�|[sc^�TOv�UWFKp�Q!^�Q_Q]NPSIUW^`LOG�J�d
UxL_Z�^`Fq���çk�N�ixL$^`p�G�QON�hKT$SbG�Q]G�TOk�G

LOZHG�Q_^`sYG!jKhKT_jaN�Q]G
^�Q�L_ZKG�TOGRJt^�FHJtVHiW^�S$voSbN�iWN�T$Q�N`DX^r�g�mk�N�ixL_sYGbLOG�T Ú Q�LOGRQ�L}iWG�^�JHQIw¥èEDHL_ZKGIT_Gnd�^�Q�QOhHS$ZY^�L_ZKU�FHp^�Q�^u¸`jKZa^�QOGIsYGbL_GIT$¸cLOZa^lLoSbN�hKiWJeJPUWTOGRS�L_i�|�UWFHJPU\SI^`LOGYjKZH^�Q]GY^`FKp�i�G�ã{U�Lod!N�hKi\J0T_G � hKUWTOGY^uQ]GRSbN�FaJ����°k�N�i�L_^�p�G
QON�hKT$SbGrLON[^�S�L�^�Q
^YTOGID{GIT_GIFHSIGrUWFuLOUWsYG ç faUxLrSbN�hHiWJujKT_Nlk�UWJPGrL�d!NcJPUxÅ¤GIT_GIF�L�UWFHJPU\SI^`LOUWN�FHQ
N�D�jHZH^�QOGo^`FKp�i�G�d
ZKUWiWGsYG�^�Q]hKT_UWFKptL_ZKGgd�^zk�GbD{N�TOsõN�D�L_ZKGoQO^�sYG����íQON�hKT$SbG�f�JKGIjXGIFHJPUWFKpcN�FuZHNldíd!G�SIN�FKFHG�S�L_G�J�LOZKG�L_G�Q]L�i�GR^�JKQ�¢
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180 deg

- +0 deg

+ -

redblack

black�red

"phasemeter"

"phasemeter"
ß�NafPd
ZKGIFq|�N�huQOGIGg^�Fu���¦k�N�ixL$^`p�G�JPGRQ]UWp�FH^`LOGRJ�^�Q!QOhHS$Zmw
w
w

+-
0 deg
8 V

w�w
w}UxL
sYG�^�FHQ!LOZa^lL
N�hKT
Z�|�jXN`LOZHGbLOU\SI^�i�¸`jKZH^�Q]G�sYGbLOG�T_¸�d!N�hKi\J[T_G�^�J�³�´�jKZa^�QOG�QOZKU�D�L
d
UxL_ZuU�L_Q
¸�FKGIp�^lL_U�k�G�¸
ã{VHiW^�S$v ç LOGRQ�L�i�GR^�JBL_N�hHS$ZKUWFKptLOZKGri�GID�L!d
UWT_G�^`FHJ[UxL$Q!¸�jaN�Q]U�LOUWk�GR¸pã{T_G�J ç LOGRQ�L�iWG�^�JcLON�haS$ZKU�FHpgLOZKGrT_U�p�Z�Lnd
U�T_G�f�LOZHG
ã�ì ç ^�FHJ�ã�� ç Q]|�s�VaN�iWQ
sYG�TOG�i�|[jHTONlk�U\JPU�FHpY^�D{T$^`sYGgN`D�T_GbD{GIT_GIFaSbGrD{N�T
L_ZKGgjKZH^�Q]Go^�FKp�iWGr�Hp�hHTOG�w%èEL�dnN�hKi\J�^�iWQON
VXGojaG�T]D{GRS�L_i�|�N�vl^z|cLONcT_GIjHTOGRQ]G�F�L�L_ZH^lL�k�GIT_|�QO^�sYGoQ]N�hKT_SIG Ú Q�jKZH^�Q]G�iWU�v�G�LOZKU\Q ã�FKN`L_UWSIG�LOZKGtQOd
U�L_S$ZqU�FqjXN�i\^`T_UxL�|
sc^`T_v�U�FKp�Q ç ¢

+ -

8 V
180 deg

?VÂ
	 Ð Î�Ô3Ê�ËPÌ�� Ó*Ì�É!A¥Î(Å£Ò�Ó�ÓjÇ$A%Ç\Î*È
èEDak�G�SbLON�T$Q�d
UxL_Z�hHFHSbN�sBsYN�FB^�FKp�iWG�Q�^`T_G!^�JKJPGRJ�flLOZHGIUWT}sY^�p�FKU�LOhaJPG�Q�ã�i�G�FKp`L_ZHQ ç ^�JKJthHj � hKU�LOG
JPU�ÅXG�TOG�F�LOiW|gLOZH^�FLOZa^lL�N`D�QOS�^`i\^`T�sc^`p�FKUxL_hHJPGRQI¢

length = 6
angle = 0 degreesà

length = 8
angle = 90 degreesà

length = 10
angle = 53.13à

degrees

 6 at 0 degrees

8 at 90 degrees
ê

+

10 at 53.13 degrees

Vector addition

èED�L�d!N����«k�N�i�L_^�p�G�Q�� ò ³�´gN�hPL�N`D�jKZa^�QOG��0^`T_Gt^�JKJKG�J�L_N�p�GbLOZHGITrV�|�VXGIUWFKpqSbN�FKFKG�SbLOGRJ�U�FeQ]G�TOUWG�Q�fXLOZKG�U�T
k�N�ixL$^`p�GBsc^�p�FKU�LOhHJKG�QtJKN�FKN`L�JKU�T_G�SbLOiW|e^�JKJmN�TtQOhKVPL_T_^�S�Lt^�Qgd
UxL_ZºQ_SI^`i\^`Tgk�N�i�L_^�p�G�Q�UWF��g��w�è�FHQ]LOGR^�J�f�LOZHG�QOG
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k�N�ixL$^`p�G � hH^�F�L_UxL_U�GRQ�^`T_G
SbN�sBjHi�GI� � hH^`F�L_UxL_U�GRQIf�^�FHJ�~�hHQ]L�i�UWv�G!L_ZKG�^`VXNlk�G!k�GRS�L_N�T$QIf`d
ZHUWS$Zc^�JHJ�hHjBUWFc^rLOT_U�p�N�FKN��
sYGbL_TOU\S�D�^�QOZKUWN�F¡fa^ Ì k�N�ixL�QON�hKT$SbGg^`L�³�´�^�JKJPG�J�L_N�^`F ä k�N�ixLrQ]N�hKT_SIGg^lL ò ³�´�TOGRQ]hHixL$Q
U�F�îR³Yk�N�ixL$Q�^lL�^cjHZH^�QOG
^`FHp�iWGrN�D »`å wWî å ´ ¢

0 deg
- + - +

90 deg

53.13 deg
- +

6 V 8 V

10 V

�nN�sYjH^�TOGRJuLONu���°SIU�T$SbhHUxLg^`FH^�i�|PQOUWQ�faLOZKU\Q�U\Qrk�G�TO|qQ�L_T_^�FKp�GtU�FHJKGIG�J¡w�ó�N`L_GoLOZa^lL�UxL Ú QrjXN�Q_Q]UWVKiWGoLON�N�VPL$^`UWF
k�N�ixL_sYGbLOG�T�UWFHJPU\SI^`LOUWN�FHQ�N`D Ì ^�FHJ ä k�N�i�L_Q�f�T_G�QOjaGRS�LOUWk�G�i�|�f�^�SbT_N�Q_Q�LOZKG�L�dnN����	k�N�i�L_^�p�G�QON�hKT$SbGRQIf�|�GbL!N�FKiW|BTOGR^�J
î�³Bk�N�i�L_QnD{N�T�^�L_N`L_^�i�k�N�ixL$^`p�G�û
��ZKG�TOG�UWQ!FKNYQ]hHUxL$^`VKiWGg���ç^�FH^`iWN�p�|BD{N�T!d
ZH^lL
d!G Ú TOGrQ]G�GIUWFKp�ZHGIT_G�d
U�LOZ�L�dnNY���yk�N�ixL$^`p�G�Q�QOiWU�p�Z�L_i�|cN�hPL�N`DjKZH^�Q]G�w��g��k�N�i�L_^�p�GRQ�S�^`FYN�FHi�|tJKU�T_G�SbLOiW|�^`U\JBN�T�JPUWT_G�S�L_i�|tN�jKjXN�QOG�f`d
U�LOZcFHN`LOZHU�FKpgUWFYVaGIL�dnG�GIF¡w�· U�LOZ[����flL�d!N

k�N�ixL$^`p�G�Q�S�^`FoVXG�^`U\JPU�FHp�N�T�N�jKjXN�QOUWFKp�N�FKGn^�FKN`L_ZKGIT þE��Õ`�Hú#Ö��E�`¿O�$� VaGIL�dnG�GIFgD{hKiWiW|���^`U\JPUWFKp�^�FHJgD{hHi�iW|���N�jKjaN�Q]UWFKpaf
UWFHSbiWhHQOU�k�G�w�· UxL_ZKN�hKLnL_ZKG�hHQOG�N�D¡k�GRS�LON�T�ã�SbN�sYjKiWGb�cF�hKs�VaG�T ç FKN`L$^lLOUWN�F[LON�JKG�Q_SbT_U�VXG���� � hH^�F�L_UxL_U�GRQIf�U�L!d!N�hKi\JVXG Øz�P¿�ú JKU��[SbhHixL�L_NYjaG�T]D{N�TOsÿsc^`LOZKG�sY^`LOU\SI^�i�SI^�iWSIhKiW^`LOUWN�FHQnD{N�T����¦SIU�T$SbhKU�L�^`FH^�i�|PQOUWQ�w
è�FYLOZHG�FKGI��LnQ]GRS�L_U�N�F¡f�d!G Ú iWiaiWG�^�TOFcZKNldyL_NtT_GIjKT_G�QOGIF�L�k�GRS�L_N�T � hH^�F�L_UxL_U�GRQ�UWF�QO|�stVXN�iWUWS
T$^lL_ZKGIT�LOZH^�F[p�T$^`jHZP�

U\SI^`i�D{N�TOsqw��}G�S�L_N�Tg^`FaJ0L_TOU\^`FKp�i�GYJPU\^`p�T_^�sYQrQOh��[SbGBLONqUWi�iWhHQ]LOT$^lLOGBL_ZKGYp�GIFHGIT$^`i�SbN�FaSbGIjKL�f¡VKhKLosBN�TOGBjKT_G�SIUWQOG
sYGbL_ZKNPJKQ�N�D�QO|�stVXN�iWUWQOsôs�hHQ�L�VXGohHQOG�JuU�D�^`F�|�QOGIT_U�N�hHQ
SI^�iWSIhKiW^`LOUWN�FHQ
^�TOG�L_NcVaGtjaG�T]D{N�TOsYG�J�N�FuL_ZKG�QOG � hH^`FK�LOU�LOUWG�Q�w
ÆºÇ�È�É�ÊbÈ�Ë&%
Æ ����k�N�i�L_^�p�GRQ�SI^�F�N�FKiW|gGIU�LOZKG�T�JKU�T_G�SbLOiW|t^`U\JoN�T�JKU�T_G�SbLOiW|gN�jKjXN�QOGnGR^�S$Z�N`LOZHGIT�d
ZKGIFYSbN�FKFKGRS�LOGRJoUWFBQOGIT_UWG�Q�w���çk�N�ixL$^`p�G�Q!sc^z|�^`U\J�N�T
N�jKjXN�QOG þE��Õl�Hú�Ö��E�-¿_�_� JPGIjXGIFHJKU�FKpcN�F�L_ZKGgjKZH^�Q]GgQOZKU�D�L�VaGIL�dnG�GIFuLOZKG�sqw

?VÂ�Ã Ä Î(ËPÒ�Å£Ò#È�Ó Å%Ì�É!A¥Ò#È��BC�Ë\Ò�Å�È�ÎoA¥ÒrA%Ç\Î(È
è�F0N�T_JPG�T
LON�dnN�TOv�d
UxL_Z�LOZHG�QOG�SbN�sYjKi�GI�uF�hKs�VaG�T_Q�d
UxL_ZKN�hKLrJPT$^zd
U�FHpck�G�SbLON�T_Q�fHd!Gg�HT$Q�L�FKGIGRJ0Q]N�sYGov�U�FHJ0N`D
Q]L_^`FaJK^`T$JYsc^lLOZHGIsc^lL_UWS�^`iHFHN`L_^`LOUWN�F¡w}��ZKG�TOG�^`T_G
L�dnNtVH^�QOUWS�D{N�T_scQ�N`D�SIN�sYjKiWGb�YF�hKstVXGIT!FKN`L$^lL_U�N�F¡¢ ½H��¾�Õ�¿ ^�FHJ
¿O��»Pþ Õ`����éb¾oÕ�¿ w
ë�N�i\^`T�D{N�T_s UWQrd
ZKG�TOGB^�SIN�sYjKiWGb��F�hKstVXGIT�U\QrJKGIFKN�LOG�J�V�|�L_ZKG ¾��b���-þ{# ã{N�LOZKG�TOd
U\Q]G�v�FKNld
F�^�Q�LOZHG ¼HÕI��Á

�H�Mþné
Ö�� f Õ�£:ÀI��¾¢ébþE� ØZÕ-¾ éH� fHN�T ¼c��Ö­éb¾ é�À0ç ^`FaJ�L_ZKG Õl���-¾W� N`D�UxL$Q
k�GRS�L_N�T#ã{haQ]hH^�i�iW|�JKGIFKN�LOG�J�V�|�^�Fq^�FKp�iWGgQ]|�s�VaN�iLOZa^lL
i�N�N�v�Q�iWUWv�G�LOZKU\QI¢�� ç w���NYhHQOG�L_ZKGgsc^`jq^`FH^�i�N�p�|�f�jXN�i\^`T
FKN�L_^`LOUWN�F[D{N�T�LOZKGgk�G�SbLON�T!D{T_N�sÿó�GId¬Â�N�T_v��nUxL�|
LONtßK^`Fm��UWGIp�N�dnN�hKiWJMVXG�Q]N�sYGbLOZHU�FKpqiWU�v�G[¸ ¦`§ ³�³�sYU�iWG�Q�f�QON�hPL_Z�dnGRQ�LRw ¸�á�G�TOG[^�TOG�L�d!N�Gb�K^`sYjKiWG�Q�N�D!k�G�S�L_N�T$Q^`FaJ[L_ZKGIUWT�jXN�i\^`T
FKN�L_^lL_U�N�FHQ�¢
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8.49 ∠ 45o

8.06 ∠ -29.74o

(8.06 
�

∠ 330.26o)

5.39 
�

∠ 158.2o
7.81 
�

∠ 230.19o

(7.81 
�

∠ -129.81o)

Note: the proper notation for designating a vector’s angle
is this symbol: ∠

ß�L$^`FHJK^�T_J�N�T_U�G�F�L_^lL_U�N�FcD{N�T
k�G�SbLON�T�^`FHp�iWG�Q!U�Fq��� SIU�T$SbhHUxL�SI^�iWSIhKi\^lLOUWN�FaQ!JKGb�HFKGRQ
³�´�^�Q�VXGIUWFKpBLON�LOZKGgT_UWp�Z�L
ã{ZHN�T_UoÛ�N�F�L_^�i ç f�sc^�v�UWFKp ò ³�´cQ]LOT$^`UWp�Z�LohKj�f
î ä ³�´BLON0LOZKG�i�GID�L�f�^�FHJ ¦[æ ³�´YQ]LOT$^`UWp�Z�L�JPNld
F�w�ë�iWG�^�Q]GcFKN�LOG�LOZH^`Lk�GRS�L_N�T$Q�^�FKp�iWG�J0¸�JPNld
FH¸�SI^`FMZH^zk�GB^`FKp�i�GRQ�T_GIjHTOGRQ]G�F�L_G�J�UWFejaN�iW^�T�D{N�TOsÑ^�Q�jXN�QOU�LOUWk�GBF�hHstVXGIT$Q�UWFMGI�KSbG�Q_Q�N`D
î ä ³Kf¤N�TrFKG�p�^lL_U�k�GtF�hKs�VaG�T_QriWG�Q_Q�L_ZH^`F	î ä ³Hwg�KN�T�GI�P^�sYjKi�G�f¡^[k�G�S�L_N�T�^`FKp�i�GRJ�� ¦[æ ³�´Hã�Q�L_T_^�U�p�Z�L�JPNld
F ç SI^�F
^`i\QONgVaG�Q_^`U\J�LONoZa^zk�G
^`F[^�FKp�iWG
N`D¤� ò ³ ´ w}��ZKG�^`VXNlk�G�k�GRS�LON�T�N�FBL_ZKG�T_U�p�Z�L�ã » w § � år¦`Ì ´ ç SI^�FY^�iWQONgVXG�JPGIFHN`LOGRJ^�Q » w § � � å`§ ´zw

0
µ o

90
¶ o

180o

270o

(-90o)

The vector "compass"

�
GRS�L_^�FKp�hHiW^�T�D{N�TOsqf¡N�F�L_ZKGcN`L_ZKGITgZa^`FHJ�f�UWQ�d
ZHGIT_GY^�SIN�sYjKiWGb��F�hKs�VaG�TgUWQgJKGIFKN�LOG�JeV�|0U�L_QgT_G�QOjXG�S�L_U�k�G
ZKN�TOU�ÛIN�F�L$^`iH^�FHJck�GITOLOU\SI^`iaSbN�sYjXN�FKG�F�L_Q�w¥è�F�G�Q_Q]G�FHSbG�f�L_ZKG�^�FKp�iWG�JYk�G�S�L_N�T�U\Q�L_^`v�GIFYL_NtVXG�LOZHG�Z�|�jaN�LOGIF�hHQOG�N�D¡^
T_U�p�Z�L�LOT_UW^�FKp�iWG�fXJPG�Q_SbT_U�VXG�JqV�|�LOZKG�i�G�FKp`L_ZHQ�N�D�LOZKGB^�Jz~]^�SbGIF�L�^�FHJqN�jHjaN�Q]U�LOGtQOU\JPG�Q�w���^lL_ZKGIT�LOZH^�F�JPGRQOSITOUWVKUWFKp
^[k�G�SbLON�T Ú Q�iWGIFKp�LOZe^`FHJ0JKU�T_G�SbLOUWN�F�V�|�JPG�FKN`L_U�FKpusc^`p�FKUxL_hHJPGY^`FHJ�^`FKp�i�G�fXU�L�UWQ�JPGRQOSITOUWVaGRJ0UWF0L_GIT_sYQ�N`D!¸`ZKNld
D�^`T
iWGbD�L �zT_U�p�Z�L_¸Y^`FHJu¸`ZHNld D�^`T�hHj!�lJPNld
F�w ¸
��ZKGRQ]G
L�d!NtJPUWsYGIFHQOUWN�FH^�iH�Hp�hKT_G�Q�ã�ZKN�T_U�ÛIN�F�L$^`ia^�FHJYk�G�T]L_UWS�^`i ç ^`T_G�QO|�stVXN�iWUoÛ�G�JcV�|BL�dnNtF�hHsBG�TOU\SI^�iK�Hp�hKT_G�Q�w

è�FBN�T$JPGIT�LON�JPU\Q�L_U�FKp�hKU\Q]ZtLOZKG�ZKN�TOU�ÛIN�F�L$^`i�^`FHJtk�G�T]L_UWS�^`i�JPU�sYG�FHQ]UWN�FaQ�D{T_N�s2GR^�S$Z�N`LOZHGITRfzLOZKG�k�G�T]L_UWS�^`i�UWQ�jKT_Gb�H��GRJ
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d
U�LOZ0^YiWNldnG�T]��SI^�Q]G�¸`U\¸�ã{UWF�jKhKT_GgsY^`LOZKG�sc^lLOU\SIQ ç N�T�¸�~]¸�ã{UWF�GIiWG�SbLOT_N�FKU\SIQ ç w!��ZKG�QOGgiWNldnG�T]��SI^�Q]Gri�GIL]L_GIT$Q�JPNcFKN�L
T_GIjKT_G�QOGIF�L�^cjKZ�|PQOUWS�^`i¡kl^`T_U\^`VKiWGpã�QOhHS$Z0^�Q�U�FHQ]L_^�F�L_^`FHGIN�haQ�SbhKT_T_GIF�L�fX^`i\Q]N[QO|�stVXN�iWUoÛ�G�JuV�|u^ciWNld!GITO�ES�^�QOG�iWGbLOLOGIT
¸`U\¸ ç f�VKhPLgT$^lLOZHGIT�^`T_G�sc^lL_ZKGIsc^`LOU\SI^`i}¸�N�jXGIT$^lLON�T_Q_¸YhHQOG�J�LONqJPU\Q�L_U�FKp�hKU\Q]Z�LOZKGYk�GRS�L_N�T Ú Q�k�G�T]L_UWS�^`i�SbN�sYjXN�FKG�F�L
D{T_N�s«UxL$Q�ZKN�TOU�ÛIN�F�L_^`i�SbN�sYjXN�FKG�F�L�w���Q�^�SbN�sYjKiWGbL_G�SbN�sYjKi�GI�gF�hHstVXGITRf�L_ZKG�ZHN�T_UoÛ�N�F�L_^�i�^`FHJ�k�GITOLOU\SI^�i � hH^`F�LOU�LOUWG�Q
^`T_G�d
TOU�L]L_GIFq^�Q
^cQOhKsq¢

4 + j4
"4 right and 4 up"

In "rectangular" form, a vector’s length and direction
are denoted in terms of its horizontal and vertical span,"
the first number representing the horixontal ("real") and
the second number (with the "j" prefix) representing the
vertical ("imaginary") dimensions.

4 + j0

"4 right and 0 up/down"

4 - j4
"4 right and 4 down"

-4 + j0
"4 left and 0 up/down"

-4 + j4
"4 left and 4 up"

-4 -j4

"4 left and 4 down"

+j

-j

+ "imaginary"

- "imaginary"

+ "real"- "real"

��ZKG�ZHN�T_UoÛ�N�F�L_^�i�SbN�sYjaN�FKGIF�L�U\Q�T_GbD{G�TOT_G�JrL_N�^�Q�LOZHG ¿O��Õ�¾ SbN�sBjXN�FHGIF�L�flQOU�FHSIG�L_ZH^lL�JPU�sYG�FHQ]UWN�FtUWQ�SbN�sYjH^`LOUWVKiWG
d
U�LOZíFHN�T_sY^�i�frQOS�^`i\^`TUã�¸`T_G�^�iW¸ ç F�hKstVXGIT$Q�w���ZHGMk�GITOLOU\SI^`i�SbN�sYjaN�FKGIF�LqUWQ�TOGID{GIT_TOGRJçLONç^�Q�LOZHG �M¼HÕI�����iÕ-¿�úSbN�sYjaN�FKGIF�L�f�Q]UWFHSIGYLOZH^`L�JPUWsBG�FHQOU�N�FeiWUWG�QgUWF�^�JPUxÅ¤GIT_GIF�LtJPUWT_G�S�L_U�N�F¡f�LON`L$^`iWi�|M^`iWU�G�FML_NqLOZKG�QOS�^`iWGBN�DnL_ZKG[T_G�^�i
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F�hKstVXGIT$Q�w
��ZKG�¸�TOGR^`i\¸�^`��U\Q�N`D¤L_ZKG
p�T$^`jKZYSbN�TOT_G�QOjXN�FHJKQ�L_NgLOZKG�D�^�sYU�iWUW^�T�F�hKstVXGIT�i�UWFKG
d!G�QO^zd	G�^`T_iWU�G�T�¢�L_ZKG�N�FKG
d
UxL_Z

VXN`LOZ�jXN�QOU�LOUWk�Gg^`FHJuFKG�p�^`LOUWk�Ggkl^`iWhKG�Q�N�FqUxLRwn��ZKGt¸�U�sc^�p�UWFH^`T_|P¸t^l�PU\Q
N`D�LOZHGop�T$^`jKZqSbN�TOT_G�QOjXN�FHJKQnL_N[^`FKN�LOZKG�T
F�hKstVXGIT
iWUWFKGoQ]U�LOha^lLOGRJq^lL ò ³�´
L_NYLOZKGo¸�TOGR^`i\¸tN�FKG�w#�}GRS�L_N�T$Q�VaG�U�FKpBL�d!N`��JPUWsBG�FHQOU�N�FH^`iXLOZHU�FKp�QIfHdnG�sthaQ�L�ZH^zk�G
^�L�dnN��EJKU�sYGIFaQ]UWN�FH^�i�¸`sc^`jH¸BhKjXN�Fqd
ZKU\S$ZuLONYGb�PjKT_G�Q_Q!LOZHGIsqfPLOZ�hHQ
LOZKG�L�d!NYF�hHstVXGIT
iWU�FKGRQ
jXGIT_jaG�FHJPU\SbhKi\^`T�L_N
G�^�S$Z�N�LOZKG�T�¢

0
$

1 2 3
%

4 5
& . . .. . .

-1-2-3-4-5

1

2
'
3
%
4
(
5
&

-1

-2

-3

-4

-5

"real" number line

"imaginary"
number line

��U�LOZHGITtsYGILOZKNPJ�N�D�FKN`L$^lLOUWN�FºUWQ�kl^`iWUWJmD{N�T�SIN�sYjKiWGb��F�hKstVXGIT$QIwM��ZKG�jKT_UWsY^�TO|eT_G�^�QON�FmD{N�TtZH^zk�UWFKp�L�d!N
sYGbL_ZKNPJKQ�N�D}FKN`L$^lLOUWN�F�U\Q�D{N�T�GR^�QOGgN`D�iWN�FKp�ZH^`FaJuS�^`i\SbhKi\^lL_U�N�F¡fXTOGRS�L_^�FKp�hHiW^�T�D{N�T_sÕiWGIFHJKU�FKp�UxL$Q]G�ixD}L_N�^�JHJPUxL_U�N�F
^`FaJ�QOhKVPL_T_^�S�LOUWN�F�fK^`FHJujXN�i\^`T!D{N�T_sôiWGIFHJKU�FKpYU�L_QOGIi�D�L_NcsthKi�LOUWjKiWUWS�^lL_U�N�Fq^�FHJuJPU�k�U\Q]UWN�F�w
�nN�F�k�GIT$Q]UWN�F�VXGbL�d!GIG�FºL_ZKGuL�dnNmFKN�L_^lL_U�N�FH^`i!D{N�TOscQBU�F�k�N�iWk�G�QBQOU�sYjKiWGuLOT_U�p�N�FKN�sBGILOT_|�wº��N�SbN�F�k�GITOLtD{T_N�s

jXN�i\^`T�LONmTOGRS�L$^`FKp�hKiW^�T�f��HFaJ�L_ZKGqTOGR^`i
SbN�sBjXN�FHGIF�LBV�|�s�hKixL_U�jHi�|�UWFKp�L_ZKGqjaN�iW^�TYsY^�p�FKU�LOhaJPG�V�|mL_ZKG�SbN�QOUWFKG
N`D}L_ZKGY^`FKp�i�G�fX^�FHJqLOZHG�UWsc^`p�UWFH^�TO|uSbN�sYjXN�FKG�F�L�V�|qsthKi�LOUWjKiW|�UWFKp�LOZKG�jaN�iW^�T�sc^�p�FKU�LOhHJKGtV�|uLOZKGBQ]UWFKGtN�D�LOZHG
^`FHp�iWG�w
��ZKU\Q�sc^z|�VXGthKFaJPGIT$Q�L_N�N�JqsYN�TOGgT_G�^�JPU�iW|�V�|qJPT$^zd
U�FKpYL_ZKG � hH^�F�L_UxL_U�GRQ�^�Q�QOUWJPGRQ�N�D}^[TOUWp�Z�L
LOT_U\^`FKp�i�G�fLOZHG�Z�|�jaN�LOGIF�hHQOG�N�DXL_ZKG�L_TOU\^`FHp�iWG
TOG�jKTOGRQ]G�F�LOUWFKp�LOZKG�k�GRS�LON�T�U�L_QOGIi�D%ã�UxL$Q�iWGIFHp`LOZ�^`FHJc^�FKp�iWG
d
UxL_Z[T_G�QOjaGRS�L�L_NoLOZHG
ZKN�TOU�ÛIN�F�L$^`iHSIN�FHQ]LOU�LOhKLOUWFKpgLOZHG�jXN�i\^`T�D{N�TOs ç f�L_ZKG�ZKN�TOU�ÛIN�F�L_^`iK^�FHJck�GITOLOU\SI^`iaQ]U\JPG�Q�TOG�jKT_G�QOGIF�LOUWFKp�LOZHG�¸`T_G�^�iW¸�^�FHJ¸`UWsc^`p�U�FH^�TO|P¸tTOGRS�L_^�FKp�hHiW^�T�SIN�sYjXN�FKG�F�L$QIfPT_G�QOjXG�S�L_U�k�GIiW|¤¢
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+j3

+4

length = 5

angle =
36.87o

(polar form)

(real component)

(imaginary component)

4 + j3 (rectangular form)

(5)(cos 36.87o) = 4

(5)(sin 36.87o) = 3

5 
)

∠ 36.87o

��N�SbN�F�k�GITOLaD{T_N�s¬TOGRS�L_^�FKp�hHiW^�T¤LON
jXN�i\^`TRfb�HFHJrL_ZKG�jXN�i\^`T¡sc^�p�FKU�LOhHJKG�LOZKT_N�hKp�Z�L_ZKG�hHQOG}N`D�L_ZKG�ë�|�L_ZH^`p�N�T_G�^`F
��ZKG�N�T_GIs ã�L_ZKG�jaN�iW^�T�sc^�p�FKU�LOhHJKG!U\Q�LOZKG�Z�|�jaN�LOG�F�haQ]G!N`Da^�T_U�p�Z�L�LOT_U\^`FKp�i�G�f`^`FHJoLOZKG�T_G�^`iP^�FHJoUWsc^`p�UWFH^�TO|gSbN�sB�
jXN�FKG�F�L$Q�^�TOGoLOZKGB^�Jz~]^�SbGIF�L�^`FHJqN�jKjaN�Q]U�LOGBQ]U\JPGRQIfXTOGRQ]jXG�SbLOUWk�G�i�| ç f¤^`FaJqLOZKGB^`FKp�i�GtV�|uL$^`v�U�FHpcLOZKGY^`T$S�L$^`FKp�GIF�L
N`D�LOZHGgU�sc^`p�U�Fa^`T_|[SbN�sYjXN�FKG�F�L
JKU�k�U\JPG�JuV�|cLOZHGgTOGR^`i¡SbN�sYjaN�FKGIF�L�¢

4 + j3
*

(rectangular form)

c =+ a, 2 + b2 (pythagorean theorem)

polar magnitude = 4
* 2 + 32

polar magnitude = 5
)

polar angle = arctan, 3

4
*

polar angle =

(polar form)

36.87o

5 
)

∠ 36.87o

ÆºÇ�È�É�ÊbÈ�Ë&%
Æ�- ��¾oÕ-¿ FKN�L_^lL_U�N�F[JPGIFHN`LOGRQn^tSbN�sYjKiWGb�YF�hKstVXGIT!UWFcLOG�TOscQnN`D�UxL$Q�k�G�SbLON�T Ú Q�iWGIFKp�LOZ�^�FHJc^`FKp�hKi\^`TnJKU�T_G�SbLOUWN�FD{TON�sõLOZKGoQ]L_^�T]L_U�FHpBjXN�UWF�L�w����P^�sYjKi�G�¢¥ÝH| §�» sYUWi�GRQ � ¦ ³ å ´ ã{·eG�Q]L�V�|dß�N�hKLOZ�dnGRQ�L ç w
Æ/. ��»\þ�Õl����éb¾�Õ�¿ FKN�L_^lL_U�N�F�JPG�FKN`L_G�Q!^�SIN�sYjKiWGb�cF�hKstVXGIT!U�F�LOG�TOscQnN`D�U�L_Q!ZKN�TOU�ÛIN�F�L$^`iX^`FHJck�GITOLOU\SI^�iXJPUWsYGIFP�Q]UWN�FHQ�w}�}�K^`sYjKiWG�¢}JPT_UWk�G § îrsYU�iWG�Q
·eG�Q]L�fKLOZKG�F�L_hKT_Fq^�FHJuJPTOUWk�GYî ä sYUWi�GRQ�ß�N�hKLOZ¡w
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Æ è�FeT_G�SbL_^�FKp�hKi\^`TgFHN`L_^`LOUWN�F¡f�LOZKG[�HT_Q]L � hH^`F�L_UxL�|MUWQ�L_ZKG�¸�TOGR^`i\¸uSIN�sYjXN�FKG�F�L�ã�ZKN�T_U�ÛIN�F�L$^`i�JPUWsYGIFHQOU�N�FmN`Dk�G�SbLON�T ç ^`FHJ�LOZKGgQOG�SIN�FHJ � ha^`F�LOU�L�|[U\Q!LOZKGg¸`UWsc^`p�U�FH^�TO|P¸oSIN�sYjXN�FKG�F�L#ã�k�GITOLOU\SI^�iXJKU�sYGIFaQ]UWN�FuN`D�k�G�SbLON�T ç w
��ZKG�U�sc^`p�U�Fa^`T_|YSIN�sYjXN�FKG�F�L
U\Q�jKT_G�SbGRJPG�J�V�|�^Bi�Nld!GITO��SI^�QOG�¸b~bf ¸YQON�sYGbL_U�sYG�Q
S�^`iWi�GRJ[L_ZKGg¸�~!N�jXGIT$^lLON�T�w ¸

Æ ánN�LOZYjXN�i\^`Tn^�FHJBTOGRS�L$^`FKp�hKiW^�T}D{N�T_scQ}N`D�FKN�L_^`LOUWN�FYD{N�Tn^oSbN�sBjHi�GI��F�hKstVXGIT!SI^�FcVaG�T_GIi\^lL_G�JYp�T_^�jKZKU\SI^`iWiW|U�F�LOZKG�D{N�TOsôN`D�^BT_U�p�Z�L!L_TOU\^`FHp�iWG�fPd
U�LOZ�LOZKGgZ�|�jaN�LOG�F�haQ]G�T_GIjKT_G�QOGIF�LOUWFKp�LOZKGgk�G�SbLON�T�U�L_QOGIi�DDã�jaN�iW^�T!D{N�T_su¢
Z�|�jXN`L_GIF�hHQOG
i�G�FKp`L_Z10ísY^�p�FKU�LOhaJPG��P^`FHp�iWG
d
UxL_Z[TOGRQ]jXG�SbL�LON�ZKN�T_U�ÛIN�F�L$^`iHQOUWJKG20¬^`FKp�i�G ç f�LOZKG�ZKN�T_UoÛ�N�F�L_^�i
Q]U\JPG0T_GIjKT_G�QOGIF�L_U�FKpmL_ZKG0T_G�SbL_^`FHp�hKi\^`T�¸�TOGR^`i\¸mSbN�sYjXN�FKG�F�L�f�^`FaJçLOZKG�k�GITOLOU\SI^�i�QOUWJKG0TOG�jKT_G�QOGIF�LOUWFKpmLOZHG
TOGRS�L_^�FKp�hHiW^�T!¸�U�sc^`p�U�Fa^`T_|�¸�SbN�sBjXN�FHGIF�L�w

?VÂ
3 Ð Î�Ô3Ê�ËPÌ�� È�C�Ô54UÌ�Å´Ò�Å�Ç�A76�Ô Ì
A~Ç\É

ß�UWFHSbGMSbN�sYjKiWGb�çF�hKstVXGIT$Q[^�TOG�iWGIp�UxL_U�sc^lL_G0sc^lL_ZKGIsc^lL_UWS�^`i�G�F�LOU�LOUWG�Q�f�~�hHQ�Lui�UWv�GMQOS�^`i\^`TcF�hKstVXGIT$Q�fnL_ZKGI|çSI^�F
VXGY^�JKJPGRJ�f¡Q]hHVPLOT$^�SbLOG�J¡f¡sthKi�LOUWjKiWU�GRJ�f�JPUWk�UWJKG�J�f�Q � hH^`T_G�J¡fXUWF�k�G�T]L_G�J�f¡^�FHJ�QOhHS$Z¡f�~�hHQ]LoiWU�v�GB^�F�|qN�LOZKG�Trv�UWFHJMN`D
F�hKstVXGITRw�ß�N�sYG�QOSIU�G�F�LOU��aS�SI^`i\SbhHiW^`LON�T$Q�^�TOG�jKT_N�p�T$^`sYsYG�JcLONYJPU�T_G�SbLOiW|cjaG�T]D{N�TOs�L_ZKG�QOGrN�jXGIT$^lLOUWN�FaQ�N�F[L�d!N�N�T
sYN�T_GcSbN�sYjKiWGb�MF�hHstVXGIT$QIf�VKhPLgLOZHG�QOGcN�jXGIT$^lLOUWN�FaQgSI^`Fm^`i\QONuVXG[JPN�FKGc¸`V�|0ZH^�FHJ�w ¸���ZKUWQtQ]GRS�LOUWN�Fed
UWi�i�QOZKNld
|�N�h[ZKNld L_ZKG�VH^�QOU\S�N�jXGIT$^lL_U�N�FHQ!^`T_G�jXGITOD{N�T_sBGRJ�w~èEL
UWQ #��x�z#�¾xú T_G�SIN�sYsYGIFHJKG�JYL_ZH^lL
|�N�h[G � hKUWju|�N�hHT_QOGIi�D¡d
UxL_Z
^tQ_SbUWGIF�L_Ux�aS�SI^�iWSIhKiW^`LON�TnSI^�jH^`VHi�G�N`D�jXGITOD{N�T_sYU�FKp�^`T_UxL_ZKsYGbLOU\S�D{hKFHS�L_U�N�FHQnG�^�QOUWi�|YN�F�SbN�sYjKiWGb�cF�hKs�VaG�T_Q�w~èEL!d
UWi�i
sc^`v�Go|�N�hKT�Q]LOhHJK|�N`D����«SbUWT$SbhKU�L�s�hHS$Z0sYN�T_GojKiWG�^�QO^�F�L�LOZH^�F�U�D�|�N�h Ú T_GgD{N�T$SbGRJqLONuJPN�^�i�i�SI^�iWSIhKi\^lLOUWN�FaQ
LOZHG
iWN�FKp�GIT�d!^z|�w
��JHJPUxL_U�N�F�^�FHJoQOhKVPLOT$^�SbLOUWN�Fod
U�LOZYSbN�sYjKi�GI�gF�hHstVXGIT$Q�UWFtT_G�SbL_^`FHp�hKi\^`T�D{N�T_s«U\Q�G�^�Q]|�w��KN�T�^�JKJPU�LOUWN�F¡f`QOUWsBjHi�|

^�JHJghKjgL_ZKG�T_G�^�i�SbN�sYjaN�FKGIF�L_Q�N`DPL_ZKGnSIN�sYjKiWGb��F�hKstVXGIT$Q¡L_N�JPGILOG�TOsYUWFKG}LOZHGnT_G�^�i�SbN�sYjaN�FKGIF�L�N�DPLOZKG�Q]hHsufl^�FHJ
^�JHJ�hHjqLOZKGoUWsc^`p�U�FH^�TO|�SbN�sYjXN�FKG�F�L_Q
N�D�L_ZKGoSbN�sYjKi�GI�uF�hKs�VaG�T_Q
LON[JPGILOGIT_sYU�FHGgLOZKGgUWsc^`p�U�FH^�TO|�SbN�sYjXN�FKG�F�L
N`D�LOZHGoQ]hKsq¢

2 + j5
8
4 - j3
*

+9
6 + j2
:

175 - j34
80 - j15+9

255 - j49

-36 + j10
20 + j82
8

+9
-16 + j92

· ZKG�FuQOhKVPL_T_^�S�LOUWFKpYSbN�sBjHi�GI�[F�hHstVXGIT$QnUWFuTOGRS�L_^�FKp�hHiW^�T�D{N�TOsqfKQOU�sYjKiW|[Q]hHVPLOT$^�SbL!L_ZKG�TOGR^`i�SbN�sYjaN�FKGIF�L�N`D
LOZHG[Q]GRSbN�FaJeSIN�sYjKiWGb�eF�hHstVXGIT�D{T_N�sÑL_ZKG[T_G�^�i�SbN�sYjXN�FKG�F�L�N�DnL_ZKGc�HT$Q]LgLON0^`T_T_U�k�GB^`LgLOZKGcT_G�^�i�SbN�sYjXN�FKG�F�L
N`D!LOZHG[JPUxÅ¤GIT_GIFaSbG�f�^`FaJMQOhKVPL_T_^�S�LgLOZHGcU�sc^`p�U�Fa^`T_|�SbN�sBjXN�FHGIF�LgN`D!LOZKG�QOG�SIN�FHJeSbN�sYjKi�GI��F�hKstVXGIToD{TON�sÑLOZHG
UWsY^�p�UWFH^`T_|[SbN�sYjaN�FKGIF�L
N`D�LOZKG��aT_Q]L�LON[^`T_T_U�k�G�LOZHGgU�sc^`p�U�Fa^`T_|[SbN�sYjXN�FKG�F�L�N`D�L_ZKGoJPU�ÅXG�TOG�FHSbG�¢

2 + j5
8
4 - j3
* 175 - j34

80 - j15
-36 + j10
20 + j82
8

- - -

-2 + j8 95 - j19
;

-56 - j72
�KN�TYi�N�FKp�ZH^�FHJ�s�hKixL_U�jHi�U\SI^`LOUWN�Fç^`FHJyJPUWk�U\QOU�N�F¡f�jXN�i\^`TYUWQ�L_ZKGuD�^zk�N�T_G�J�FKN`L$^lLOUWN�FºLONmd!N�T_ved
U�LOZ�w	· ZKG�F

sthHixL_U�jKiW|�U�FHpuSIN�sYjKiWGb�0F�hKstVXGIT$Q�U�FejaN�iW^�T�D{N�TOsqf¡QOU�sYjKiW| ¼²éb¾ þ�� ½�¾ ú L_ZKGBjaN�iW^�T�sc^`p�FKU�LOhHJPGRQrN`D�L_ZKGcSbN�sYjKiWGb�
F�hKstVXGIT$Q�LON	JKGbLOG�TOsYUWFKG0L_ZKG�jXN�i\^`Tusc^`p�FKUxL_hHJPGMN`DgLOZHG�jKT_NPJPhHS�LRf�^�FHJ Õ`Ö[Ö L_ZKGm^`FKp�i�GRQ[N`DgL_ZKGmSbN�sYjKiWGb�F�hKstVXGIT$Q!LON[JKGbLOG�TOsYUWFKGrLOZKGo^�FKp�iWG�N`D�LOZKGgjHTONPJPhHSbL�¢
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(35 ∠ 65o)(10 ∠ -12o) = 350 ∠ 53o

(124 ∠ 250o)(11 ∠ 100o) = 1364 ∠ -10o

or
1364 ∠ 350o

(3 ∠ 30o)(5 ∠ -30o) = 15 ∠ 0o

��U�k�U\Q]UWN�F�N�D�jaN�iW^�T]��D{N�T_sôSbN�sYjKi�GI��F�hHstVXGIT$Q�U\Q�^`i\QON[G�^�Q]|¤¢�Q]UWsYjKi�|qJPUWk�UWJPGtLOZKG�jaN�iW^�T�sc^`p�FKU�LOhHJPGtN`D}LOZHG
�HT$Q�L�SIN�sYjKiWGb�qF�hKstVXGIT�V�|�LOZKGojXN�i\^`T�sY^�p�FKU�LOhaJPGgN`D�LOZHGtQ]GRSbN�FHJqSbN�sYjKiWGb�uF�hKstVXGIT
L_N�^`T_T_U�k�G�^`L
LOZKGtjaN�iW^�T
sc^`p�FKUxL_hHJPG�N`D�LOZHG � hKN�LOUWGIF�L�fa^`FHJuQ]hHVPLOT$^�SbL!L_ZKGg^`FKp�i�G�N�D�LOZHGoQ]GRSbN�FaJ�SIN�sYjKiWGb��F�hKs�VaG�T�D{TON�sõLOZKGo^�FKp�iWGrN`D
LOZHG��HT_Q]L�SbN�sBjHi�GI��F�hKstVXGIT�L_Nc^`T_TOUWk�G�^lL�LOZHGo^`FKp�i�G�N`D�LOZHG � hHN`LOUWGIF�LR¢

35 ∠ 65o

10 ∠ -12o =

124 ∠ 250o

11 ∠ 100o =

3 ∠ 30o

5 
)

∠ -30o =

3.5 
>

∠ 77o

11.273 ∠ 150o

0.6 
?

∠ 60o

��N�N�VPL$^`UWFgLOZHG�T_G�SbUWjKT_NPSI^`i�fRN�T�¸�U�F�k�GITOL_¸�ã�î@�R� ç fl^�SbN�sYjKiWGb��F�hKstVXGITRflQ]UWsYjKiW|�JKU�k�U\JPG�L_ZKG�F�hKs�VaG�TSã�U�F�jaN�iW^�T
D{N�T_s ç UWF�L_N0^0Q_SI^`i\^`Tgkl^�i�hKGcN�Dgî�f�d
ZKUWS$Z�U\QgFKN�LOZKUWFKp0sYN�TOGYL_ZH^`F�^�SIN�sYjKiWGb�MF�hKs�VaG�Ttd
U�LOZ�FKN�U�sc^`p�U�Fa^`T_|
SbN�sYjaN�FKGIF�L#ã�^�FKp�iWGA0Û³ ç ¢

1
= =

1
= =

1
= =

1 ∠ 0o

1 ∠ 0o

1 ∠ 0o

35 ∠ 65o 35 ∠ 65o

10 ∠ -12o 10 ∠ -12o

0.0032 
µ

∠ 10o 0.0032 
µ

∠ 10o

0.02857 
?

∠ -65o

0.1 
?

∠ 12o

312.5 
>

∠ -10o

��ZKGRQ]Gt^�TOGoLOZKG�VH^�QOUWSoN�jXGIT$^lLOUWN�FaQ�|�N�h�d
U�iWi�FKGIGRJqLON�v�FHNld«UWF0N�T_JPG�T�L_N[sc^`FKUWjKhKi\^lL_G�SbN�sYjKi�GI��F�hHstVXGIT$Q
UWF	L_ZKG�^`FH^�i�|PQOUWQBN�Dr���ôSbUWT_SIhKUxL$QIw¦Ã�jXGIT$^lLOUWN�FaQ�d
U�LOZ SIN�sYjKiWGb�ºF�hKs�VaG�T_QY^`T_GqV�|�FKNmsYG�^`FaQ�iWUWsBU�LOGRJM~�hHQ�L
LONu^�JKJKUxL_U�N�F¡fXQOhKVPL_T_^�S�L_U�N�F¡fas�hKi�LOUWjKi�U\SI^`LOUWN�F¡f¤JPUWk�UWQOU�N�F¡f¤^`FHJ�UWF�k�G�T_QOU�N�F¡fHZHNldnG�k�GITRw���UWT]L_hH^`iWiW|q^�F�|u^�TOU�LOZKsYGILOU\S
N�jXGIT$^lL_U�N�FyLOZH^`L�SI^`F VXG�JPN�FKG�d
U�LOZ¦Q_SI^`i\^`TcF�hKs�VaG�T_Q�SI^`FçVXG�JPN�FKG0d
U�LOZ¦SbN�sYjKi�GI�	F�hKs�VaG�T_Q�f�U�FHSIi�haJPU�FHp
jXNldnG�T_Q�fnT_N�N`L$QIf
QON�iWk�UWFKp�QOU�s�hKi�L_^`FHGIN�haQcG � hH^`LOUWN�FHQ�d
UxL_Z¦SbN�sYjKiWGb� SbN�GB�cSIU�G�F�L_Q�f�^�FHJçGIk�GIFçL_TOUWp�N�FKN�sYGbL_TOU\S
D{hKFHSbLOUWN�FHQ�ã�^`i�LOZKN�hKp�Z�LOZHUWQ�UWF�k�N�iWk�GRQ�^�d
ZKN�i�G�FKG�dºjXGIT$Q]jXG�SbLOUWk�G!U�FBLOT_UWp�N�FHN�sYGbL_TO|gSI^�i�iWG�J #�ú+½H�\¿I£$�-¾ �Ô» ü éP�i»Pþ����`�FÀd
ZKU\S$Z UWQ[dnG�i�i�VXGI|�N�FHJyL_ZKG0Q_SbN�jXG0N�D�L_ZKUWQ�JPU\QOSIhHQOQOUWN�F ç w¬á!G�QOhKTOGqL_ZH^lL[|�N�h Ú T_GqD�^`sYU�iWU\^`T[d
U�LOZçL_ZKG0VH^�Q]U\S
^`T_U�LOZKsYGbL_UWSuN�jaG�T_^`LOUWN�FHQBN`D�^�JKJKUxL_U�N�F¡f!QOhKVPL_T_^�S�L_U�N�F¡f�s�hKixL_U�jHi�U\SI^`LOUWN�F¡f!JPU�k�U\Q]UWN�F�f!^�FHJºUWF�k�G�T_QOU�N�F¡f�^�FHJº|�N�h Ú iWiZH^zk�G�iWUxLOLOiWGgLOT_N�hHVKi�G�d
U�LOZ����íSbUWT_SIhKUxL�^�FH^`iW|PQ]U\QIw
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Æ ��No^�JKJYSbN�sYjKiWGb�BF�hKstVXGIT$Q}UWFBT_G�SbL_^�FKp�hKi\^`T�D{N�TOsqf�^�JKJ�LOZHG�TOGR^`iKSIN�sYjaN�FKGIF�L$Q�^`FHJc^�JKJ�LOZKG�U�sc^`p�U�Fa^`T_|SbN�sYjXN�FKG�F�L_Q�w%ßPhKVPLOT$^�SbLOUWN�FuUWQ�Q]UWsYU�i\^`TRw

Æ ��NBsthKi�LOUWjKiW|�SbN�sYjKi�GI�[F�hKstVXGIT$Q!U�FujaN�iW^�T!D{N�T_suf�s�hKixL_U�jHi�|cL_ZKG�sc^`p�FHUxL_hHJPG�Q�^�FHJ�^�JKJcL_ZKGg^`FKp�i�GRQIw���NJPU�k�U\JPG�fKJKU�k�U\JPG�LOZKGgsc^�p�FKU�LOhHJKG�Q
^`FaJuQOhKVPL_T_^�S�L
N�FHG�^�FKp�iWGrD{TON�sõLOZHGgN`LOZHGITRw

?VÂDC å�ÎBÔ Ì Ì��dÒoÔ3Ê�ËPÌ�ÍþÒ¶Ç$A#6÷Î Ð É�Ç\Å%É�C�Ç�A¥Í
�¡GIL Ú QtSIN�FKFKGRS�LoL_ZKT_GIG����¥k�N�i�L_^`p�GcQ]N�hKT_SIG�QgUWFºQOGIT_U�GRQo^`FaJmhHQ]G�SbN�sYjKiWGb�mF�hKstVXGIT$QgL_N�JPGILOGIT_sYU�FHG�^�JKJKUxL_U�k�G
k�N�ixL$^`p�G�Q�w���iWi�L_ZKG[T_hKi�GRQo^`FaJMi\^zd�QgiWG�^�TOFKGRJeU�FeLOZHG�Q�L_hHJP|eN`D��g�ÄSIU�T$SbhHUxL$Qo^`jKjHi�|�LON����ÄSbUWT_SIhKU�L_Qo^�QgdnG�i�i
ã�Ã�ZHs Ú Q%��^zdgf ¡ UWT$S$ZKZKN`Å Ú Q~��^zd�Q�flFKGbL�d!N�T_vo^`FH^�i�|PQOUWQ�sYGbL_ZKNPJKQ ç f�d
U�LOZ�LOZKG�GI�PSIGIjPL_U�N�F�N�DajXNldnG�T�S�^`i\SbhKi\^lL_U�N�FHQ�w
��ZKGoN�FKiW| � hH^`iWU��aSI^`LOUWN�FqUWQ�LOZH^`L�^`iWi�kl^�TOU\^`VKiWG�Q ¼Vé�À:þ VXGoGb�PjKT_G�Q_QOG�JuU�F0SIN�sYjKiWGb��D{N�T_sufHL_^�v�UWFKpcUWF�LON�^�SISbN�hKF�L
jKZH^�Q]G�^�Q
d!GIiWi�^�Q
sc^`p�FHUxL_hHJPG�f¤^`FaJ�^`iWi¡k�N�ixL$^`p�GRQ�^`FaJ�SbhKT_TOG�F�L_Q�sthaQ�LrVaGoN�D�LOZKGBQO^�sBG�D{T_G � hKG�FHSb|�ã{UWF�N�T$JPG�TLOZa^lL
LOZHGIUWT
jKZH^�QOGgT_GIi\^lLOUWN�FaQ]ZKUWjHQ!T_GIsc^`UWFuSIN�FHQ]L_^�F�L ç w

load

+

-

-

+

-

+

E1

E2

E3

22 V 
8

∠ -64o

12 V ∠ 35o

15 V ∠ 0o

��ZKG�jXN�i\^`T_U�L�|tsc^`T_vPQ�D{N�T!^`iWiKLOZHTOG�G�k�N�ixL$^`p�G
QON�hKT$SbGRQ�^`T_G
N�T_UWGIF�LOGRJYU�F[QOhHS$Z[^gd�^z|oL_ZH^lLnLOZKG�U�T!Q�L$^lLOGRJYk�N�ixLO�
^`p�G�Q!Q]ZHN�hKi\J�^�JKJcL_NYsY^�v�G�LOZKGrL_N`L_^�i�k�N�ixL$^`p�Gr^�SITON�QOQ�LOZKG�iWN�^�J�TOGRQ]U\Q]LON�TRw�ó�N`L_UWSIGrLOZH^`L
^�ixL_ZKN�hHp�Z�sc^�p�FKU�LOhHJKG
^`FaJ0jKZH^�Q]GB^`FKp�i�G�UWQrp�U�k�GIF�D{N�T�GR^�S$Z����«k�N�i�L_^�p�GtQON�hKT$SbG�faFHN�D{T_G � hKG�FHSb|qkl^`iWhKGBUWQ�QOjaGRSbU��HG�J�w�èED�LOZKU\QrUWQ�LOZHG
SI^�Q]G�f�UxLgU\Q�^�Q_Q]hKsYGRJ�LOZa^lLo^`iWi�D{TOG � hHGIFHSIU�GRQr^�TOGBG � hH^�i�f¤L_Z�hHQ�sYGIGbL_U�FHp�N�hKT � ha^`iWUx�aS�^lL_U�N�FHQ�D{N�Tg^`jKjHi�|�UWFKpu�g�T_hKi�GRQ
L_N�^`FM���«SbUWT_SIhKUxLVã�^�i�i��Hp�hHTOGRQ�p�UWk�G�F�U�FMSbN�sYjKiWGb�qD{N�TOsqf¤^`iWi�N`D}L_ZKGYQO^�sBGoD{TOG � hHGIFHSI| ç w���ZKGBQ]GILOhKj�N`D
N�hHT
G � hH^lL_U�N�F�L_NB�HFHJ�LON�L_^`i�k�N�i�L_^�p�G�^`jKjXG�^�T_Q�^�Q
Q]hHS$Z�¢

E
E

total = E1 + E2 + E3

(22 V ∠ -64o) + (12 V ∠ 35o) + (15 V ∠ 0o)E
E

total =ârT$^`jKZKU\SI^�i�iW|�f�L_ZKGgk�GRS�LON�T_Q�^�JKJuhKjqU�F�LOZKU\Q
sc^`FHFKGITR¢
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22 ∠ -64o

12 ∠ 35o

15 ∠ 0o

��ZKGYQ]hHs N`D�L_ZKG�QOG�k�G�SbLON�T$Q�d
UWiWi}VaGY^�T_G�QOhKi�L_^�F�Lrk�GRS�LON�T�N�TOUWp�UWFH^`LOUWFKp�^lLrLOZHGYQ]L_^�T]L_U�FHp�jXN�UWF�LrD{N�TrL_ZKG ¦[¦
k�N�ixL!k�GRS�LON�T�ã�JPN`L�^lLnhHjKjaG�T]�EiWGbD�L�N`D�JPU\^`p�T_^�s ç ^`FHJYL_GIT_sYU�FH^`LOUWFKp�^`L�L_ZKG�G�FHJPUWFKptjXN�UWF�L�D{N�T�L_ZKGtî » k�N�ixLnk�G�SbLON�T
ã�^�TOT_Nld L_U�j�^lL�L_ZKGgsYUWJKJKi�GI��T_U�p�Z�L�N�D�L_ZKGoJPU\^`p�T_^�s ç ¢

resultant vectorH

22 ∠ -64o

12 ∠ 35o

15 ∠ 0o

è�FqN�T$JPGIT!L_N[JPGbL_GIT_sBUWFKGgd
ZH^`L
LOZKGgT_G�QOhKi�L_^�F�L
k�G�S�L_N�T Ú Q!sc^`p�FKU�LOhHJPGo^�FHJq^`FKp�i�Gg^�TOG�d
U�LOZKN�hPL�TOGRQ]N�T]L_U�FHptL_Np�T$^`jHZKUWS�UWsc^`p�G�Q�f`dnG�SI^`FcSIN�F�k�G�T]L�GR^�S$ZYN�FKG
N�D¤LOZKGRQ]G�jXN�i\^`TO��D{N�T_sÄSbN�sBjHi�GI�BF�hKs�VaG�T_Q}UWF�LONoT_G�SbL_^�FKp�hKi\^`T�D{N�TOs
^`FaJ�^�JHJ�wo�
GIsYG�stVXGITRf�dnG Ú T_G Õ[Ö`Öl����� LOZHG�QOGt�Hp�hKT_G�Q�LON�p�GbL_ZKGITrVXG�SI^�hHQOGtL_ZKG�jXN�i\^`T_U�L�|usc^�TOvPQ�D{N�TrLOZKG�LOZHTOG�Gk�N�ixL$^`p�GrQON�hKT$SbGRQ�^`T_GrN�TOUWGIF�L_G�J[UWF�^`F�^�JHJPUxL_U�k�G�sY^�FKFKG�T�¢
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15 

9.8298
¶
9.6442
¶ + j6.8829 V

- j19.7735 V

+ j0        V

+

34.4740 - j12.8906 V
>

15 V ∠ 0o = 15 + j0 V

12 V ∠ 35o = 9.8298 + j6.8829 V

22 V 
8

∠ -64o = 9.6442 - j19.7735 V

è�F�jXN�i\^`T
D{N�TOsqfKL_ZKU\Q�G � hH^`LOGRQ�LON å�Ì w ä ³ »`¦ k�N�i�L_QI� � ¦ ³Kw » ³Hî ä ´Iw�· ZH^`L�LOZHUWQ�sYG�^`FaQ
U�F�T_G�^�i�LOG�TOscQ�UWQ�LOZH^`L
LOZHG�k�N�ixL$^`p�G
sBGR^�QOhKT_G�JY^�SITON�QOQ�L_ZKG�QOG
L_ZKTOG�G�k�N�ixL$^`p�G�Q]N�hKT_SIG�Q}d
UWiWiaVXG å�Ì w ä ³ »[¦ k�N�i�L_Q�f�i\^`p�p�UWFKp�LOZKG�î » k�N�i�L�ã�³�´
jKZH^�Q]G�TOGID{GIT_GIFHSIG ç V�| ¦ ³Hw » ³Kî ä ´�w��¬k�N�ixL_sYGbLOG�TnSIN�FKFKGRS�L_G�J[^�SbT_N�Q_Q�LOZKGRQ]G�jaN�U�F�L$Q�UWF�^gT_G�^�iaSbUWT$SbhKU�Lnd!N�hKi\JYN�FHi�|UWFHJPU\SI^lL_GYLOZKG�jaN�iW^�TgsY^�p�FKU�LOhaJPG[N`D!LOZHG[k�N�ixL$^`p�G�ã å�Ì w ä ³ »`¦ k�N�i�L_Q ç f�FKN`LtLOZKG�^�FKp�iWG�w���F�N�Q_SbUWiWi�N�QOSIN�jXGBSIN�hKi\J
VXGBhaQ]GRJ0L_NqJKUWQOjKi\^z|qL�dnNuk�N�ixL$^`p�G�d!^zk�GbD{N�TOscQr^`FHJ�LOZ�hHQ�jKT_Nlk�UWJKG�^ujKZH^�Q]GYQ]ZHUxD�LosYG�^�Q]hHTOG�sBG�F�L�f�VKhPLoFHN`Lg^
k�N�ixL_sYGbLOG�T�wo��ZHGBQ_^`sYGtjHTOUWFHSbUWjKiWG�ZHN�i\JKQ�LOT_hKGtD{N�Tg���°^`sYsYGbL_GIT$QI¢
L_ZKGI|�UWFHJPU\SI^`LOG�LOZKGYjXN�i\^`Trsc^`p�FHUxL_hHJPGBN`D
LOZHGoSbhKT_TOG�F�L�fPFKN�L!L_ZKGgjKZH^�Q]Gg^�FKp�iWG�w

��ZKU\Q!UWQ�GI��L_TOG�sYGIiW|cU�sYjXN�TOL_^`F�L
UWF�T_GIi\^lL_U�FKpYSI^�iWSIhKi\^lLOGRJc�Hp�hKT_G�Q!N`D�k�N�i�L_^�p�Gr^`FHJuSbhKT_T_GIF�LnL_N�T_G�^�i�SbUWT_SIhKUxL$QIw
��i�LOZHN�hKp�ZuT_G�SbL_^�FKp�hKi\^`T�FKN�L_^`LOUWN�FqUWQ�SbN�F�k�GIFKUWGIF�L�D{N�T�^�JKJPU�LOUWN�F�^`FaJuQOhKVPL_T_^�S�L_U�N�F¡fK^`FHJud�^�Q�UWFHJPG�G�JuLOZHG��HFH^`i
Q]LOGIj�U�F0N�hKT�Q_^`sYjKiWGojKT_N�VHi�G�sÕZKG�TOG�faU�L�U\Q�FKN`L�k�GIT_|u^�jKjKiWUWS�^`VKiWGgL_N�jKT$^�SbLOU\SI^`i�sBGR^�QOhKT_GIsYGIF�L_Q�w��
GRS�L_^�FKp�hHiW^�T
�Hp�hKTOGRQ�sthHQ]L�VXGtSbN�F�k�GITOLOGRJcL_N[jaN�iW^�T��Hp�hHTOGRQ#ã�QOjaGRSbU��aSI^�i�iW|�jXN�i\^`T ¼HÕI���H�Mþné
Ö��+ç VXGbD{N�TOG�L_ZKGI|qSI^�FuVXGoT_GIi\^lL_G�J
LONc^�S�LOha^`i�SIU�T$SbhKU�L
sYG�^�QOhKT_GIsYGIF�L$QIw

·eG�SI^�F�hHQOG*ßPë	èO�!�çLON[k�GIT_UxD{|�LOZHG�^�S�SbhKT$^�SI|�N�D�N�hKT�TOGRQ]hKi�L_Q�w�è�F�L_ZKU\Q�L_G�Q]LrSbUWT$SbhKU�L�faLOZKG�î�³cvKJ«T_G�QOUWQ]LON�T
kl^`iWhKGtU\Q � hHUxL_G�^`T_VKU�LOT$^`T_|�w�èEL Ú Q�LOZHGIT_G�QONcLOZH^`L�ßPë	èO�!�íJPN�GRQ�FKN�LrJPGRSbi\^`T_Gt^`F0N�jaG�FP��SbUWT_SIhKUxLrGIT_TON�T�^`FaJ0^`VXN�TOL
^`Fa^`iW|�QOU\QIw���iWQONHfRL_ZKGnS$ZKN�UWSIG�N`DPD{T_G � hKG�FHSbUWG�Q�D{N�T�LOZKG!Q]UWsthHiW^`LOUWN�Fpã Ì ³�á�Û ç U\Q � hHUxL_Gn^`T_VKU�LOT$^`T_|�fRVaGRSI^�hHQ]G�TOGRQ]U\Q�L_N�T$QT_G�QOjaN�FHJ¦hKFHUxD{N�TOsYiW|çD{N�T�^`iWirD{TOG � hHGIFHSIU�GRQ�N�D����þk�N�i�L_^`p�GM^�FHJíSIhKTOT_GIF�LRwô��ZKGIT_GM^�TOGeN`L_ZKGIT�SIN�sYjaN�FKGIF�L$Q
ã{FHN`L_^�VKiW|�SI^�jH^�SIUxL_N�T$Q�^`FHJBUWFHJPhHSbLON�T$Q ç d
ZKUWS$ZcJPN�FKN�L�TOGRQ]jXN�FaJ�hHFKUxD{N�TOsYiW|oL_NoJPUxÅ¤GIT_GIF�L}D{T_G � hKG�FHSbUWG�Q�f`VKhPL�LOZH^`LU\Q
^`FKN�LOZKG�T�Q]hKVK~�G�S�LRû
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22 V 
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∠ -64o

12 V ∠ 35o

15 V ∠ 0o

NPO/QKR�SUT�NWVKXYN[Z[Z!\]T^\_R_`Qbaca/dcNPOea]fcdhg�\i`QKjcjkalNPOea]jcmnf�g�\o`QKmcmpjcNPOYjnjpq[rWshg�\o`tbalmpdua]dWv
w NPOYSP\i`xalrndcrnd y{z}|�~^g�\o`nV�N��[tKXW�W~PXU`^O]��R[�crnd����
w�� t!\o`�TcNPO/Q��Dm#��d���Q � �Dm7��d�� NPg�N�Z�X[�nNU~�SUTYQ�N�S_~PX
w XU`�Z

�[tKXW� Q��DmP� Q � �Dm��r w d[dndW����d!a m w r[�^ai����d!a�q[j w dnfndW���nd^a

� hKT_GrGIFKN�hKp�Z¡fPd!G�p�GIL
^tLON�L_^�i�k�N�i�L_^�p�GrN`D7� Ì w �Kî�k�N�ixL$Q�� � ¦ ³Hw » ´A� d
UxL_ZqTOGID{GIT_GIFHSIG�L_N�L_ZKGYî » k�N�ixL
QON�hKT$SbG�fd
ZKN�Q]G�jKZH^�Q]Gg^�FKp�iWG�d!^�Q!^�TOVHUxL_T_^�TOUWi�|[Q]L_^`LOGRJu^`L��IGIT_NcJPGIp�TOG�G�Q�QONY^�Q!LONYVXG�LOZKGo¸�TOGID{GIT_GIFHSIG�¸�d!^zk�GbD{N�T_s���w
�!L
�HT$Q�L�p�iW^�FHSbG�fPLOZHUWQ
U\Q�SIN�hKF�LOG�T]�EUWF�L_hKU�LOUWk�G�w���Nld«UWQ
U�L�jXN�Q_Q]UWVKiWGrLON[N�VPL_^�U�Fq^BLON�L_^`i�k�N�i�L_^�p�G�N`DX~�hHQ]L�Nlk�G�T� Ì k�N�i�L_Qgd
U�LOZ î » k�N�i�L�fnî ¦ k�N�ixLRf�^�FHJ ¦`¦ k�N�ixLtQOhKjKjKiWUWG�QoSIN�FKFKGRS�L_G�JeU�F�QOGIT_UWG�Q$Ö°· UxL_Zº�g��f�LOZKU\Qod!N�hHiWJeVXG

UWsBjXN�Q_QOU�VKiWG�f¤^�Q�k�N�ixL$^`p�G��ap�hKT_G�Q�d
U�iWi�G�UxL_ZKGITrJPUWTOGRS�LOiW|�^�JKJqN�T�QOhKVPL_T_^�S�L�f¤JPG�jaG�FHJPUWFKp�N�F�jaN�iW^�TOU�L�|�w�á!hPLrd
UxL_Z
����f¡N�hKTt¸`jXN�i\^`T_U�L�|�¸ � jHZH^�QOG[Q]ZHUxD�L
�gSI^�Fekl^�TO|�^�F�|�d
ZHGIT_GBUWFmVaGIL�dnG�GIFeD{hKiWix��^`U\JPUWFKp0^`FaJ�D{hHi�i���N�jKjXN�QOU�FKpaf�^�FHJ
LOZHUWQ�^�i�iWNld�QnD{N�T�QOhHS$ZujH^`T$^�JPNz�PU\SI^�iXQOhKsYsYU�FKpaw
· ZH^`L!U�D�d!GrLON�N�vYL_ZKGgQO^�sBG�SbUWT$SbhKU�L�^�FHJ[T_GIk�GIT$Q]GRJcN�FHG�N�D�LOZHG�QOhKjKjHi�|^� Q!SIN�FKFHG�S�L_U�N�FHQ$Ö1�EL_Q
SbN�F�LOT_U�VKhKLOUWN�F

LONBL_ZKG�LON�L_^`i�k�N�i�L_^�p�GrdnN�hKi\J[L_ZKGIFqVXG�LOZKGgN�jKjaN�Q]U�LOG�N�D�d
ZH^`L
UxL�d�^�Q�VXGbD{N�TOG�¢
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source E2 !

22 V ∠ -64o

12 V ∠ 35o

15 V ∠ 0o

ó�N�LOG�ZKNldíLOZKGcî ¦ k�N�i�L�Q]hKjHjKi�|^� Q
jKZH^�Q]Gg^�FKp�iWG�UWQ
Q]LOUWi�i�TOGID{GIT_TOGRJcLON[^�Q�� » ´zfKGIk�GIF�LOZKN�hKp�Z�LOZHGgi�GR^�JKQ�ZH^zk�G
VXGIGIFcT_GIk�GIT$Q]GRJ�w��
G�sYGIstVXGIT�LOZH^`L}LOZKG�jKZH^�QOG�^`FHp�iWG!N�D¡^`F�|ok�N�ixL$^`p�G�JKTON�jBU\Q�Q]L_^`LOG�JBUWFcTOGID{GIT_GIFHSIG!LONoU�L_Q}FHN`LOGRJ
jXN�i\^`T_UxL�|�w[��k�G�F�L_ZKN�hHp�ZeLOZKG�^`FKp�i�GYU\QoQ�L_U�iWi�d
T_UxLOLOG�Fm^�Q�� » ´zf¡L_ZKGck�GRS�L_N�Tgd
UWi�i�VXG�JPT$^zd
Fyîi��³�´oN�jKjXN�QOUxL_GcN`D
d
ZH^`L�UxL�d�^�Q!VXGbD{N�T_G�¢

22 ∠ -64o

12 ∠ 35o (reversed) = 12 ∠ 215o

or
-12 ∠ 35o

15 ∠ 0o

��ZKG
T_G�QOhKi�L_^`F�L � Q]hKs���k�G�SbLON�T�Q]ZKN�hKi\JYVaG�p�UWFY^`L�LOZHG�hKjKjXGITO��iWGbD�LnjaN�U�F�L � N�T_U�p�U�FYN`D¤L_ZKG ¦`¦ k�N�i�L�k�GRS�LON�TD��^�FHJLOG�TOsYUWFH^lL_Gg^lL
LOZHGgTOUWp�Z�L�^`T_TONldçL_U�jqN�D�L_ZKGcî » k�N�ixL
k�G�S�L_N�TR¢
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resultant vector

22 ∠ -64o

12 ∠ 35o (reversed) = 12 ∠ 215o

or
-12 ∠ 35ο

15 ∠ 0o

��ZKGoSIN�FKFKGRS�L_U�N�FuT_GIk�GIT$QO^�i¤N�FuLOZKGcî ¦ k�N�ixL�QOhKjKjKiW|uS�^`FqVXGgTOG�jKTOGRQ]G�F�LOG�J�UWFqL�dnNcJPU�ÅXG�TOG�F�L�d!^z|PQ!UWF�jaN�iW^�T
D{N�T_sq¢�V�|[^�F�^�JKJPU�LOUWN�F�N�D�îi��³�´
LONBUxL$Q�k�G�SbLON�T!^�FKp�iWG � sc^`v�U�FHptU�L�î ¦ k�N�i�L_Q�� ¦ î » ´ ��fPN�T!^�T_GIk�G�T_Q_^`iaN`D�Q]UWp�F[N�F
LOZHGcsY^�p�FKU�LOhaJPG � sc^`v�UWFKp�U�Lg�$î ¦ k�N�i�L_Q�� � » ´ �bwc��U�LOZKG�Trd�^z|�f�SbN�F�k�GIT$Q]UWN�F�L_NqTOGRS�L_^�FKp�hHiW^�T�D{N�TOsÑ|�UWGIi\JKQrLOZHG
Q_^`sYG�TOGRQ]hKi�L�¢

(reversed) =

or
=

=

-9.8298 - j6.8829 V

-9.8298 - j6.8829 V

12 V ∠ 215o

-12 V ∠ 35o

12 V ∠ 35o

��ZKG�T_G�QOhKixL_U�FHpY^�JKJPU�LOUWN�FqN`D�k�N�ixL$^`p�GRQ!U�FqT_G�S�L$^`FKp�hKi\^`TnD{N�T_sufKLOZKG�F¡¢
15 

9.6442
¶

- j19.7735 V

+ j0        V9

+9
-9.8298 - j6.8829 V

14.8143 - j26.6564 V��F0jXN�i\^`T�D{N�T_sufaLOZHUWQrG � hH^`LOGRQ
LON1��³Hw §�ò�Ì`§ �­� � Ì ³Hw ò � Ì ��´�w�Ã�FHSIG�^�p�^`UWF¡fXdnGtd
U�iWi�hHQ]G � ë��O�!� LON�k�GIT_UxD{|
LOZHGgTOGRQ]hKi�L_Q�N�D�N�hKT
SI^�iWSIhKiW^`LOUWN�FHQ�¢

NPO/QKR�SUT�NWVKXYN[Z[Z!\]T^\_R_`Qbaca/dcNPOea]fcdhg�\i`QKjua/jcNPOea]jcmnf�g�\o` ®KRWTKXYT[¯PX�tKXWQ�XWt!gUN�S/R[��`KR[Z�X�`n~U|P°KXWt!gljpNU`KZuaQKmcmpjcNPOYjnjpq[rWshg�\o` TKRhgn\ |P~�S[NUTKX�T[¯PX�g]±PN �n� \o`�V�R[�²O_RU`n`PXPO]T^\_RU`^gtbalmpdua]dWv
w NPOYSP\i`xalrndcrnd
w�� t!\o`�TcNPO/Q��Dm#��d���Q � �Dm7��d��
w XU`�Z



§ � ¨7�� �¡�§�©�¢«ªP£¬¨
­�®¤¡�¥�©�¯e¦�±�®¤§�©�¢�²
�[tKXW� Q��DmP� Q � �Dm��r w d[dndW����d!a m w d[fndW����d!a�q[r w dn³Wsn���nd^a
ÆºÇ�È�É�ÊbÈ�Ëµ´
Æ ��iWi¤LOZKG�i\^zd�Q!^�FHJ�TOhKiWG�Q!N�D��g�¦SIU�T$SbhKU�L_Q�^�jKjKiW|cLONc��� SIU�T$SbhHUxL$QIfPd
U�LOZ�LOZKGgGI�KSbGIjKLOUWN�F�N�D�jXNldnG�T
SI^`i\SbhK�iW^`LOUWN�FHQ�fPQ]NYiWN�FKpY^�Q
^�i�i�kl^`iWhKGRQ!^�TOG�GI��jHTOGRQOQOG�J�^`FHJ�sc^`FKUWjKhKi\^lL_G�J�U�FqSbN�sBjHi�GI�[D{N�T_sqfK^`FHJu^`iWi�k�N�ixL$^`p�GRQ
^`FHJuSbhKT_T_GIF�L_Q�^`T_Gg^lL
L_ZKGoQO^�sYG�D{T_G � hKG�FHSb|�w

Æ · ZKGIFcT_GIk�GIT$Q]UWFKprLOZKGrJPUWTOGRS�LOUWN�FYN�D�^ok�G�SbLON�T � G � hHU�kl^`iWGIF�L�L_NoT_GIk�G�T_QOUWFKp�L_ZKG�jXN�i\^`T_U�L�|tN`D¡^�F[����k�N�i�L_^�p�G
Q]N�hKT_SIG
U�F�TOG�iW^`LOUWN�FYL_NtN`L_ZKGIT!k�N�ixL$^`p�G�Q]N�hKT_SIG�QD��f�UxL�SI^�F[VaG�Gb�PjKT_G�Q_Q]GRJYU�F�GIU�LOZKG�TnN�D�L�dnN�JPUxÅ¤GIT_GIF�L�d!^z|PQ�¢
^�JKJPUWFKpqîi��³�´�LONBLOZHGo^`FKp�i�G�fPN�T
T_GIk�G�T_QOUWFKpoL_ZKGoQ]UWp�FuN`D�LOZHGgsY^�p�FKU�LOhaJPG�w

Æ ¢�GbL_GIT�sYG�^�Q]hHTOG�sBG�F�L_Q}UWF[^`F[���	SbUWT$SbhKU�LnSbN�TOT_G�QOjXN�FHJtLONgL_ZKG ½H�@¶¸·_¹�¼�·Bº��H�¼»}½P¾�� ¿ N`D¡SI^�iWSIhKiW^`LOGRJ�kl^�i�hKGRQIw
�
G�SbL_^`FHp�hKi\^`T�Gb�PjKT_G�Q_Q]UWN�FaQ�N�DaSbN�sBjHi�GI� � hH^`F�LOU�LOUWG�Q�UWFB^�FB����SbUWT_SIhKUxL}ZH^zk�G�FKNgJPUWT_G�S�LRf`GIsYjKUWT_UWS�^`i�G � hKUWk��
^`iWGIF�L�f�^`i�LOZKN�hKp�ZmL_ZKGI|�^�TOG[SIN�F�k�G�FKU�G�F�LoD{N�TojXGITOD{N�T_sYU�FHp�^�JKJKUxL_U�N�F�^`FHJ�QOhKVPL_T_^�S�L_U�N�F¡f�^�Q ¡ UWT_S$ZHZKN`Å�� Q�}N�i�L_^`p�Gr^�FHJ0�nhKT_TOG�F�L���^zd�QnT_G � hKUWT_G�w
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R

��åbæèç�æ�çié�ç�ê�ëAìPí¸ëUêîê�ïPç�ð ñPé�é�çBò[ê�óUòPô�õUëWí�êDó_öWç�å÷ëUé�óAõUçié�øúùüûþýúìKíþç�ÿ���ð ûþéDð ñKû¸ê�ð ëWòPù�ûþùüê�ûþòKö�ëUå{óAù�ëUñKéDð ç�óUòPôóIé�çoùüû ùüê�ëUé��nû�ê�æèëUñPíþô í¸ënë�� ùüëWýúç ê�ïPû¸òKöúíþû��Wç ê�ïKû ù��

Time 

+

-

e =
i =

	èçiðió_ñPù�ç�ê�ïKç�é�çiù�û ùªê�ëUé�ù�ûþýIìPí¸ø¤óUòPô ô�ûþé�çið
ê�í¸øäé�çiù�û ùªêDù�ê�ïKç�
Pë@æhë_åîçií¸çoð
ê�é�ëWòPù�ó_ê óUí¸í7ì!çBé�û¸ë�ôKù�ë_åîê�ûþýIç�� ê�ïPçæ�ó]õUç å÷ëWé�ý å÷ëWéúê�ïKçäõWëUí¸ê�ó_öWç ô�é�ëUìYóUðBé�ë[ù�ùAê�ïPçäé�çoùüû ùªê�ëUéIûþùúç
�KóUð
ê�í¸ølû¸òYìKïPóWùüç1æ�û¸ê�ï�ê�ïKçäæ�ó]õUçBå÷ëUé�ý å÷ëUéúê�ïPçð ñPé�é�çBò[êIê�ïKé�ëUñKöWïlû¸ê���� çäðBóUòlíþënë�� ó@ê�óUò[ø�ì!ëUûþò[ê�û¸òlê�ûþýIç¤óUí¸ëWòKö¤ê�ïKç�ïKëUé�ûþ�BëUò[êDó_í�ó���ûþùIëUå�ê�ïPç1ìPí¸ëUêúóUòPôð ëWýúìPó_é�ç ê�ïKë[ùüç�õ@óUí¸ñKçoù�ëUå#ðBñKé�é�çiòWê�óUòPô�õUëWí�êDó_öWç2æ�û¸ê�ï çióUðDï�ëUê�ïKçié � óUò[ø��Uù�òPóUìPùüïPë_ê��Iíþënë�� ó_ê�ê�ïPçAõ@ó_íþñKçiù�ë_åó�æ�ó]õUç�óUé�ç�é�ç å÷çié�é�çiô1ê�ë óUù���� ¿
» · � » · ����� ½n¿��@·@¶ ½ � ¿ �!ýúçoó_òKûþòKö�ê�ïKçAõ@ó_íþñKçoù�ó_ê�ê�ïPó_ê ��� ¿D» · � » ûþò�ê�ûþýúço�!�"��ïKçiòê�ïPç�ûþòPùüê�ó_ò[êDó_òKçiëUñPùîõ]óUí¸ñPç�å÷ëUé�ð ñPé�é�çBò[êîû ùî�içBé�ë#�Wê�ïKç2ûþòPùªêDó_ò[ê�óUòKçBëWñPù�õWëUí¸ê�óUöUç�óUðBé�ë[ù�ù�ê�ïKç�é�çoùüû ùüê�ëUé�ûþùèó_í ù�ë��Bçié�ë$�
%bû&�Uçiæ�ûþù�ç��!ó@ê�ê�ïKç�ýúëUýúçiòWê�û¸òäê�û¸ýúç�æ�ïPçBé�ç�ê�ïKçIð ñKé�é�çBò[ê�ê�ïKé�ëUñPöUï1ê�ïKç�é�çoùüû ùüê�ëUé�û ù�ó_ê�û¸ê�ù�ì�ë[ùüû¸ê�ûþõUç�ì!çió��'��ê�ïPçõUëWí�êDó_öWç�óUð é�ëWù�ùèê�ïPçAé�çiù�ûþùüê�ëWé�ûþù2ó_í ùüë�ó_ê�û¸ê�ù�ì�ë[ùüû¸ê�ûþõUç�ì!çió��'�^ó_ò�ôäùüë�ëWò(��ÿèê�óUò[ø1öUûþõUçiò�ì�ëWû¸ò[ê�ûþò�ê�ûþýúç�óUí¸ëWòKö

)�*
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ê�ïPç�æèó]õWçiù��BA�ïPý1� ùC%{ó]æpïKëUí ôKùèê�é�ñKç å÷ëWé�ê�ïKç�ûþòPùüê�óUòWêDó_òKçiëUñPùèõ@ó_íþñKçoù�ë_å7õUëUí¸ê�óUöUç ó_òPô1ð ñPé�é�çBò[ê��
� çúðió_ò ó_í ùüë�ðBóUíþðBñKíþó_ê�ç�ê�ïKçúì!ë@æ�çié2ôKûþù�ùüûþìPó_ê�çiôEDnø�ê�ïKû ù é�çiù�ûþùüê�ëWé�� ó_ò�ô ìKíþë_ê2ê�ïPëWù�çIõ@óUí¸ñKçoù2ëUò ê�ïKç�ù�ó_ýúçöUéDó_ìPï(�

Time 
F

+

-

e =
i =

p =

G�ëUê�ç�ê�ïPó_êîê�ïPç�ì!ë@æ�çiéîû ùîòKçiõUçié�ó�òPçBöWó_ê�ûþõUç�õ@óUí¸ñKç��0��ïKçBò�ê�ïKç ð ñKé�é�çiò[êîûþù�ì!ëWù�û�ê�û¸õWç � ó�D�ë@õWç�ê�ïKç2íþû¸òKç]�H�[ê�ïPçõUëWí�êDó_öWçèû ùîóUíþù�ë�ì!ëWù�û�ê�û¸õWç��Ué�çiù�ñKí¸ê�ûþòKö�ûþò�ó ì�ë@æèçBé � ì'I�ûþço�7ëUåbó�ì�ë[ùüû¸ê�ûþõUç�õ@óUí¸ñKç��8��ëUònõUçié�ù�çBíþø��@æ�ïKçiò�ê�ïPç�ð ñKé�é�çBò[êû ù�òKçBö[ó@ê�û¸õWç � D�çií¸ë@æcê�ïKçAí¸ûþòKço�!��ê�ïPç�õUëWí�êDó_öUç2û ù�ó_í ùüëúòKçiöWó_ê�ûþõUç���æ�ïPûþðDï1é�çoùüñPí�êDù�û¸òäóúì!ëWù�û�ê�û¸õWç õ]óUí¸ñPç å÷ëUé�ì!ë@æ�çié� ó òKçBö[ó@ê�û¸õWç ònñKý�D!çBéIýAñPí�ê�û¸ìKíþûþçiôJDnø�ó¤òPçBöWó_ê�ûþõUç�ònñKý D�çié�ç�K[ñPó_í ù�ó ì�ë[ùüû¸ê�ûþõUç ònñKý�D!çBé
�H�ML�ïKû ùIðBëUòPù�û ùªê�çBò[ê
�_ì!ëUí ó_é�û¸êªøN�úëUå�ì�ë@æèçBé�ê�çBíþí ù�ñPù�ê�ï�ó@ê�ê�ïKçAé�çiù�û ùªê�ëUé�û ù�óUí¸æ�ó]ø�ù�ô�û ù�ù�ûþìPó@ê�û¸òKö ì�ë@æèçBé��KêDó-�nû¸òPö�û�ê2å÷é�ëUý ê�ïKçIùüëWñKé�ðBçó_ò�ôäé�çií¸çoóUù�û¸òPö�û�ê ûþò¤ê�ïPçAå÷ëWé�ý ë_å�ïPçió@ê çBòPçBé�öUø��"��ïKç ê�ïKçBé2ê�ïKçIðBñKé�é�çiòWê�ûþù2ì!ëWù�û�ê�û¸õWçAëUé�òKçBö[ó@ê�û¸õWç�� ó�é�çiù�ûþùüê�ëWéùüê�ûþí¸í{ôKûþù�ùüûþìPó_ê�çiù�çiòKçBé�öUø��

Õ�ÖHO ØQP ß�R�S¤ã�Ùèà©áAÛ­Ù�ßBÛ#Ù�ãäßDà7Þ
� òPô�ñ�ð
ê�ëWé�ùîô�ë�òKë_ê7D�çiïPó]õUç�ê�ïKç�ù�ó_ýúç�óUù#é�çiù�û ùªê�ëUéDù
�T��ïKçBé�çióWù#é�çoùüû ùüê�ëUéDù#ù�û¸ýúìKíþøAëWìKì�ë[ùüç�ê�ïKçC
Pë@æ�ë_å çií¸çoð
ê�é�ëUò�ùê�ïPé�ëWñKöUï�ê�ïKçiý � DnøIô�é�ëWìKìKûþòKö ó�õWëUí¸ê�óUöUç�ô�û¸é�çið ê�íþø�ìKé�ëUì!ëUé�ê�ûþëUòPóUíUê�ë2ê�ïKç�ðBñKé�é�çBò[ê
�H�_ûþòPô�ñPð ê�ëWé�ù©ëUìPì�ë[ùüç »�UK· � º � ¿ûþòIðBñKé�é�çBò[ê«ê�ïKé�ëUñKöWï�ê�ïPçBý���Dnø�ô�é�ëUìKìPû¸òKö2ó�õWëUí¸ê�óUöUçîô�ûþé�çið
ê�í¸ø�ìPé�ëWì�ëWéüê�û¸ëWòPó_íWê�ë�ê�ïKç ¹�·_» ���6V »�UK· � º �#ë_å�ðBñKé�é�çBò[ê��� òúóUðBðBëUéDôKó_ò�ð çîæ�û¸ê�ïXWT�!�ZY$[ ¿ W ·�\ �Uê�ïKû ù7û¸ò�ô�ñPð çoôAõWëUí¸ê�óUöUçèûþù#óUí¸æ�ó]ø�ù{ëUå!ù�ñPðDï�ó2ì!ëUí ó_é�û�êªø�óWù{ê�ë2ê�é�ø�ê�ë2ý�ó_ûþòWêDó_ûþòð ñPé�é�çBò[ê�ó@ê�û¸ê�ù�ìKé�çoùüçiò[ê�õ@óUí¸ñKç��7L�ïPó_ê�ûþù��Kû¸å�ð ñKé�é�çiò[ê�û ù�ûþòPð é�çióWùüûþòKöúûþò1ý�óUöUòKû¸ê�ñPôKç���ê�ïKç�ûþòPô�ñPðBçiô1õUëWí�êDó_öUç æ�ûþí¸í
�_ìPñPùüïäóUöWó_ûþòPùüê���ê�ïPç�çBíþçið
ê�é�ëWò]
Pë@æ_^Kû¸å#ðBñKé�é�çiòWê�û ù�ô�çoð é�çióWùüûþòKö#�nê�ïKç�ì!ëUí ó_é�û�êªø æ�û¸íþíbé�çBõUçié�ù�ç�ó_òPô��UìKñPù�ï1æ�û¸ê�ï$�ê�ïPçäçBíþçið
ê�é�ëWòJ
Pë@æ ê�ë ëUìPì�ë[ùüç1ê�ïPç¤ô�çiðBé�çoóUù�ç���L�ïPûþù�ëWìKì!ëWù�û�ê�û¸ëWòlê�ë ðBñKé�é�çiòWê�ðDïPóUòKöUç�û ù�ðBó_íþíþçiô ¹ � ·`»B»�· � » �!�éDó@ê�ïPçBé�ê�ï�ó_ò1é�çoùüû ùªêDó_òPðBç��
`a��ìKé�çiù�ù�çiô�ý�ó_ê�ïKçiýúó_ê�û ðBóUí¸íþø��Uê�ïKç�é�çBí ó@ê�û¸ëWòPù�ïKû¸ì�D!ç êªæèçBçBòúê�ïKç�õUëWí�êDó_öWç�ôKé�ëWìKì�çoôúóUð é�ëWù�ù«ê�ïKç�û¸òPôKñPð
ê�ëUéîóUòPôéDó@ê�ç ëUå©ð ñPé�é�çBò[ê�ðDïPó_òPöUç2ê�ïKé�ëUñPöUï�ê�ïKç�ûþòPô�ñPð ê�ëUé�ûþù�óWù�ùüñPðDïb�

e = c di
d
dt
dL

e

L�ïKç�ç
��ìKé�çoù�ù�ûþëUò ¾ � f ¾@» û ù�ëWòKç�å÷é�ëUý­ðBóUíþðBñKí¸ñ�ù
�!ýúçió_òPû¸òKö�ê�ïKçIé�ó_ê�ç�ëUåîðDïPó_òPöUç�ë_å�ûþòPùüê�óUòWêDó_òKçiëUñPù�ð ñKé�é�çBò[êë@õUçiéîê�û¸ýúç��Kû¸ò�ó_ýúìPù�ì!çBé�ù�çiðBëUòPô(�0L�ïPç2ûþòPô�ñ�ð
ê�óUòPð ç � %«��ûþù�ûþòä��çiòKé�ø�ù���ó_òPô ê�ïKç ûþòPùüê�ó_ò[êDó_òKçiëUñPùèõUëWí�êDó_öWç � ç]�H�ë_å^ð ëWñKé�ù�ç��Uûþù7ûþòúõUëUí¸ê�ù��TL«ë�ù�ïKë@æ æ�ïPó_ê�ïPó_ìKì!çBò�ù7æ�û�ê�ïúóUí�ê�çBé�òPó@ê�û¸òPö ðBñKé�é�çiòWê��@í¸çBêi� ù�ó_ò�ó_íþø[�iç�ó2ù�ûþýIìPí¸ç�ûþòPô�ñPð ê�ëUéð ûþéDð ñKû¸ê��
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��å�æèçAæèçBé�ç�ê�ë�ìPí¸ëUê�ê�ïPçIðBñKé�é�çBò[ê�óUòPôäõWëUí¸ê�ó_öWç å÷ëUé�ê�ïKû ù�õUçBé�ø�ùüûþýúìKí¸çIð ûþé�ðBñKû¸ê��!û�ê æ�ëWñKí ô�í¸ënë��äù�ëUýúç ê�ïKûþòKöíþû��Wç�ê�ïKû ù
�

Time 

+

-

e =
i =

o�çiýIçiý�D!çBé��^ê�ïKçúõWëUí¸ê�ó_öWç�ô�é�ëUìPì�çoô óUðBé�ë[ù�ù2ó_ò û¸ò�ô�ñPð
ê�ëUé û ù�ó é�çióWð
ê�ûþëUò ó_öWóUû¸ò�ùªê2ê�ïKç »�UK· � º ��û¸ò ð ñKé�é�çBò[êê�ïPé�ëWñKöUï�û¸ê��7L�ïPçBé�ç å÷ëUé�ç��nê�ïKç�ûþòPùüê�ó_ò[êDó_òKçiëUñPù�õWëUí¸ê�ó_öWç ûþù��içBé�ëúæ�ïKçBòKçiõUçié�ê�ïKç�ûþòPùüê�óUòWêDó_òKçiëUñPù�ð ñKé�é�çiò[ê�û ù�ó_ê�óì!çió-� � �Bçié�ë1ðDïPó_òKöWç��!ëUé2í¸çiõUçií7ù�íþëUì!ç��^ëUò ê�ïKçúð ñKé�é�çBò[ê2ù�û¸òPç�æ�ó]õUç]�H� ó_òPô¤ê�ïKçIûþòPùªêDó_ò[ê�óUòKçBëWñPù�õUëUí¸ê�óUöUç�û ù ó@ê óì!çió-�úæ�ïKçié�çiõUçié�ê�ïPç�ûþòPùüê�ó_ò[êDó_òKçiëUñPùèð ñKé�é�çBò[ê�û ù�ó_êèý�ó-�nûþýAñPý ðDï�ó_òKöWç � ê�ïKç2ì�ëWû¸ò[ê�ù�ë_å©ùªê�çBçBì!çiùüê�ùüíþëUì!ç�ëWò�ê�ïPçð ñPé�é�çBò[ê�æèó]õWç��[æ�ïKçBé�ç�û¸ê�ð é�ëWù�ùüçoù�ê�ïKç �Bçié�ëIí¸ûþòKç]�H�pL�ïKû ù�é�çoùüñPí�êDù�ûþò�óAõWëUí¸ê�ó_öWç�æ�ó]õUç�ê�ïPó_ê�û ùC* ,rq ëWñ�ê�ë_å«ìPïPóUù�çæ�û¸ê�ï ê�ïKç�ð ñPé�é�çBò[ê�æ�ó]õUç��@%{ënë��nû¸òPöIó_ê�ê�ïKç öUéDó_ìKï(�Wê�ïPç2õWëUí¸ê�óUöUç�æ�ó]õUç2ùüçiçBý�ù�ê�ëIïPó]õUç2ó �UïKçióWô ùüê�óUéüê��AëWò�ê�ïPçð ñPé�é�çBò[ê�æèó]õWç�^[ê�ïPç�õUëUí¸ê�óUöUçk�_íþçióWôKùs�Aê�ïPç�ð ñKé�é�çiò[ê��Kó_ò�ô�ê�ïKç�ð ñKé�é�çBò[ê3�_í ó_öWù���D!çBïPû¸òPô1ê�ïKç�õUëWí�êDó_öWç��

Time 

+

-

current slope = max. (-)t
voltage = max. (-)u

current slope = 0t
voltage = 0

voltage = 0u

e =
i =

current slope = t

current slope = max. (+)t
voltage = max. (+)

0

L�ïKûþòKöWù�öWç ê�çBõWçBò1ýúëUé�ç2ûþò[ê�çié�çoùªê�û¸òKöúæ�ïKçiò�æ�ç ìKíþë_ê�ê�ïKç�ì�ë@æèçBéèå÷ëWé�ê�ïKû ù�ð ûþéDð ñKû¸ê��
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Time 
F

+

-

e =
i =

p =

	èçiðió_ñPù�ç�ûþòPùüê�óUòWêDó_òKçiëUñPù�ì!ë@æèçBé�û ù�ê�ïKç�ìPé�ë�ô�ñPð ê�ë_å©ê�ïKç�ûþòPùüê�óUòWêDó_òKçiëUñPù�õWëUí¸ê�óUöUç ó_òPô ê�ïPç�û¸òPùüê�óUò[ê�ó_òPçBëUñ�ùð ñPé�é�çBò[ê � ì'I�û¸ç]�H�[ê�ïPç�ì!ë@æ�çiéîç�KWñ�ó_í ù��Bçié�ëAæ�ïKçBòKçiõUçié�ê�ïPç�ûþòPùüê�ó_ò[êDó_òKçiëUñPù�ð ñKé�é�çiò[êl� ¹ õWëUí¸ê�ó_öWç�û ùî�içBé�ë#�@��ïKçBòZvçBõWçBé�ê�ïKç ûþòPùüê�ó_ò[êDó_òKçiëUñPù�ð ñPé�é�çBò[ê�ó_òPô õUëUí¸ê�óUöUç2ó_é�ç"D!ë_ê�ï ì!ëWù�û�ê�û¸õWç � ó-D!ë@õUç�ê�ïKç íþû¸òKç]�H��ê�ïKç ì�ë@æèçBéèû ù�ì!ëWù�û¸ê�ûþõUç��ÿ�ùèæ�û¸ê�ï ê�ïKç2é�çoùüû ùüê�ëUé�ç!�Kó_ýúìKíþç��Wê�ïPç�ì!ë@æ�çiéîû ù�ó_í ùüë�ì!ëWù�û¸ê�ûþõUç2æ�ïKçBò�ê�ïKç2û¸òPùüê�óUò[ê�ó_òPçBëUñ�ù�ðBñKé�é�çBò[ê�óUòPô�õWëUí¸ê�óUöUçó_é�ç_D!ë_ê�ïäòPçBöWó_ê�ûþõUç � D�çií¸ë@æ�ê�ïPçAíþû¸òKç]�H����ë@æèçBõWçBé��BD!çiðBóUñPù�ç ê�ïKçIð ñKé�é�çiò[ê�ó_òPô�õWëUí¸ê�ó_öWç æèó]õWçiù�ó_é�ç�* , q ëUñ�ê�ë_åìKïPóWùüç��[ê�ïKçié�ç ó_é�ç�ê�û¸ýúçoù�æ�ïPçBò1ëUòKç2ûþùèì!ëWù�û�ê�û¸õWç�æ�ïPû¸íþç�ê�ïKç ë_ê�ïKçBé�û ù�òPçBöWó_ê�ûþõUç��Wé�çiù�ñKí¸ê�ûþòKö�ûþò1ç�K[ñPó_íþíþø�å÷é�ç�K[ñKçiò[êë�ðBðBñKé�é�çBò�ð çiùèëUå=��� º[·@» � � ����� ¿D» · � »�· �'��� ½n¿S½ � \ � ¹ �
	èñ�ê�æ�ïPó_ê�ô�ënçiù_��� º[·@» � � ��ì�ë@æèçBé�ýúçoó_ò$w¤��ê�ýúçió_ò�ùèê�ïPó_ê�ê�ïKç�ûþòPô�ñ�ð
ê�ëWé�û ù�é�çií¸çoóUù�û¸òKöúì!ë@æ�çiéCDPóUð���ê�ëúê�ïPçð ûþéDð ñKû¸ê���æ�ïKûþíþç óIì!ëWù�û�ê�û¸õWç ì�ë@æèçBéèýúçió_ò�ùèê�ïPó_ê�û¸ê�û ù�ó-DPù�ëUé�DKûþòKöAì!ë@æ�çiéèå÷é�ëWýxê�ïKç�ðBû¸éDð ñKû¸ê�� � û¸òPðBç2ê�ïKç ì!ëWù�û�ê�û¸õWçó_ò�ô�òKçBö[ó@ê�û¸õWç�ì�ë@æèçBéèð ø�ð íþçiùèó_é�ç�ç�KWñ�ó_í!û¸ò�ý�óUöUòKû¸ê�ñPôKç�ó_ò�ô�ô�ñKéDó@ê�û¸ëWò�ë@õUçié#ê�ûþýúç��[ê�ïKç2ûþòPô�ñPð ê�ëUéèé�çBíþçióUù�çiùyxªñPùªêóUù�ýAñ�ðDï�ì�ë@æèçBé=DPóWð��Aê�ëAê�ïKç2ðBû¸éDð ñPû�ê�óUùîû�ê�ó-DPù�ëUé�DPùîë@õUçBéîê�ïKç ù�ìPó_ò�ëUå«óAðBëUýúìKíþç ê�ç2ðBønðBí¸ç��0��ïPó@êèê�ïKû ùèýúçió_ò�ùûþò1óIìKéDóUð ê�û ðBó_í ù�çBòPù�ç2ûþùèê�ïPó@ê�ê�ïPç�é�çoóUð
êDó_òPðBç�ëUå©ó_ò1ûþòPô�ñPð ê�ëUé�ôKûþù�ùüûþìPó_ê�çiù�óIòKçBê�çiòKçBé�öUø�ëUå«�içBé�ë#�ZK[ñKû�ê�ç ñKòKíþû��Wçê�ïPç�é�çiù�ûþùüê�óUòPð ç�ëUå{ó�é�çiù�ûþùüê�ëWé��Wæ�ïKûþðDï�ôKûþù�ùüûþìPó_ê�çiù�çBòPçBé�öUøAûþò�ê�ïKç�å÷ëWé�ýÄë_åbïPçió@ê��azäû¸ò�ô�øUëWñ(�Uê�ïKû ùîû ù#å÷ëWé�ì!çBé�å÷çið êûþòPô�ñPð ê�ëUéDù�ëUòPí¸ø���æ�ïKûþðDï�ïPó]õWç�òPë�æ�û¸é�ç é�çoùüû ùªêDó_òPðBç��ÿ�ò1ûþòPô�ñPð ê�ëUéo� ù�ëUìKì!ëWù�û�ê�û¸ëWò ê�ë�ðDïPó_òPöUç2û¸òäð ñPé�é�çBò[êèê�éDó_òPù�íþó_ê�çoùèê�ë�ó_ò1ëUìKì!ëWù�û¸ê�ûþëUò ê�ë�ó_í¸ê�çié�òPó_ê�ûþòKö�ð ñKé�é�çBò[êûþò öUçiòKçBéDó_í{�Pæ�ïPûþðDï¤û ùlDnø�ôKç!|PòKû¸ê�ûþëUò ó_íþæèó]ø�ù�ðDï�ó_òKöWû¸òKö û¸ò¤ûþòPùüê�óUòWêDó_òKçiëUñPù�ý�ó_öUòPû�ê�ñPô�ç�óUòPô ôKû¸é�çið ê�ûþëUò(�lL�ïKûþùëUìPì�ë[ùüû¸ê�ûþëUò1ê�ë�óUí�ê�çBé�òPó@ê�û¸òPö�ð ñKé�é�çiò[ê�û ù�ù�û¸ýúûþíþóUé�ê�ë�é�çiù�û ùªêDó_òPðBç��BDKñKê�ô�û�}!çié�çiòWê�ûþò�ê�ï�ó@ê�û¸ê�ó_íþæèó]ø�ù�é�çiù�ñKí¸ê�ù�ûþòäóìKïPóWùüç�ù�ïKû¸å¼ê�D�çBêªæ�çiçBò ð ñKé�é�çiò[ê�óUòPô õUëUí¸ê�óUöUç��bó_òPô û�êAôKûþù�ùüûþìPó_ê�çiù �içBé�ë ì!ë@æèçBé���	èçiðió_ñPù�çIë_åèê�ïKç�ô�û�}!çié�çiòPð çoù
�û¸êAïPóUù�óäôKû~}^çBé�çBò[êAòPóUýúç�� ¹ � ·[» » · � » �
�<o�çióUð ê�óUòPð çúê�ë¤ÿ��hû ù�ç!��ìKé�çiù�ù�çiô û¸ò�ëWïKý�ù
�#xªñPùªê�í¸û&�Uç�é�çiù�ûþùüê�óUòPð çúû ù
�ç!�KðBçBì�ê�ê�ïPó@ê2û�êDù�ý�ó_ê�ïKçiýúó_ê�û ðBóUí«ù�ø[ý D�ëWí{û ù3�kû¸òPùüê�çoóUô�ëUå8o_�$L«ë�D!ç�ù�ì�çoð û�|�ð-�!é�çoóUð ê�ó_ò�ð ç�óUù�ù�ënðBûþó_ê�ç�æ�û¸ê�ï óUòûþòPô�ñPð ê�ëUé�û ù�ñPù�ñPóUí¸íþø ù�ø[ý D�ëWí¸ûþ�BçoôXDnø�ê�ïKç�ðBóUìKû¸ê�ó_í íþç ê�ê�çié3�hæ�û�ê�ïäó�íþç ê�ê�çié�% óUù�ó�ù�ñBDPù�ð é�û¸ì�ê���í¸û&�Uç2ê�ïKûþù��a�"�0�� ûþòPð ç�ûþòPô�ñ�ð
ê�ëWé�ùAô�é�ëWì õUëUí¸ê�óUöUçúûþò�ìKé�ëWì�ëWéüê�û¸ëWò ê�ë�ê�ïKç é�ó_ê�ç�ë_å�ð ñPé�é�çBò[êAðDïPóUòKöUç��bê�ïPçBø æ�ûþíþí�ô�é�ëUì ýúëUé�çõUëWí�êDó_öWç�å÷ëUé�å óWùªê�çBésv�ðDï�ó_òKöWû¸òKö�ðBñKé�é�çBò[êDù
�[ó_òPôúíþçiù�ù�õWëUí¸ê�ó_öWç�å÷ëUéèùüíþë@æ�çié�v ðDïPóUòKöUûþòKö�ðBñKé�é�çiòWêDù
�@��ïPó_êîê�ïPûþù�ýúçió_ò�ùû ù©ê�ïPó_ê�é�çoóUð
êDó_òPðBç�ûþòúëUïKý�ù©å÷ëWé�ó_ònø�ûþòPô�ñPð ê�ëUé#û ù#ô�ûþé�çoð
ê�í¸ø�ìKé�ëWì�ëWéüê�û¸ëWòPó_íWê�ë ê�ïKç�å÷é�ç�K[ñKçBò�ð ø�ëUåPê�ïPç�ó_í¸ê�çBé�òPó_ê�ûþòKöð ñPé�é�çBò[ê��
XL = 2πfL

�B�������?�J�$�����B�������Z���=�
�N�B�����#�����?�j�s�B���r�Z�'� �B�N�#�?�B���������H�-��� g �
�N�N�r�N�N�N�N�r�N�N�N�N�r�N�N�r�r�N�r�N���N�r�r�N�r�N���N�N���N�r�N�r�r�N���N��   � � ¡8¢�£r N¤N¤ �
� �N�r�N�N�N�N�r�N�N�N�N�r�N�N�r�r�N�r�N���N�r�r�N�r�N���N�N���N�r�N�r�r�N��� �
� �?¥N� � £8¢�¦r¡N¤N§ �
� �N�r�N�N�N�N�r�N�N�N�N�r�N�N�r�r�N�r�N���N�r�r�N�r�N���N�N���N�r�N�r�r�N��� �
� ¥ ¦ �N� � � ¦N£8¢ � £r¤N  �
�N�N�r�N�N�N�N�r�N�N�N�N�r�N�N�r�r�N�r�N���N�r�r�N�r�N���N�N���N�r�N�r�r�N���N�
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ÿ���ðBñKé�é�çiòWê#ûþò�ó ùüûþýúìKí¸ç�ûþòPô�ñ�ð
ê�ûþõUç�ðBû¸éDð ñPû�ê�û ù#ç�K[ñPóUínê�ë ê�ïKç�õUëWí�êDó_öUçk¯÷ûþò�õUëWí�êDù�°©ô�ûþõnûþôKçiô�Dnø�ê�ïPç�û¸òPôKñPð
ê�û¸õWçé�çióUð ê�óUòPð ç]¯÷ûþò ëWïKý�ù�°!�NxªñPùªê�óUù ÿ���ëWé_±k�eðBñKé�é�çiòWê ûþò ó1ùüûþýúìKí¸çIé�çiù�ûþùüê�ûþõUçIð ûþé�ðBñKû�ê û ù�ç�K[ñPó_í©ê�ë ê�ïPçIõWëUí¸ê�óUöUç
¯÷ûþò�õUëWí�êDù�°èô�ûþõnûþô�çoô]D[ø�ê�ïKç�é�çiù�ûþùüê�óUòPð ç²¯ û¸ò�ëUïPýúù�°H�

L
e

10 mH10 V
60 Hz
³

XL = 3.7699 Ω
(inductive reactance of 10 mH inductor at 60 Hz)

I =
E
´

X

I = 
µ 10 V

3.7699 Ω

I = 2.6526 A
¶�ë@æèçBõWçBé��_æèç�òKçiçiôúê�ë��UçiçBì�ûþò�ýúû¸ò�ôúê�ïPó_ê�õWëUí¸ê�ó_öWç�ó_ò�ô�ð ñKé�é�çiò[ê�ó_é�ç�òKëUê�ûþò�ìKïPóWùüç�ïKçBé�ç��7ÿ�ù�æèóWùîù�ïKë@æ�òçióUé�íþûþçBé��7ê�ïKç1õUëWí�êDó_öUç ïPóUùIó ìKïPóUù�ç�ùüïKû¸å¼ê�ë_åk·l* ,�q æ�û¸ê�ï�é�çiù�ì�çoð
êIê�ë ê�ïKç�ð ñKé�é�çBò[ê��«¸�å�æèç1é�çiìKé�çoùüçiò[êAê�ïPçiù�çìKïPóWùüçIó_òKöWí¸çoù�ëUå�õUëWí�êDó_öUç�ó_òPô ð ñKé�é�çiò[ê�ý�ó@ê�ïPçBý�ó@ê�ûþðió_íþí¸øäûþòäê�ïPçAå÷ëWé�ý­ëUåîð ëUýúìKíþç!�¤ònñKý D�çié�ù��!æ�ç |PòPô¤ê�ïPó_êó_ò1ûþòPô�ñPð ê�ëUé�¹ ù�ëUìKì!ëWù�û�ê�û¸ëWò ê�ë�ð ñKé�é�çBò[ê�ïPóUù�óIìKïPóWùüç�óUòKöUíþç��nê�ë[ë$�

Opposition =
Current
Voltage

Opposition =
10 V ∠ 90o

2.6526 A ∠ 0ο

Opposition = 3.7699 Ω ∠ 90o

or

0 + j3.7699 
º

Ω
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Opposition

For an inductor:

90
À o

0
º o

90
À o

(XL)

E

I
µ

z¤ó_ê�ïKçiýúó_ê�û ðBóUí¸íþø��oæ�ç�ù�ó]ø�ê�ïPó_êbê�ïKç�ìKïPóWùüç�óUòKöUíþç�ë_åKóUò�û¸òPôKñPð
ê�ëUé�¹ ù{ëUìKì!ëWù�û�ê�û¸ëWò2ê�ë�ðBñKé�é�çBò[ê{û ùb* ,�q �]ýúçióUòKûþòKöê�ï�ó@ê#ó_ò�ûþòPô�ñPð ê�ëWé�¹ ù©ëUìKì!ëWù�û�ê�û¸ëWò�ê�ë ð ñPé�é�çBò[ê{û ù7ó�ì!ëWù�û�ê�û¸õWç�ûþý�ó_öUûþòPóUé�økK[ñPó_ò[ê�û¸êªø��@L�ïKû ù«ìPïPóUù�ç�óUòKöUíþçîëUåKé�çoóUð
ê�û¸õWçëUìPì�ë[ùüû¸ê�ûþëUò�ê�ë ðBñKé�é�çiòWê�D�çoð ëWýIçoùúð é�û�ê�ûþðió_íþí¸ø ûþýIì!ëUé�ê�óUò[êIûþò/ðBû¸éDð ñKû¸ê�ó_òPóUí¸ø�ù�ûþù��#çiù�ì�çoð û ó_íþí¸ø å÷ëWéúðBëUýúìKíþç!� ÿ��ð ûþéDð ñKû¸ê�ù«æ�ïKçBé�çîé�çióWð
êDó_òPðBçîó_òPôAé�çoùüû ùüê�ó_ò�ð ç�ûþò[ê�çBéDóUð ê��T¸�ê©æ�ûþí¸í[ìKé�ë@õUçpD!çBòPç!|�ðBûþóUíWê�ë�é�çBìKé�çiù�çBò[êCÁ��#Â�ð ëUýúì!ëUòKçiò[ê�¹ ùëUìPì�ë[ùüû¸ê�ûþëUò ê�ë�ð ñKé�é�çiò[ê2ûþò¤ê�çBé�ýúù2ëUåèð ëWýúìKí¸ç
�äò[ñPý�D!çBéDù�éDó@ê�ïKçBé2ê�ïPó_ò ù�ðió_í ó_ékKWñ�ó_ò[ê�û¸ê�ûþçiù2ë_å�é�çoùüû ùªêDó_òPðBç�óUòPôé�çióUð ê�óUòPð ç��
Ã½ÄXÅ"Æ<Ç!Å"ÈÊÉ
Ã�Ë �'Ì-Í »!Î � � ��Ï���Á »!Î Á�� » ��û ù�ê�ïKçAëWìKì!ëWù�û�ê�û¸ëWò�ê�ïPó_ê2ó_òäûþòPô�ñ�ð
ê�ëWé�ë�}!çié�ù�ê�ë óUí�ê�çBé�òPó@ê�û¸òPö ð ñKé�é�çBò[ê�ô�ñKçAê�ë û¸ê�ùìKïPóUù�ç!v ù�ïKû�å¼ê�çiô¤ùüê�ëWé�óUöUç�óUòPôäé�çBíþçióUù�ç�ëUå�çBòKçié�öWø ûþò¤û¸ê�ù2ý�ó_öUòPç ê�û ðk|Pçiíþô(�lo�çoóUð ê�ó_ò�ð çAû ù2ùüøný�D!ëUíþû&ÐBçiô�Dnøê�ïKç�ðió_ìKû¸ê�óUí í¸çBêüê�çié3�-�l�IóUòPô1ûþù�ýúçoóUù�ñKé�çoô ûþò�ëUïKý�ù@xªñPùüê�íþû��Wç2é�çiù�û ùªêDó_òPðBçÑ¯Òo�°H�
Ã ¸ òPô�ñPð ê�ûþõUç é�çoóUð ê�ó_ò�ð ç ðBó_ò�D!ç�ðBóUíþðBñKíþó_ê�çoô ñPù�ûþòKöIê�ïKû ù�å÷ëUé�ýAñPíþó#�@� � I�Ó�Ô^åÕ%
Ã ¸ òPô�ñPð ê�ûþõUç�é�çióUð ê�óUòPð ç���� » Ïs��Á?Ö
�!Ö2æ�û¸ê�ï�ûþòPðBé�çoóUù�û¸òKö1å÷é�ç�K[ñKçiòPð ø��X¸ ò ë_ê�ïKçBé�æèëUéDôKù�� ê�ïPç�ïKûþöUïKçié�ê�ïKç�å÷é�ç
v
KWñPçBòPðBø��nê�ïPç�ýIëWé�ç û¸ê�ëUìKì!ëWù�çiù�ê�ïKç�ÿ��×
�ë@æcë_å7çBíþçið ê�é�ëUòPù��

Õ�ÖDÕ Ø Ý�Û�ßBÝ�Þ Û#Ý�Þ7ß Þ{à©áAÛTÙ!ß�R�S¤ã�Ùèà©á�ÛâÙ�ß Û#Ù�ãäß
à©Þ
¸ ò¤ê�ïKçúìKé�çBõnû¸ëWñPù�ù�çið ê�ûþëUò(� æèçIç!��ìKíþëUé�çiôäæ�ïPó_ê2æèëUñPíþôäï�ó_ìKì!çBò û¸ò ùüûþýúìKíþç�é�çiù�ûþùüê�ëWé�v�ëUòPí¸ø1ó_òPô û¸òPôKñPð
ê�ëUésv}ëWòKí¸øÿ��lð ûþé�ðBñKû�êDù
�0G�ë@æ�æèç�æ�û¸íþíKýúû~��ê�ïKç�êªæ�ë�ð ëWýúì�ëWòKçBò[ê�ù#ê�ëUöWç ê�ïKçBé#ûþò�ùüçié�ûþçiù©å÷ëWé�ýkó_òPôIûþò[õWçiùüê�ûþöWó_ê�çèê�ïKç�ç!}^çið
êDù
�
L©ó-�Uç�ê�ïPûþù�ðBû¸éDð ñPû�ê�óWù�ó_ò1ç!�Kó_ýúìKíþç2ê�ëúæ�ëWés� æ�û�ê�ï(�

R

L
e5 

Ú
Ω

10 mH10 V
60 Hz
³

L�ïKç�é�çoùüû ùªê�ëUé�æ�û¸íþí�ë�}!çié + Û ë_åbé�çiù�û ùªêDó_òPðBç�ê�ëIÿ��Yð ñKé�é�çBò[êîé�çBöWóUé�ôKí¸çoù�ù#ëUåbå÷é�ç�K[ñKçBò�ð ø��[æ�ïKûþí¸ç�ê�ïPç�ûþòPô�ñPð ê�ëUéæ�ûþí¸í7ë-}^çBé ® �ÝÜ�Þ�*�* Û ëUåîé�çióUð ê�óUòPð ç�ê�ë1ÿ��hð ñKé�é�çiò[ê2ó@êkÞ , ¶3Ð���	èçoðBó_ñ�ùüç�ê�ïKçúé�çoùüû ùüê�ëUé�¹ ù�é�çiù�ûþùüê�óUòPð ç�û ù ó�é�çióUíònñKý�D!çBé¿¯ +«Ûàß ,rq �èëUé + ·�x ,«Û °H��ó_ò�ôlê�ïKçäûþòPô�ñPð ê�ëUé�¹ ù�é�çióWð
êDó_òPðBç1û ù�ó_ò�ûþýúóUöUûþòPó_é�ø�ònñKý�D!çBé¿¯ ® �ÝÜ�Þ�*�*
Ûáß * ,�q �©ëUé , ·¾x ® �âÜ-Þ�*�* Û °!�©ê�ïKç ðBëUý DKû¸òPçiô ç!}^çið ê�ë_å�ê�ïKç�êªæèë¤ð ëUýúì!ëUòKçiò[ê�ù�æ�ûþíþí8D!ç ó_ò�ëWìKì�ë[ùüû¸ê�ûþëUò ê�ëð ñPé�é�çBò[ê�ç�K[ñPó_í«ê�ë ê�ïKç�ðBëUýúìKíþç!�¤ùüñPý­ë_å�ê�ïKçAêªæèë ònñKý D�çié�ù���L�ïKû ù�ðBëUý DKû¸òPçiô¤ëWìKì!ëWù�û�ê�û¸ëWò¤æ�û¸íþíaD!çIó õUçið ê�ëWé
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ð ëWý�DKûþòPó_ê�ûþëUò¤ëUåîé�çoùüû ùüê�ó_ò�ð ç�óUòPôäé�çióWð
ê�óUòPð ç��k¸ ò ëUéDô�çié�ê�ë1ç!��ìKé�çiù�ù�ê�ïKû ù2ëUìKì!ëWù�û�ê�û¸ëWò ù�ñPðBðBû¸òPð ê�íþø�� æèçAòKçiçiô óýúëUé�çAð ëWýúìKé�çiïKçBò�ùüûþõUç ê�çBé�ý å÷ëWé�ëUìPì�ë[ùüû¸ê�ûþëUò�ê�ë ð ñKé�é�çBò[ê�ê�ï�ó_òäçBû¸ê�ïPçBé2é�çoùüû ùªêDó_òPðBç�ëUé�é�çióWð
êDó_òPðBç�ó_íþëUòKç��3L�ïKûþùê�çié�ýÜû ù�ðBóUí¸íþçiôæ� ¼�½ ��Ì�Á-� » �!�èû¸ê�ùúùüøný D�ëWíèû ùXç@�#ó_ò�ô û¸êúû ùúó_í ùüë ç!��ìKé�çiù�ù�çiô�ûþòlê�ïKç�ñKòKû¸ê�ë_å�ëWïKý�ù
�yxªñ�ùªê�íþû��Wçé�çiù�ûþùüê�óUòPð ç ó_òPô1é�çióWð
ê�óUòPð ç��T¸ ò1ê�ïKç�ó-D!ë@õUç2ç!�Kó_ýúìKíþç��Kê�ïKç ê�ë_ê�óUíbð ûþé�ðBñKû¸ê�ûþýúì�çoôKó_ò�ð ç�û ù
�
Ztotal = (5 Ω resistance) + (3.7699 Ω inductive reactance)

Ztotal = 5 Ω (R)   +   3.7699 Ω (XL)

Z
è

total = (5 Ω ∠ 0o) + (3.7699 Ω ∠ 900)

or

(5 + j0 Ω) + (0 + j3.7699 Ω)

Z
è

total = 5 + j3.7699 Ω or 6.262 
³

Ω ∠ 37.016o

¸ ýúì�çoôKó_ò�ð ç�û ù�é�çBí ó@ê�çoô ê�ëäõUëWí�êDó_öWçúóUòPô�ð ñPé�é�çBò[êCxªñPùüê�óUù�øUëUñ ýúûþöUï[êAç!��ì!çið ê��©û¸ò ó�ý�ó_òPòKçBéAù�ûþýIûþí ó_é�ê�ëé�çiù�ûþùüê�óUòPð ç2û¸òéA�ïKý�¹ ù3%{ó]æ_�
Ohm’s Law for AC circuits:

E = IZ
ê

I =
ë

Z =
ìE

Z
ì E

I
ë

All quantities expressed in
í
complex, not scalar, form

¸ òYå óUð ê���ê�ïKûþù û ù ó å óUé ýúëUé�ç¤ð ëWýIìPé�çiïKçBòPù�ûþõUç�å÷ëUé�ý ë_å�A�ïKý�¹ ùX%{ó]æ ê�ï�ó_ò�æ�ïPó_ê æ�óUùúêDó_ñKöWïWê û¸òæ±_�çBíþçið ê�é�ëUòKû ðBù ¯Õ`hI"¸6o�°H��xªñPùªê�óUù�û¸ýúì!çiôKóUòPð ç�ûþù�ó�å óUé�ýúëUé�çAð ëWýúìKé�çiïKçBò�ùüûþõUç�ç
�nìPé�çoù�ù�û¸ëWò�ë_å�ëUìPì�ë[ùüû¸ê�ûþëUò�ê�ë�ê�ïPç

Pë@æpë_å«çií¸çoð
ê�é�ëWòPù�ê�ïPóUò é�çiù�ûþùüê�óUòPð ç2û ù
�7î"�$Â�é�çoùüû ùüê�ó_ò�ð ç ó_òPô1ó_ònø�é�çióWð
ê�óUòPð ç���ùüçiìPó_éDó@ê�çBíþøIëWé�û¸òäð ëWý�DKûþòPó_ê�ûþëUò
¯ ù�çBé�ûþçiùHï]ìPóUé�óUí¸íþçBí�°H�nðBóUò]D!ç�ó_ò�ô ù�ïKëUñPíþô<D�ç�é�çBìPé�çoùüçiòWê�çiô1óUù�óúù�û¸òKöWí¸ç ûþýúì�çoôKó_òPðBç�û¸òäóUò1ÿ��cð ûþé�ðBñKû¸ê��
L«ë�ðió_í ð ñKí ó@ê�ç�ð ñKé�é�çBò[ê�û¸ò ê�ïPç ó-D!ë@õUçúð ûþé�ðBñKû¸ê��©æ�ç�|PéDùªê�òPçBçiô ê�ëäöUûþõUç�ó1ìKïPóWùüç�óUòKöUíþçúé�çBå÷çBé�çBòPðBç�å÷ëWé�ê�ïPçõUëWí�êDó_öWç ù�ëUñPé�ðBç��Kæ�ïKû ðDï�ûþù�öUçBòPçBéDó_íþí¸ø óWù�ù�ñKýúçiô ê�ë�D�ç�ÐBçBé�ë#�"¯ÕL�ïKç�ìPïPóUù�ç�ó_òKöWí¸çoù�ë_å7é�çiù�ûþùüê�ûþõUç�óUòPô1û¸òPôKñPð
ê�û¸õWçûþýIì!çiôPó_òPðBç�ó_é�ç²Á-ð \ Á�Â?Ö ,rq ó_òPô¿·l* ,rq �Ké�çiù�ì�çoð
ê�ûþõUçií¸ø��Ké�çBöWóUé�ôKí¸çoù�ùèë_å©ê�ïPç�öUûþõUçBò1ìKïPóWùüç�óUòKöUíþçiùèå÷ëWé�õUëWí�êDó_öWç�ëWéð ñPé�é�çBò[ê�°!�

I =
E
´

Z

I =
µ 10 V ∠ 0o

6.262 
³

Ω ∠ 37.016o

I = 1.597 A ∠ -37.016o

ÿ�ù æ�û�ê�ïYê�ïKç ìKñKé�çBíþø/ûþòPô�ñPð ê�ûþõUç ðBû¸éDð ñPû�ê���ê�ïKç ðBñKé�é�çiòWê�æ�ó]õUçäí ó_ö[ù²D!çBïKûþòPô�ê�ïPç õUëWí�êDó_öWç1æ�ó]õUç«¯ ë_å�ê�ïPçù�ëUñKéDð ç?°H�Kó_í¸ê�ïPëUñKöWï�ê�ïPûþù�ê�û¸ýúç ê�ïKç�íþóUöúûþù�òKëUê�óUù�öWé�çoó@ê��©ëUòPí¸ø ® ÜN� ,Bn Þ q óWù�ëUìKì!ëWù�çiô ê�ë�ó�å÷ñKíþíb* ,�q óUù�æ�óUùèê�ïPç
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ðBóWùüç ûþò1ê�ïKç�ìKñPé�çií¸ø�ûþòPô�ñ�ð
ê�ûþõUç�ðBû¸éDð ñPû�ê��

Time 

+

-

e =
i =

phase shift =
37.016o

ñKëWé�ê�ïKçúé�çoùüû ùüê�ëUé ó_ò�ôäê�ïPçIûþòPô�ñ�ð
ê�ëWé��^ê�ïKçúìKïPóWùüçIé�çiíþó_ê�ûþëUòPù�ïKûþìPù"D�çBêªæ�çiçBò õWëUí¸ê�óUöUç�óUòPô ðBñKé�é�çiòWê ïPó]õWçBò(¹ êðDïPóUòKöUçoôy�«ÿ�ð é�ëWù�ù7õUëUí¸ê�óUöUç�óUðBé�ë[ù�ù«ê�ïKç�é�çoùüû ùüê�ëUé#û ù7ûþò�ìKïPóUù�ç_¯ ,rq ùüïKû¸å¼ê�°#æ�û�ê�ïúê�ïKç�ðBñKé�é�çBò[ê7ê�ïPé�ëWñKöUïúû¸ê�^nó_òPô�ê�ïPçõUëWí�êDó_öWçAóUðBé�ë[ù�ù�ê�ïKçIû¸òPôKñPð
ê�ëUé2ûþù�·l* , q ëUñKê�ë_å�ìKïPóUù�çAæ�û¸ê�ï ê�ïKçIð ñKé�é�çBò[ê�öWëUûþòKö�ê�ïPé�ëWñKöUï¤û¸ê��k� çIðió_ò¤õWçBé�û�å÷øê�ïPûþù�ý�ó_ê�ïKçiýúó_ê�û ðBóUí¸íþø��
E = IZ
´

ER = IRZR

E
´

R = (1.597 A ∠ -37.016o)(5 Ω ∠ 0o)

ER = 7.9847 V ∠ -37.016o

Notice that the phase angle of ER is equal to
the phase angle of the current.
L�ïKç õUëWí�êDó_öWç�óUðBé�ë[ù�ùîê�ïPç�é�çoùüû ùªê�ëUéèïPóUùèê�ïKç�ç!�KóWð
ê�ù�óUýIç ìKï�óUù�ç2óUòKöUíþç�óUù�ê�ïKç�ðBñKé�é�çiòWêèê�ïPé�ëWñKöUï û�ê���ê�çií¸íþû¸òPöñPù�ê�ïPó@ê3`�óUòPôX¸�ó_é�ç2û¸ò�ìKïPóWùüç²¯÷å÷ëUé�ê�ïKç�é�çoùüû ùüê�ëUé�ëWòKí¸øB°!�
E = IZ
´

EL = ILZL

E
´

L = (1.597 A ∠ -37.016o)(3.7699 Ω ∠ 90o)

EL = 6.0203 V 
³

∠ 52.984o

Notice that the phase angle of EL is exactly
90o more than the phase angle of the current.
L�ïKç�õUëWí�êDó_öWç óUðBé�ë[ù�ùAê�ïPç1ûþòPô�ñ�ð
ê�ëWé�ïPóUùúó ìKïPóWùüç�ó_òPöUíþç ëUå + ÓB� *�ò-) q �îæ�ïKûþí¸ç1ê�ïKçäð ñKé�é�çiò[ê�ê�ïKé�ëWñKöUï/ê�ïPçûþòPô�ñPð ê�ëUé�ï�óUù�ó�ìKïPóWùüç�óUòKöUíþç�ëUå7v ® ÜZ� ,#n Þ q �©ó�ô�û~}^çBé�çBò�ð ç�ë_å�ç!�KóWð
ê�íþø¿* ,rq D�çBêªæ�çiçBò ê�ïKçúêªæèë#�²L�ïKû ù2ê�çií¸í ù�ñPùê�ï�ó@ê�`Yó_òPô<¸�ó_é�ç ùüê�ûþíþíb* ,rq ëWñ�ê�ë_å©ìKïPóUù�ç²¯¼å÷ëWé�ê�ïKç�ûþòPô�ñ�ð
ê�ëWé�ëUòKíþøB°H�
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� ç1ðió_òlóUíþù�ë ý�ó@ê�ïKçBý�ó_ê�û ðBó_íþíþø ìPé�ë@õWç�ê�ï�ó@êIê�ïKçoùüç�ð ëWýIìPí¸ç
� õ@óUí¸ñKçoùúóUôKô ê�ëUöWç ê�ïPçBé�ê�ë ýúó��Uç ê�ïKç ê�ëUê�ó_íõUëWí�êDó_öWç���xªñPùüê�óUùCó ûþé�ðDïKïPë-}C¹ ùhô#ëWí�êDó_öWçk%«ó]æcæèëUñKí ô ìKé�çoô�û ð
ê��
Etotal = ER + EL

Etotal = (7.9847 V ∠ -37.016o) + (6.0203 V ∠ 52.984o)

Etotal = 10 V ∠ 0o

%bçBê�¹ ù�ðDïKçið���ê�ïKç�õ@ó_íþû ô�û�êªø ë_å7ëUñKé�ðió_í ð ñKí ó@ê�û¸ëWòPùèæ�û�ê�ïöõB÷p¸s�=`3�
1

0

2

0

R
ø

L
e

5 
Ú

Ω
10 mH10 V

60 Hz
³

�#��� �Nù �Z�?�$�?�y�?�
ú �æ���æ�#�2�?� g ���
�(�æ��¥ ¦
ù �½¥��û�?�?�¢ �#� ù ���ü�   �   �
¢þý �'���Z�æ�#� ú �?�yÿs¥$� ú ��¥aÿs�$�:�(� ú ���
¢þý �'���Z�æ�#� ú ý �?��ÿ�¥$� ú ý ��¥aÿ��$�×� ý � ú ���
¢ ���Z�

�r�B��� ú �?��ÿ�¥$� ú ��¥$� �(� ú ���
 8¢ �r�N�����Z�'� £8¢�¤r§N¦ ���Z�r�  p¢ �N¥N�����Z�N� � ¢�¦N¤r£ ���Z�N��r�B��� ú ý ���yÿ�¥$� ú ý ��¥$� � ý � ú ���
 8¢ �r�N�����Z�'� � ¡8¢�£ �r¥����Z��� ¦p¢ ¥ ¤N§ ���Z��� � ¢��B¡ �����Z�N¥

ER = 7.985 V ∠ -37.02o

EL = 6.020 V ∠ 52.98o

I = 1.597 A ∠ 143.0o

Interpreted SPICE results

G�ëUê�ç�ê�ïPó_êTxªñ�ùªê�óUù�æ�û¸ê�ï�±k��ð ûþé�ðBñKû�êDù
�BõZ÷8¸s�=` ëWñ�ê�ìKñKê�ù�ð ñPé�é�çBò[ê8|�öUñKé�çiùèóUù�ê�ïPëUñKöWï�ê�ïPçBø�æèçBé�ç�òKçiöWó@ê�û¸õWç
¯ n ò ,rq ëWñ�ê�ëUå7ìPïPóUù�ç�°èæ�û¸ê�ï�ê�ïKçAù�ñKìKìKíþø õWëUí¸ê�óUöUç��8¸ òPùªê�çióWô�ë_å#óúìKïPóUù�ç�ó_òPöUíþç�ë_å0v ® ÜN� ,Bn Þ q �Pæèç�öUçBê�ó�ð ñKé�é�çBò[êìKïPóWùüç ó_òPöUíþç�ëUå n ) ® q ¯�v ® Ü q · n ò , q °H�pL�ïKû ù�ûþùèýúçBé�çBíþø óUò û ô�û¸ë[ùüønòPðBé�óWùüøúëUå0õZ÷8¸s�=`ló_ò�ô ô�ënçoù�òKë_ê�é�çiìKé�çiù�çBò[êó_ònø[ê�ïPû¸òKö�ùüûþöUòKû�|�ðió_ò[ê�ûþò�ê�ïPç2ðBû¸éDð ñKû¸êèù�ûþýAñKí ó@ê�û¸ëWò�û�êDùüçií�å6�pG�ë_ê�ç�ïKë@æ×D�ëUê�ï ê�ïKç�é�çoùüû ùªê�ëUéèó_òPô�ûþòPô�ñ�ð
ê�ëWé�õWëUí¸ê�óUöUçìKïPóWùüç�é�çióWô�ûþòKöWù�ý�ó@êDðDï�ëUñKé�ðió_í ð ñKí ó@ê�û¸ëWòPù_¯�v ® ÜZ� , Ó q ó_òPô + ÓZ� *�ò q ��é�çoùüì!çið ê�ûþõUçií¸øB°H�-xªñPùªê2óUù�æèç�ç!��ì!çið
ê�çiô1ê�ïKçBýê�ë$�
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��û¸ê�ï�ó_íþí�ê�ïKçiù�çh|PöUñPé�çoù©ê�ë_�UçiçBìIê�éDóUð��Aë_å!å÷ëUé�çiõUçBò�ù�ñPðDï�ó ùüûþýúìKí¸ç�ð ûþé�ðBñKû�êîóWù©ê�ïKû ù��Wû¸êîæèëUñKí ô�D!ç3D!çBòKç
|�ð û ó_íå÷ëUé�ñPù�ê�ë ñPù�ç�ê�ïKç<�_ê�ó-DPí¸ç���ýIçBê�ïKë�ôy� ÿ�ìKìPí¸ønûþòKö ó�êDó-DKíþç�ê�ëäê�ïKû ùIùüûþýúìKí¸ç1ùüçié�ûþçiù�é�çoùüû ùªê�ëUésv}ûþòPô�ñ�ð
ê�ëWé�ð ûþé�ðBñKû¸êæèëUñKí ô1ìKé�ë�ðBçBçiô�óWù�ùüñPðDïb�7ñ©û¸éDùüê���ôKé�ó]æpñKìäóIê�ó-DPí¸ç�å÷ëWé3`=ï�¸sï�çö|PöUñKé�çiù�óUòPô�ûþòPùüçiéüê�óUí¸í«ð ëUýúì!ëUòKçiò[ê�õ]óUí¸ñPçiù�ûþòê�ïPçiù�ç�ê�çBé�ý�ùC¯÷ûþòúë_ê�ïPçBé#æèëUéDôKù
�Wô�ëUò(¹ ê�ûþòPùüçiéüê�óWð
ê�ñ�ó_í�é�çiù�ûþùüê�óUòPð ç�ëUé#ûþòPô�ñ�ð
ê�óUòPð ç�õ@ó_íþñKçoù#û¸òXA�ïKý�ù#óUòPôÑ¶�çBòPé�ø�ù��é�çiù�ì�çoð
ê�ûþõUçií¸ø��nû¸ò[ê�ë�ê�ïPç�êDó-DKíþç�^néDó@ê�ïKçBé���ð ëUònõWçBé�êîê�ïPçBý ûþò[ê�ëúð ëUýúìKíþç!�²|�öUñKé�çiù�ë_å©û¸ýúì!çiôKóUòPð ç ó_òPô æ�é�û¸ê�ç�ê�ïPëWù�çûþò$°H�

E

I

Volts

Amps

OhmsZ

R L Total

5 + j0
5 ∠ 0o

0 + j3.7699
3.7699 ∠ 90o

10 + j0
10 ∠ 0o

ÿ�í¸ê�ïPëUñKöWï û�ê�û ùüòb¹ êúòKçiðBçiù�ù�óUé�ø��0¸_|PòPôlû�ê�ïKçií¸ì�å÷ñPí�ê�ë æ�é�û¸ê�ç	��� Î�U ê�ïPç é�çið ê�ó_òPöUñKí ó_éIó_òPôlì�ëWíþóUéAå÷ëWé�ý�ù�ë_åçióWðDï«KWñ�ó_ò[ê�û¸êªø ûþò ê�ïKç�êDó-DKíþç��]¸�å�øUëUñ�óUé�ç�ñPù�ûþòKö¤óäðBóUíþðBñKíþó_ê�ëWé ê�ïPó_ê�ïPóUù ê�ïKç ó�DKû¸íþû¸êªø¤ê�ë ì�çiéüå÷ëWé�ý ð ëUýúìKíþç!�ó_é�û¸ê�ïKýúç ê�ûþð æ�û�ê�ïKëUñKêAê�ïPç òKçiçiô å÷ëWéIðBëUònõUçié�ù�û¸ëWòED!ç êªæèçBçiò é�çið
êDó_òKöWñKí ó_éAóUòPô ì�ëWíþóUé�å÷ëWé�ý�ù��«ê�ïKçBòlê�ïKû ù�ç!�nê�éDóô�ë�ð ñPýIçiò[ê�ó@ê�û¸ëWòúûþù�ð ëUýúìKíþç ê�çBíþøAñKòPòKçiðBçiù�ù�óUé�ø��T¶�ë@æèçBõWçBé��_û¸å^øWëUñ�ó_é�çèå÷ëUéDð çoôAê�ë�ì!çBé�å÷ëUé�ýkð ëWýúìKí¸ç
�IóUé�û¸ê�ïKýúçBê�û ð
�_íþëUòPöUïPóUòPôB�X¯=óUôKôKû�ê�û¸ëWò�óUòPô1ùüñBDKê�éDóUð
ê�û¸ëWò ûþò�é�çoð
ê�óUòKöUñPíþóUéîå÷ëWé�ý��Kó_ò�ô ý�ñKí�ê�û¸ìPí¸û ðBó_ê�ûþëUòäó_òPô1ô�ûþõnûþù�û¸ëWò ûþò�ì�ëWíþóUéå÷ëUé�ý�°H�Kæ�é�û¸ê�ûþòKöúçióUðDï�K[ñPó_ò[ê�û�êªø�ûþò�D�ëUê�ï1å÷ëUé�ý�ù�æ�û¸íþíyD!ç�ñPùüçBå÷ñKíbûþòPô�çiçiôy�
G�ë@æ ê�ïPó@êúëUñPé��UöUûþõUçBò$��|PöUñPé�çoùAó_é�ç ûþòPù�çBé�ê�çoô�û¸ò[ê�ë ê�ïKçBûþéúé�çoùüì!çið ê�ûþõUç íþë�ðBó_ê�ûþëUòPùAû¸òlê�ïKç ê�ó�DKí¸ç���æèç ðBóUòìKé�ë�ð çBçoôlxªñPùüê�óWù�æ�û¸ê�ïX±_�"��ô�ç ê�çBé�ýIûþòKç�ê�ïKç�ê�ë_êDó_í!û¸ýúì!çiôKóUòPð ç�å÷é�ëWýuê�ïKç2û¸òPôKû¸õnû ô�ñPó_í!ûþýIì!çiôPó_òPðBçiù��aõ�û¸òPðBç�ê�ïKûþùû ù�óúùüçié�ûþçiù�ðBû¸éDð ñKû¸ê��Pæ�ç_�nòKë@æcê�ïPó_ê�ëUìKì!ëWù�û�ê�û¸ëWò1ê�ë�çBíþçið ê�é�ëUò<
Pë@æ�¯ é�çoùüû ùüê�ó_ò�ð ç���Ï�ûþýIì!çiôPó_òPðBç�°�óUôPôKù�ê�ëIå÷ëWé�ýê�ïPç ê�ë_êDó_í ëWìKì�ë[ùüû¸ê�ûþëUòb�

E

I

Volts

Amps

OhmsZ

R L Total

5 + j0

5 ∠ 0o

0 + j3.7699

3.7699 ∠ 90o

10 + j0

10 ∠ 0o

5 + j3.7699
6.262 ∠ 37.016o

Rule of series
circuits

Ztotal = ZR + ZL

G�ë@æ ê�ïPó@ê�æèç<�nòKë@æ ê�ë_êDó_í�õUëWí�êDó_öWç ó_òPô ê�ëUê�ó_í�ûþýúì�çoôKó_ò�ð ç��îæ�ç�ðBóUò/ó_ìPìKí¸ø�A�ïPý]¹ ùÑ%{ó]æ ¯Õ¸sIl`=ï�çy° ê�ëô�çBê�çBé�ýúû¸òPç ê�ë_êDó_íbðBñKé�é�çBò[ê��
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E

I

Volts

Amps

OhmsZ

R L Total

5 + j0

5 ∠ 0o

0 + j3.7699

3.7699 ∠ 90o

10 + j0

10 ∠ 0o

5 + j3.7699

6.262 ∠ 37.016o

Ohm’s
Law

1.597 ∠ -37.016o

1.2751 - j0.9614

I = 
E
Z


WñPùªê�óWù æ�û�ê�ïJ±k�"� ê�ïKçúê�ëUê�óUíîð ñKé�é�çBò[ê2ûþò�óäùüçié�ûþçiù�ÿ��²ð ûþé�ðBñKû¸ê�ûþù�ù�ïPóUé�çoô¤ç�K[ñPóUí¸íþøéDnø óUí¸í�ð ëUýúì!ëUòKçiò[ê�ù��
L�ïKû ùèûþù�ùüê�ûþí¸í!ê�é�ñKçlD�çoðBóUñPùüç2ûþò óIùüçié�ûþçiùèð ûþé�ðBñKû¸ê�ê�ïKçBé�ç�û ùèëUòKíþø�ó�ù�ûþòKöUíþç�ìPó_ê�ï å÷ëUéèçBíþçið ê�é�ëUòPùîê�ë 
Pë@æ_�[ê�ïKçié�çBå÷ëUé�çê�ïPç�é�ó_ê�ç�ë_å�ê�ïKçiû¸éa
�ë@ælýAñ�ùªê�ñKòPû�å÷ëWé�ýhê�ïKé�ëUñKöWïKëUñ�ê��0��ëWòPùüç�K[ñKçBò[ê�íþø��Uæ�ç�ðió_ò�ê�éDó_òPùüå÷çBé©ê�ïPçh|PöUñKé�çiù©å÷ëWé�ð ñKé�é�çBò[êûþòWê�ëIê�ïKç�ðBëUíþñKýúòPù�å÷ëUé�ê�ïKç�é�çiù�ûþùüê�ëWé�óUòPô û¸òPôKñPð
ê�ëUé�ó_íþû&�Uç��

E

I

Volts

Amps

OhmsZ

R L Total

5 + j0

5 ∠ 0o

0 + j3.7699

3.7699 ∠ 90o

10 + j0

10 ∠ 0o

5 + j3.7699

6.262 ∠ 37.016o

1.597 ∠ -37.016o

Rule of series
circuits:

Itotal = IR = IL

1.597 ∠ -37.016o1.597 ∠ -37.016o

1.2751 - j0.96141.2751 - j0.96141.2751 - j0.9614

G�ë@æxóUí¸í�ê�ïPó_ê�¹ ùAíþç å¼êIê�ë¿|PöUñKé�ç û ùAê�ïKç õUëUí¸ê�óUöUç�ô�é�ëUì/óUð é�ëWù�ù ê�ïKç é�çiù�ûþùüê�ëWéAó_ò�ô�û¸ò�ô�ñPð
ê�ëUé��#é�çoùüì!çið ê�ûþõUçií¸ø��
L�ïKû ù�û ù�ô�ëUòKç2ê�ïKé�ëWñKöUï ê�ïPç�ñPùüç�ëUåaA�ïKý�¹ ù3%{ó]æ�¯Õ`=I"¸sç(°H�Kó_ìPìKí¸ûþçiô1õWçBé�ê�û ðBó_íþíþø�û¸ò�çióWðDï1ðBëUíþñKýúò�ë_å{ê�ïKç ê�ó�DKíþç��
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E

I

Volts

Amps

OhmsZ

R L Total

5 + j0

5 ∠ 0o

0 + j3.7699

3.7699 ∠ 90o

10 + j0

10 ∠ 0o

5 + j3.7699

6.262 ∠ 37.016o

1.597 ∠ -37.016o1.597 ∠ -37.016o1.597 ∠ -37.016o

Ohm’s
Law

Ohm’s
Law

6.3756 - j4.8071
7.9847 ∠ -37.016o

3.6244 + j4.8071
6.0203 ∠ 52.984o

1.2751 - j0.96141.2751 - j0.96141.2751 - j0.9614

E = IZ E = IZÿ�ò�ô æ�û¸ê�ï ê�ïPó@ê��«ëWñKé ê�ó�DKí¸çúû ù�ð ëWýúìKí¸çBê�ç���L�ïKç�ç!�KóUð êAù�óUýúçIé�ñKíþçiù æèç�ó_ìKìKíþûþçiô û¸ò ê�ïKç�ó_òPóUí¸ø�ù�ûþù ëUåh±_�ð ûþéDð ñKû¸ê�ù�óUìKìKíþøäê�ë¤ÿ��uð ûþéDð ñKû¸ê�ù�óWù�æ�çií¸í{�{æ�û¸ê�ï ê�ïKç�ðBó]õWçió@ê ê�ïPó@êAóUí¸í8K[ñPóUò[ê�û¸ê�ûþçiù ýAñ�ùªê�D!ç�é�çBìKé�çiù�çBò[ê�çoô óUòPôðBóUíþðBñKí ó@ê�çoô�ûþò1ðBëUýúìKíþç!� éDó@ê�ïKçBéèê�ïPó_ò�ù�ðió_í ó_é�å÷ëUé�ý��aõ�ëIíþëUòPöIóWù�ìPïPóUù�ç2ù�ïKû¸å¼ê�ûþùèìKé�ëUì!çBé�íþø�é�çiìKé�çoùüçiò[ê�çiô û¸ò1ëUñPéðBóUíþðBñKí ó@ê�ûþëUò�ù
�Uê�ïKçié�ç�ûþù�òKë�å÷ñPòPôKó_ýúçiòWêDó_í^ô�û�}!çié�çiòPð ç�û¸ò�ïPë@æ�æèç�óUìKìKé�ëWóWðDï�D�óUù�ûþð�ÿ���ðBû¸éDð ñPû�ê�ó_òPóUí¸ø�ù�ûþù#õWçBéDùüñ�ù
±_�"�
G�ë@æ ûþù�ó öUënë�ô�ê�û¸ýúç�ê�ë é�çBõnûþçBæxê�ïKçäé�çBí ó@ê�ûþëUò�ùüïKûþì½D!ç êªæèçBçiòlê�ïKçiù�çäðBóUíþðBñKíþó_ê�çoô«|PöWñKé�çoù�ó_òPô/é�çióUôKû¸òKö[ùöUûþõUçiòJDnø óUð ê�ñPóUí�ûþòPùüê�é�ñKýúçBò[êIýúçoóUù�ñKé�çiýúçBò[ê�ù�ë_å�õWëUí¸ê�óUöUç óUòPô ðBñKé�é�çBò[ê��JL�ïKçX|�öUñKé�çiù�ïKçBé�ç�ê�ïPó@ê�ô�ûþé�çoð
ê�í¸øé�çBí ó@ê�ç1ê�ë�é�çoó_í�v}íþû�å÷ç�ýúçióWùüñPé�çiýIçiò[ê�ù�ó_é�ç1ê�ïKë[ùüç�ûþò ½ �-ð�Á�Ï¿��� Î Á Î �Õ���$��òKëUê�é�çoð
êDó_òKöWñKíþóUé��×¸ òYë_ê�ïKçBé�æèëUéDôKù���û¸åøUëWñ¤æèçBé�ç�ê�ë�ð ëWòKòKçoð
ê�ó õWëUí¸ê�ýúç ê�çBé óUð é�ëWù�ù�ê�ïKçIé�çoùüû ùªê�ëUé2û¸ò ê�ïKû ù ð ûþé�ðBñKû¸ê�� û¸ê æèëUñPíþôäûþòPô�û ðBó_ê�ç�
���������
�õWëUí¸ê�ù��òKëUê�ÞB� ® Ü + Þ<¯ é�çoó_íbé�çið ê�óUòKöUñKí ó_éH°�ëUéC)$� ò , Ü n ¯÷ûþý�ó_öWû¸òPóUé�ø é�çoð
ê�óUòKöUñPíþóUé�°îõUëWí�êDù
�=L{ë�ô�çoù�ðBé�û&D!ç ê�ïKû ù�ûþòäöUéDó_ìKïKû ðBóUíê�çié�ý�ù���ýúçióUù�ñKé�çBýúçBò[ê�ûþòPùªê�é�ñPýIçiò[ê�ù�ù�û¸ýúìKíþø�ê�çií¸í{øUëUñ ïKë@æcíþëUòPöAê�ïKç�õUçoð
ê�ëWé�ûþùèå÷ëWé�ê�ïPó_ê�ìPó_é�ê�û ð ñKí ó_éCK[ñPóUòWê�û�êªø

¯÷õWëUí¸ê�óUöUç2ëUé�ð ñPé�é�çBò[ê�°!�
o�çoð
ê�óUòKöUñPíþóUé òKëUê�ó@ê�û¸ëWò(��æ�ïKûþíþç ðBëUònõUçiòKû¸çiò[ê�å÷ëUé�ó_é�û�ê�ïKýúç ê�ûþðió_í óUôKô�û¸ê�ûþëUò�ó_òPôcùüñBDKê�éDóUð
ê�û¸ëWò(��û ù�ó ýúëUé�çó-D�ùªê�é�óWð
ê�å÷ëWé�ý ë_å�òKë_êDó@ê�ûþëUò¤ê�ïPóUò¤ì�ëWíþóUé�ûþò é�çBí ó@ê�û¸ëWò�ê�ë é�çoó_í�v}æèëUé�íþô1ýúçióWùüñPé�çiýIçiò[ê�ù��2ÿ�ù�¸�ùüê�ó_ê�çoôöD�çBå÷ëUé�ç���¸æ�ûþí¸í©û¸ò�ô�ûþðió@ê�ç�D�ëUê�ï¤ì!ëUí ó_é2ó_òPô�é�çið ê�óUòKöUñKí ó_é�å÷ëWé�ý�ù�ë_å�çióWðDïöKWñ�ó_ò[ê�û¸êªø ûþò¤ý�ø1ÿ���ðBû¸éDð ñKû¸ê�êDó-DKíþçiù�ùüûþýúìKí¸ø1å÷ëWéð ëWònõUçBòPû¸çiòPð ç�ë_å�ý�ó_ê�ïKçiýúó_ê�û ðBóUí7ðió_í ð ñKí ó@ê�û¸ëWò(��L�ïKû ù2ûþù2òKëUê�ó-DPù�ëUíþñ�ê�çií¸øäòPçið çoù�ù�ó_é�ø��'DKñ�ê�ý�ó]ø�D!çIïPçBíþì�å÷ñKí#å÷ëWéê�ïPëWù�ç�å÷ëWí¸íþë@æ�û¸òPöIóUí¸ëWòKö�æ�û¸ê�ïPëUñ�ê�ê�ïPçlD!çBòPç!|Kê�ëUå«ó_ò�óUô�õ@óUòPð çoô ðBóUíþðBñKí ó@ê�ëWé��@¸�å«æèç æ�çié�ç�é�çoùªê�é�û ð
ê�ëUñPé�ù�çBíþõUçoù�ê�ëê�ïPç2ñ�ùüç2ë_å{ëWòKíþø�ëUòKç�å÷ëUé�ýxë_å{òPë_ê�ó_ê�ûþëUò(�[ê�ïKçkD�çoùªê�ðDïKëWûþðBç�æèëUñKí ô�D!ç ì�ëWíþóUé��rD�çoðBóUñPùüç2û¸ê�û ù�ê�ïKç ëWòKí¸ø�ëWòKç�ê�ïPó_êðBóUò<D!ç�ô�ûþé�çoð
ê�í¸ø1ð ëUé�é�çBí ó@ê�çoôúê�ë�é�çióUí ýúçióUù�ñKé�çBýúçBò[êDù
�
Ã½ÄXÅ"Æ<Ç!Å"ÈÊÉ
Ã�Ë ¼�½ ��Ì�Á-� » � û ù2ê�ïKçúê�ë_êDó_í#ýúçióWùüñKé�çIë_å�ëWìKì!ëWù�û�ê�û¸ëWò ê�ë1çií¸çoð
ê�é�û ðúð ñKé�é�çiò[ê�óUòPô ûþù2ê�ïKç�ð ëWýIìPí¸ç
��¯÷õWçið
ê�ëUéH°ùüñKýÄë_åp¯Ò�_é�çió_í ��°#é�çoùüû ùªêDó_òPðBç�ó_òPôö¯Ò�_ûþý�ó_öUûþòPóUé�øZ��°«é�çióWð
ê�óUòPð ç��T¸�ê�ûþùèùüøný D�ëWí¸û&ÐBçoôÑD[ø�ê�ïPç�íþç êüê�çBé=�rç���óUòPôýIçoóUù�ñKé�çiô�ûþò�ëUïKý�ù��?xªñPùüê�í¸û&�Uç é�çiù�ûþùüê�óUòPð çÑ¯Õo"°�ó_òPô é�çióUð ê�óUòPð çÑ¯å�k°H�
Ã ¸ ýIì!çiôPó_òPðBçiùp¯þçy° ó_é�ç7ý�ó_òPóUöUçiô8xªñPùüê{íþû��Wç#é�çoùüû ùªêDó_òPðBçiùa¯Òo�°^ûþò�ùüçié�ûþçiù ðBû¸éDð ñKû¸ê{ó_ò�ó_íþønù�û ù
� ù�çBé�û¸çoù û¸ýúì!çiôKóUòPð çoùóUôKô ê�ëäå÷ëUé�ý ê�ïKç ê�ë_êDó_í�û¸ýúì!çiôKóUòPð ç���
Uñ�ùªê�D�ç1ùüñKé�çúê�ë ì�çiéüå÷ëWé�ýµó_íþí�ðió_í ð ñKí ó@ê�û¸ëWòPù�ûþòlðBëUýúìKíþç!�:¯÷òKëUêù�ðió_í ó_éH°#å÷ëWé�ý��8ç�� q����! Iûç#"_·ûç�$�·ü�C�C�7ç�%
Ã ÿpìPñKé�çií¸ø é�çoùüû ùüê�ûþõUç2û¸ýúì!çiôKóUòPð ç�æ�ûþí¸í«ó_íþæèó]ø�ù�ïPó]õUç�óIìKïPóWùüç�ó_òPöUíþç2ëUå«ç
��óWð
ê�í¸ø ,rq ¯{ç�&:I¾o Û�ß ,�q °!�
Ã ÿhìKñKé�çBíþø ûþòPô�ñPð ê�ûþõUç�ûþýúì�çoôKó_ò�ð ç�æ�ûþí¸í©ó_íþæèó]ø�ù�ïPó]õWç óúìPïPóUù�çAó_òPöUíþç2ëUå#ç!�KóUð ê�íþø�·l* ,rq ¯{ç��JI �"� Û ß
* ,�q °!�
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Ã A�ïKý�¹ ùC%«ó]æ�å÷ëUé�ÿ���ð ûþé�ðBñKû¸ê�ù��p`:I¾¸sç½^Z¸CI `=ï�çJ^$çMI¾`hï?¸

Ã ��ïKçBò é�çiù�û ùªê�ëUéDùAó_ò�ô�û¸ò�ô�ñPð
ê�ëUéDùAóUé�ç�ýúû���çiô�ê�ëUöWç ê�ïPçBéAûþòlðBû¸éDð ñKû¸ê�ù��7ê�ïPç ê�ë_ê�óUí�ûþýúì�çoôKó_ò�ð ç æ�ûþíþí�ïPó]õWçó ìKï�óUù�çIóUòKöUíþç�ù�ëUýúçBæ�ïPçBé�ç D!ç êªæèçBçiò ,�q ó_ò�ôM·l* ,�q � L�ïPçúðBû¸éDð ñPû�ê�ð ñKé�é�çBò[ê2æ�ûþíþí©ï�ó]õUçúó ìKï�óUù�çIóUòKöUíþçùüëWýIçiæ�ïKçBé�çlD�çBêªæ�çiçBò ,�q ó_ò�ô�v * ,rq �

Ã õnçBé�û¸çoù�ÿ��²ðBû¸éDð ñPû�êDù ç!��ïKû&DKû�ê�ê�ïKç ù�ó_ýúçIå÷ñKòPôKóUýúçBò[ê�óUí�ìKé�ëUì!çBé�ê�ûþçiù�óUù�ù�çBé�ûþçiù_±_�²ðBû¸éDð ñKû¸ê�ù���ð ñPé�é�çBò[ê�ûþùñKòKû¸å÷ëUé�ý ê�ïKé�ëWñKöUïPëUñ�ê�ê�ïKç�ðBû¸éDð ñKû¸ê���õUëWí�êDó_öUç�ôKé�ëWìPù�óUôPô1ê�ë�å÷ëWé�ý ê�ïKç�ê�ë_êDó_í«õUëUí¸ê�óUöUç��Pó_òPô�ûþýúì�çoôKó_ò�ð çiùóUôKô ê�ëIå÷ëUé�ý ê�ïKç ê�ëUê�óUí û¸ýúì!çiôKóUòPð ç��

Õ�Ö-, .0/�Û1/3242BÝ52�Û#Ý�Þ©ßBÞbà7áAÛTÙ!ß�R�S¤ã�Ùèà©áAÛÚÙ�ß Û#Ù�ãäßDà7Þ
%bçBê�¹ ù�ê�ó��Uç�ê�ïKç�ù�ó_ýúç�ð ëWýúì�ëWòKçBò[ê�ù�å÷ëUé�ëUñPé�ù�çBé�ûþçiù�ç!�KóUýIìPí¸ç�ð ûþéDð ñKû¸ê�ó_òPô1ð ëWòKòKçoð
ê�ê�ïKçiý ûþò�ìPó_éDó_íþíþçBí{�

R L5 
Ú

Ω 10 mH10 V
60 Hz
³

	èçiðió_ñPù�ç�ê�ïKç�ì!ë@æ�çié�ù�ëUñPé�ðBç2ï�óUùèê�ïPç�ù�óUýIç2å÷é�ç�K[ñKçiòPð ø óWùèê�ïKç�ù�çBé�ûþçiù�ç!�KóUýIìPí¸ç�ð ûþéDð ñKû¸ê��KóUòPô ê�ïKç�é�çiù�ûþùüê�ëWéó_ò�ôäû¸ò�ô�ñPð
ê�ëUékD!ë_ê�ï ïPó]õUç�ê�ïKçúù�óUýúçAõ@ó_íþñKçiù�ë_å�é�çiù�û ùªêDó_òPðBç�ó_ò�ôäû¸ò�ô�ñPð
êDó_òPðBç��^é�çiù�ì�çoð
ê�ûþõUçií¸ø��!ê�ïKçiøäýAñPùüê2óUíþù�ëïPó]õWç�ê�ïPç1ù�ó_ýúç1õ]óUí¸ñPçiù�ë_å�ûþýúì�çoôKó_òPðBç���õ�ë#��æèç1ðió_òJD!çBöWû¸ò/ëUñKé�óUòPó_íþø�ùüû ù�êDó-DKíþç æ�û¸ê�ï/ê�ïPç1ù�ó_ýúç��_öUûþõUçiò#�õ@ó_íþñKçiù��

E

I

Volts

Amps

OhmsZ

R L Total

5 + j0
5 ∠ 0o

0 + j3.7699
3.7699 ∠ 90o

10 + j0
10 ∠ 0o

L�ïKç ëUòPí¸ø ôKû~}^çBé�çBòPðBç û¸ò1ëUñKé�óUòPó_íþø�ùüû ù�ê�çoðDïKòKû KWñPç�ê�ïKû ù�ê�ûþýúç�ûþùèê�ïPó@ê�æèç2æ�ûþíþí{ó_ìKìPí¸ø�ê�ïKç é�ñPí¸çoù�ë_å«ì�ó_éDó_íþí¸çiíð ûþéDð ñKû¸ê�ù�û¸òPùüê�çoóUô�ëUå©ê�ïKç�é�ñKíþçiù�å÷ëWé�ù�çBé�û¸çoù�ð ûþéDð ñKû¸ê�ù��CL�ïKçAó_ìPìKé�ë[óUðDï1ûþù�å÷ñKòPôKóUýúçBò[ê�óUí¸íþø ê�ïKç�ù�ó_ýúç�óWù�å÷ëUél±k�"�
� ç"�nòKë@æ�ê�ï�ó@ê�õUëUí¸ê�óUöUç�û ùèùüïPóUé�çoôúñKòKû¸å÷ëUé�ýúí¸øÑDnø�ó_íþí!ðBëUýúì�ëWòKçBò[êDùîûþò óAìPó_éDó_íþí¸çií�ðBû¸éDð ñKû¸ê��nù�ëAæèç�ðBóUò�ê�éDó_ò�ùªå÷çiéê�ïPçk|PöUñKé�ç ë_å«ê�ë_êDó_íbõWëUí¸ê�óUöUçÑ¯ n�, õWëUí¸ê�ù ß ,�q °�ê�ë�ó_íþíbð ëWýúì�ëWòKçBò[ê�ù�ðBëUíþñKýúòPù��
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E

I

Volts

Amps

OhmsZ

R L Total

5 + j0

5 ∠ 0o

0 + j3.7699

3.7699 ∠ 90o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

Rule of parallel
 circuits:

Etotal = ER = ELG�ë@ælæ�ç�ðBóUò�ó_ìPìKí¸øÑA�ïKý�¹ ù0%{ó]æ�¯å¸sIl`=ï�çy°{õUçBé�ê�û ðBóUí¸íþø2ê�ë2êªæèë2ðBëUíþñKýúòPù©ë_åPê�ïKçèê�ó�DKí¸ç��UðBóUíþðBñKí ó@ê�ûþòKö ð ñKé�é�çBò[êê�ïPé�ëWñKöUï ê�ïKç�é�çiù�û ùªê�ëUé�ó_òPô1ð ñPé�é�çBò[ê�ê�ïKé�ëUñPöUï ê�ïKç�ûþòPô�ñPð ê�ëWé��

E

I

Volts

Amps

OhmsZ

R L Total

5 + j0

5 ∠ 0o

0 + j3.7699

3.7699 ∠ 90o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

0 - j2.6526
2.6526 ∠ -90o

2 + j0
2 ∠ 0o

Ohm’s
Law

Ohm’s
Law

I = 
E

Z
I = 

E

Z
WñPùªê�óWù�æ�û�ê�ï¿±k�pðBû¸éDð ñKû¸ê�ù��BDKéDó_ò�ðDï�ðBñKé�é�çiòWêDù�û¸òäóúìPóUé�óUí¸íþçBíbÿ��pðBû¸éDð ñKû¸ê�óUôPô ê�ëúå÷ëUé�ý ê�ïKç�ê�ëUê�óUí{ð ñKé�é�çBò[ê
¯Õó ûþéDðDïKïKë-}C¹ ù���ñKé�é�çiòWê3%«ó]æpùüê�ûþí¸íbïPëUí ôKùèê�é�ñKç2å÷ëUé�ÿ��cóUù�û¸ê�ô�û ô å÷ëWé3±k�h°!�

E

I

Volts

Amps

OhmsZ

R L Total

5 + j0

5 ∠ 0o

0 + j3.7699

3.7699 ∠ 90o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

0 - j2.6526

2.6526 ∠ -90o

2 + j0

2 ∠ 0o

2 - j2.6526

Rule of parallel
circuits:

Itotal = IR + IL

3.3221 ∠ -52.984o

ñ©û¸ò�ó_íþí¸ø��Pê�ë_ê�óUí«ûþýúì�çoôKó_ò�ð ç�ðió_òöD!ç�ðió_í ð ñKí ó@ê�çiôöDnø1ñPùüûþòKööA�ïKý�¹ ù"%{ó]æü¯{ç(Il`hï?¸�°�õWçBé�ê�û ðBóUí¸íþø ûþòäê�ïKç ��L{ë�vê�óUí&� ð ëWí¸ñKýúò(�_¸ ò�ð û ô�çBò[ê�óUí¸íþø��^ìPóUé�óUí¸íþçBí©ûþýIì!çiôPó_òPðBçIðió_ò óUíþù�ëXD!çIðió_í ð ñKí ó@ê�çiôöDnøäñPù�ûþòKö ó é�çoð ûþìKé�ënðió_í{å÷ëUé�ýAñKí ó
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û ô�çBò[ê�û ðBóUí^ê�ëúê�ïPó@ê�ñPù�çiô ûþò�ðió_í ð ñKí ó@ê�û¸òPöIì�ó_éDó_íþí¸çií!é�çiù�û ùªêDó_òPðBçiù��

Z
è

parallel =

Z
è

1 Z
è

2 Z
è

n

1
+6 1

+6 . . .
1

1

L�ïKç�ëUòKíþø ìKé�ë�DKíþçBýeæ�û�ê�ïAñPù�ûþòKö�ê�ïKûþù«å÷ëWé�ý�ñKíþó�ûþù«ê�ï�ó@ê«û¸ê©êªø[ìPûþðió_íþí¸ø ûþò[õWëUíþõUçoù{ó�íþë_ê©ë_å�ðió_í ð ñKí ó@ê�ëUéT�UçBø�ùüê�é�ë��Wçiùê�ë�ðió_é�é�ø�ëWñ�ê��èÿ�òPô1û¸å#øUëUñb¹ é�ç�ô�ç ê�çBé�ýIûþòKçoô ê�ë�é�ñPò ê�ïKé�ëUñKöWï1óIå÷ëWé�ý�ñKíþóIíþû��Wç ê�ïKû ù3�Uí¸ëWòKöUïPóUòPôy� ��D�ç�ìKé�çBì�ó_é�çiôå÷ëUé ó õUçBé�ø�íþóUé�öWçAó_ýúëWñKò[ê2ëUåîæ�ëWés���k	èñ�ê��NxªñPùüê�óUù�æ�û�ê�ïE±_�hðBû¸éDð ñKû¸ê�ù��^æ�çIë_å¼ê�çBò ïPó]õUç�ýAñKí¸ê�ûþìKíþç�ëWì�ê�ûþëUòPù2ûþòðBóUíþðBñKí ó@ê�ûþòKöIê�ïPç�K[ñPó_ò[ê�û¸ê�ûþçiù�û¸òäëWñKé�ó_òPóUí¸ø�ù�ûþùèêDó-DKíþçiù���óUòPô ê�ïKû ù�ç
��óUýúìKí¸ç�û ù�òPë�ô�û~}^çBé�çBò[ê��7G�ë�ý�ó_êüê�çié�æ�ïKû ðDïæ�ó]ø¤øUëWñ ðió_í ð ñKí ó@ê�çúê�ëUê�ó_íîû¸ýúì!çiôKóUòPð çé¯þA�ïKý�¹ ù %{ó]æÄëUé ê�ïKç�é�çið ûþìKé�ë�ðBó_í7å÷ëWé�ý�ñKí ó�°H�©øUëWñ æ�û¸íþí�óUé�é�û¸õWçIó_ê�ê�ïPçù�ó_ýúçl|PöUñKé�ç��

E

I

Volts

Amps

OhmsZ

R L Total

5 + j0

5 ∠ 0o

0 + j3.7699

3.7699 ∠ 90o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

0 - j2.6526

2.6526 ∠ -90o

2 + j0

2 ∠ 0o

2 - j2.6526

3.322 ∠ -52.984o

1.8122 + j2.4035
3.0102 ∠ 52.984o

Ohm’s
Law or

Rule of parallel
circuits:

Ztotal =

ZR ZL

1
+

1

1
Z = E

I

Ã½ÄXÅ"Æ<Ç!Å"ÈÊÉ

Ã ¸ ýIì!çiôPó_òPðBçiù ¯{çy° ó_é�ç¤ý�ó_òPóUöUçiô xªñ�ùªê�í¸û&�Uç é�çoùüû ùüê�ó_ò�ð çiùé¯Õo�° û¸òpìPó_éDó_íþíþçBí�ðBû¸éDð ñPû�ê�ó_òPóUí¸ø�ù�ûþù�� ì�ó_éDó_íþí¸çiíû¸ýúì!çiôKóUòPð çoù�ô�ûþýIûþòKû ùüï�ê�ëúå÷ëUé�ý ê�ïKç�ê�ë_ê�óUíbûþýIì!çiôPó_òPðBç��Pñ�ùüûþòKöúê�ïPç�é�çoð ûþìKé�ënðió_í^å÷ëWé�ý�ñKíþó#�+
WñPùªê"D�çAù�ñKé�çê�ëäì!çBé�å÷ëUé�ý ó_íþíîðió_í ð ñKí ó@ê�û¸ëWòPù û¸ò�ðBëUýúìKíþç!�ã¯ òKë_êIù�ðió_í ó_éH°�å÷ëWé�ý��öç�� q-���! I n ïZ¯ n ï�ç#"�· n ï�ç�$X·Q�é�é�n ï�ç�%N°
Ã A�ïKý�¹ ùC%«ó]æ�å÷ëUé�ÿ���ð ûþé�ðBñKû¸ê�ù��p`:I¾¸sç½^Z¸CI `=ï�çJ^$çMI¾`hï?¸
Ã ��ïKçBò�é�çiù�û ùªê�ëUéDùîó_ò�ôúû¸òPôKñPð
ê�ëUéDù�óUé�ç�ýúû���çiô�ê�ëUöWç ê�ïPçBéîûþò�ìPóUé�óUí¸íþçBí!ð ûþé�ðBñKû¸ê�ùl¯âxªñPùüê�óWùîûþò ù�çBé�û¸çoùîðBû¸éDð ñKû¸ê�ù�°H�ê�ïKç ê�ë_êDó_íèû¸ýúì!çiôKóUòPð ç æ�û¸íþíèïPó]õUç ó ìKïPóWùüç óUòKöUíþç ù�ëUýúçBæ�ïPçBé�ç�D�çBêªæ�çiçBò ,rq óUòPô½·l* ,rq �EL�ïKç1ð ûþé�ðBñKû¸êð ñKé�é�çiò[êèæ�ûþí¸í{ïPó]õUç�óIìKïPóWùüç�ó_òPöUíþç ù�ëUýúçiæ�ïKçBé�ç"D!ç êªæèçBçiò , q ó_òPôXv * , q �
Ã ÷#ó_éDó_íþí¸çií[ÿ�� ð ûþé�ðBñKû�êDù#ç!��ïKû&DKû¸ê7ê�ïKç�ù�ó_ýúçèå÷ñKòPôKóUýúçBò[ê�óUíKìKé�ëUì!çBé�ê�ûþçiù7óUù7ìPóUé�óUí¸íþçBíZ±_� ðBû¸éDð ñPû�êDù
�«õUëUí¸ê�óUöUçèûþùñKòKû¸å÷ëUé�ýhê�ïKé�ëUñPöUïKëWñ�ê7ê�ïKç�ð ûþéDð ñKû¸ê���DKé�óUòPðDï�ðBñKé�é�çiòWêDù#óUôKôAê�ë2å÷ëWé�ýhê�ïKç�ê�ëUê�óUíKð ñKé�é�çiò[ê��UóUòPôAûþýúì�çoôKó_ò�ð çiùô�û¸ýúûþòKû ùüï«¯¼ê�ïKé�ëUñKöWï ê�ïKç�é�çoð ûþìKé�ënðió_í!å÷ëUé�ýAñPíþór°�ê�ëIå÷ëUé�ýxê�ïKç ê�ë_êDó_íbûþýúì�çoôKó_òPðBç��
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Õ�Ö87 9(R�S¤ã�Ùèà7áAÛ;: ãäßBÛ1<�Þ
¸ òäó_ò1ûþôKçió_í«ðBóUù�ç���óUò1ûþòPô�ñ�ð
ê�ëWé�óUð ê�ù�óUù�óIìKñPé�çií¸ø é�çoóUð
ê�û¸õWç2ôKçBõnûþðBç��pL�ïPó_ê�ûþù��Kû¸ê�ù�ëWìKì�ë[ùüû¸ê�ûþëUò ê�ë�ÿ��cð ñKé�é�çBò[êû ù�ùªê�é�û ð
ê�í¸øXDPóUù�çiô ëUò�ûþòPô�ñPð ê�ûþõUç�é�çióUð ê�ûþëUò ê�ë�ðDïPóUòKöUçoù�ûþòäð ñKé�é�çBò[ê��KóUòPô1òKë_ê�çBíþçið ê�é�ëUò å÷é�û ð
ê�û¸ëWòäóUù�û ù�ê�ïKç�ðióUù�çæ�û¸ê�ïäé�çiù�ûþùüê�ûþõUç�ðBëUýúì�ëWòKçBò[êDù
�h¶�ë@æèçBõWçBé���û¸òPôKñPð
ê�ëUéDù�ó_é�ç�òKë_êlKWñPû�ê�çAùüë�ìPñKé�ç�ûþò�ê�ïPçBûþé�é�çióUð ê�ûþõUçkD!çBïPó]õnûþëUé��7L«ë
D!çBöUûþò æ�û¸ê�ï(��ê�ïKçiø'¹ é�ç ý�óUô�ç ë_å�æ�ûþé�ç���ó_òPô æ�ç<�[òPë@ækê�ïPó@ê�ó_íþíèæ�û¸é�ç�ì!ëWù�ùüçoù�ù�çiù�ùüëWýIç ýúçióUù�ñKéDó-DKíþç óUýIëWñKò[êë_å�é�çiù�ûþùüê�óUòPð ç�¯÷ñKòKíþçiù�ù�û¸ê�¹ ù1ùüñKì!çBéDð ëWòPô�ñPð ê�ûþòKö æ�ûþé�ç?°H� L�ïKû ù<DKñKûþí�êsv}ûþò�é�çiù�ûþùüê�óUòPð ç¤óWð
ê�ù óUù�ê�ïKëWñKöUï�û¸ê æèçBé�çð ëWòKòKçoð
ê�çoô ûþòäùüçié�ûþçiù�æ�û¸ê�ï1ê�ïKç�ì�çiéüå÷çoð
ê�ûþòPô�ñPð ê�óUòPð ç�ëUå{ê�ïPç�ð ëUûþí{��í¸û&�Uç ê�ïKûþù��

Wire resistance
=

Ideal inductor

Equivalent circuit for a real inductor

R

L
e

��ëUò�ùüç�KWñPçBò[ê�íþø���ê�ïKç û¸ýúì!çiôKóUòPð ç ë_å�óUònø/é�çióUí�ûþòPô�ñPð ê�ëWé1æ�ûþíþí óUí¸æ�ó]ø�ù²D!ç ó/ð ëWýIìPí¸ç
��ðBëUý DKû¸ò�ó@ê�ûþëUòcë_åé�çiù�ûþùüê�óUòPð ç ó_òPô1ûþòPô�ñPð ê�ûþõUç�é�çióWð
ê�óUòPð ç��
��ëUýúì!ëUñKò�ô�û¸òPö ê�ïKûþù ìPé�ë�DKí¸çiý­ûþù ù�ëUýúç ê�ïKûþòKö1ðió_íþí¸çoô¤ê�ïKç]Ö?>����½�A@�� »!Î �bæ�ïKû ðDï û ù�ÿ��"¹ ù�ê�çBòPôKçBòPðBøäê�ë]
Pë@æê�ïPé�ëWñKöUïcê�ïKç ëUñ�ê�çBéäó_é�çióWù ëUå�ó�ð ëUò�ô�ñPð
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�^çiôPô�ø ð ñPé�é�çBò[ê��bóUòPô¤ïnø�ùüê�çBé�çiù�û ù�°�ó_í ùüë1õ@ó_é�øäæ�û�ê�ïå÷é�ç�K[ñKçBò�ð ø��1M ôKë[çoù òKë_ê�õ@óUé�ø¤ìPé�ëWì�ëWéüê�û¸ëWòPó_íþí¸ø æ�û�ê�ï é�çióWð
êDó_òPðBç��²¸ ò ëUéDô�çBé å÷ëWé�ó�M õ@ó_íþñKçúê�ëäïPó]õUçúìKé�çiðBûþù�çýúçióUòKû¸òPö#��û¸ê�ýAñPùüê3D�ç�ù�ì!çið û�|Pçoô1ó_ê�ó�ì�ó_é�ê�û ð ñKí ó_é�ê�çiùüê�å÷é�ç�KWñPçBòPðBø��
õ[ê�é�ó]ø é�çoùüû ùªêDó_òPðBç�û ùüò(¹ ê�ê�ïKçAëWòKíþø1ûþòPô�ñ�ð
ê�ëWé"K[ñKûþés��æèç�òKçiçiô�ê�ëXD!ç�ó]æ�ó_é�ç�ë_å6��±�ñKç�ê�ë�ê�ïKçAå óWð
ê�ê�ïPó_ê�ê�ïPçýAñPí�ê�û¸ìKíþç�ê�ñKé�òPù�ëUåbæ�û¸é�ç�ðBëUýúìKé�ûþù�ûþòKö�ûþòPô�ñPð ê�ëUéDùîóUé�ç�ùüçiìPó_éDó@ê�çiôIå÷é�ëUý çióWðDï�ë_ê�ïPçBé8Dnø�ó_ò û¸òPù�ñKí ó@ê�û¸òKöAöWó_ìE¯ ó_ûþé��õ@ó_é�òKû ùüï(�UëUéîù�ëUýúç�ë_ê�ïKçBép�nûþòPôIë_å^çBíþçið ê�é�ûþðió_íKûþòPù�ñKíþó_ê�ûþëUò$°!�Uæèç�ïPó]õUçèê�ïKç�ì�ëUê�çiòWê�ûþóUí�å÷ëUé�ðBó_ì�óUð û¸ê�óUòPð çèê�ë�ô�çBõWçBíþëUì

D!ç êªæèçBçBò ê�ñPé�òPù��úÿ��hðBóUìPóUðBû�êDó_òPðBç�æ�ûþíþíaD�çúç!��ìKíþëUé�çiô û¸ò ê�ïKçúòKç!�nê�ðDïPó_ìKê�çBé��yDKñ�ê�û¸êAù�ñ�Q�ð çiù�ê�ë�ù�ó]ø¤ó@ê ê�ïKûþùì!ëUûþòWê7ê�ïPó@ê#û¸ê0D!çBï�ó]õUçiù«õUçié�ø�ô�û�}^çBé�çBò[ê�íþø�å÷é�ëUý²ÿ�� ûþòPô�ñ�ð
ê�óUòPð ç��Uó_ò�ô�ê�ïPçBé�ç å÷ëUé�ç�å÷ñKéüê�ïKçBéa�_ê�ó_ûþò[ê�ù���ê�ïKç�é�çoóUð
ê�û¸õWçìKñKé�û¸êªø�ë_å7é�çoó_í ûþòPô�ñPð ê�ëWé�ù��
Õ�Ö!R S áAÛ#ÝÆá�R àUT�ÝWVúÞX< ß
R ÝPY Ý�ÙèàXV
ÿ�ù{ìKé�çBõnû¸ëWñPù�í¸ø�ýIçiò[ê�ûþëUòKçoôy�oê�ïKçèù��nûþò�ç!}^çið
ê©ûþù{æ�ïKçBé�ç�ó_í¸ê�çié�ò�ó@ê�ûþòKö�ðBñKé�é�çiòWê ê�çBòPôPùbê�ë�ó]õUëWûþô�ê�éDó]õUçií@ê�ïKé�ëUñPöUï ê�ïPçð çiò[ê�çBé�ëUå«óúùüëWí¸û ô ðBëUòPô�ñ�ð
ê�ëWé��níþû¸ýúû¸ê�ûþòKöúû�êDùüçií�å«ê�ëúð ëWòPô�ñPð ê�ûþëUò òPçió_éèê�ïKç�ùüñKé�å óUðBç��aL�ïKû ùèç!}^çið
ê�û¸õWçBíþø�íþû¸ýúû¸ê�ùèê�ïPçð é�ëWù�ù�v�ù�çið ê�ûþëUòPóUí^ðBëUòPôKñPð
ê�ëUé�óUé�çoóIó]õ@óUû¸í ó-DKíþç2ê�ë�ðió_é�é�ø óUí�ê�çBé�òPó@ê�û¸òPö�çBíþçið
ê�é�ëWò]
Pë@æ_�KûþòPð é�çióWùüûþòKöIê�ïKçAé�çoùüû ùªêDó_òPðBçë_å©ê�ï�ó@ê�ð ëWòPô�ñPð ê�ëUé�ó�D�ë@õWç�æ�ï�ó@ê�û¸ê�æ�ëWñKíþô òKëWé�ý�ó_íþíþø�D�ç å÷ëWé�ô�ûþé�çoð
ê�ð ñKé�é�çBò[ê��

Cross-sectional area of a round
conductor available for conductingt
DC current

"DC resistance"

Cross-sectional area of the same
conductor available for conductingt
low-frequency AC

"AC resistance"

Cross-sectional area of the same
conductor available for conductingt
high-frequency AC

"AC resistance"
L�ïKç çBíþçið ê�é�ûþðió_í é�çiù�ûþùüê�óUòPð ç2ë_å©ê�ïPç�ð ëUò�ô�ñPð
ê�ëUé�æ�û¸ê�ïäó_íþíbû¸ê�ù�ð é�ëWù�ù�v�ù�çið ê�ûþëUòPóUí!óUé�çoóAûþò�ñPùüç û ùC�nòKë@æ�ò�óUùèê�ïPç

��±_�²é�çoùüû ùªêDó_òPðBç�� ��ê�ïKç��Uÿ��hé�çoùüû ùüê�ó_ò�ð ç�� ë_åèê�ïPç�ù�óUýIç�ðBëUòPô�ñ�ð
ê�ëWé�é�çBå÷çBé�é�ûþòKö1ê�ëäó�ïKûþöUïPçBék|PöWñKé�çúé�çiù�ñKí¸ê�ûþòKöå÷é�ëUý ê�ïPç ùs�nû¸ò ç!}^çið ê���ÿ�ù�øWëUñ1ðBó_ò1ùüçiç���ó@ê�ïKûþöUï å÷é�ç�K[ñKçBòPðBû¸çoù�ê�ïKç�ÿ��YðBñKé�é�çBò[ê�ó]õUëWûþôKù�ê�éDó]õUçií�ê�ïKé�ëUñKöWï�ýúëWùüê
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ë_åèê�ïPç ð ëWòPô�ñPð ê�ëUé�¹ ù�ð é�ëWù�ù6v ùüçoð
ê�û¸ëWòPó_í7ó_é�çió#�XñKëWé ê�ïKç�ìPñKé�ì!ëWù�çúë_å�ð ëWòPô�ñPð ê�ûþòKöäð ñKé�é�çBò[ê��{ê�ïKç�æ�ûþé�ç�ýIûþöUï[êAóWùæèçBíþíyD�ç�ïKëWí¸íþë@æ`�
¸ òAù�ëUýúç�éDóUô�ûþë�óUìKìKíþûþðió@ê�ûþëUò�ù8¯ óUò[ê�çBòPòPóUù��]ýIë[ùªê©òKë_êDó-DKíþøB°^ê�ïKûþù«ç!}^çið ê©û ù«ç!��ìKíþëUû¸ê�çiô(�@õnûþòPð ç�é�óWô�ûþë-v}å÷é�ç�KWñPçBòPðBøÿ��kð ñKé�é�çBò[ê�ù�æèëUñPíþô�òb¹ ê�ê�é�ó]õWçBí7ê�ïKé�ëWñKöUï ê�ïKç ýúû ôKô�íþç�ë_å�ó¤ðBëUòPô�ñ�ð
ê�ëWéAó_ònønæ�ó]ø��bæ�ïnø òKë_ê3xªñ�ùªêAñ�ùüç�ïPëUíþí¸ë@æýúç êDó_í!é�ë�ôKù�û¸ò�ùªê�çióUô�ë_å{ù�ëUíþûþôúýúç êDó_í^æ�ûþé�çoùîó_ò�ô�ù�ó]õWç3D!ë_ê�ï æ�çiû¸öWïWê�ó_òPô ð ëWùüê�w]zäë[ùªê�ó_ò[ê�çiòKòPó�ùªê�é�ñPð ê�ñKé�çiù�ó_é�çý�óUô�ç ëUå©ïKëWí¸íþë@æcýúçBê�ó_í^ê�ñBD!çiù�å÷ëWé�ê�ïKû ù�é�çióUù�ëUòb�
L�ïKç2ô�çBöWé�çiç�ê�ë�æ�ïKû ðDï�å÷é�ç�K[ñKçBò�ð ø�ó�}^çið ê�ùîê�ïKç2ç!}^çið ê�ûþõUç2é�çoùüû ùªêDó_òPðBç�ë_å{ó�æ�ûþé�ç2ð ëUò�ô�ñPð
ê�ëUé�ûþùèûþýIì�óUð
ê�çiô²Dnøê�ïPç�öWóUöUç ë_å7ê�ï�ó@ê�æ�ûþé�ç��èÿ�ù�óúé�ñKíþç��Pí ó_é�öUç
v}ö[ó_öWç�æ�ûþé�çoù�ç!��ïKû&DKû¸ê�óúýúëUé�ç�ìKé�ëUòKëWñKòPð çoô�ù��nûþòäç!}^çið
ê�¯ ðDïPóUòKöUç�ûþòé�çiù�ûþùüê�óUòPð ç�å÷é�ëWý ±k�h°îê�ïPó_ò�ùüý�óUí¸í�v}ö[ó_öWç�æ�û¸é�çiù�ó_ê�óUònø�öUûþõUçBò å÷é�ç�K[ñKçBòPðBø��aL�ïKç ç�K[ñPó_ê�ûþëUò å÷ëUé�ó_ìKìPé�ë?��ûþýúó_ê�ûþòKöùs�[ûþò1ç!}^çið
ê2ó@ê�ïKûþöUï å÷é�ç�KWñPçBòPðBû¸çoù�¯÷öWé�çoó@ê�çiéèê�ïPóUò n z¿¶�Ð�°èû ù�óUùèå÷ëWí¸íþë@æ�ù
�
R
ø

AC = (RDC)(k) f
a

Where,

R
ø

AC =

R
ø

DC =

k =
b
f =

AC resistance at given frequency "f"
c
Resistance at zero frequency (DC)

Wire gage factor (see table below)
=
Frequency of AC in MHz (MegaHertz)

L�ïKç2å÷ëUíþíþë@æ�û¸òKöIêDó-DKíþç öUûþõUçiù�óUìKìKé�ë?��û¸ý�ó@ê�ç�õ@óUí¸ñKçoù�ë_å0�-�Z��å óUð
ê�ëUé�å÷ëWé�õ]óUé�ûþëUñ�ù�é�ëUñPòPô æ�ûþé�ç ù�û&ÐBçiù��
d ��eZ� g ���Z� fg�Z�#���B���h�h�hNh�h�h�h�hNh�h�h�h�hNh�h�hNhNh�hNh�h�h��i � �N�r�N�N�N�N�r�N�N� �?¥ �=¢�¦
¥ i � �N�r�N�N�N�N�r�N�N� ¤N¤p¢ �
� i � �N�r�N�N�N�N�r�N�N� §N§p¢ �
¥ �N�N�N�N�r�N�N�N�N�r�N�  N¤p¢�§� �N�N�N�N�r�N�N�N�N�r�N� ¦N¦p¢�¦
  �N�N�N�N�r�N�N�N�N�r�N� �B£p¢�¤§ �N�N�N�N�r�N�N�N�N�r�N� ¡��7¢�§
�?� �N�N�N�r�N�N�N�N�r�N� ¥ £p¢� 
� � �N�N�N�r�N�N�N�N�r�N� � £p¢� 
� § �N�N�N�r�N�N�N�N�r�N� �?� ¢�¤
¥N¥ �N�N�N�r�N�N�N�N�r�N�  8¢6§N 
ñKëWé�ç
�Kó_ýúìKíþç��{ó í¸çiòKö_ê�ï ëUå�ònñKý�D!çBé n�, ö[ó_öUç�æ�û¸é�çIæ�û�ê�ï ó]±k�hçBòPôZv=ê�ë-v�çBòPô é�çoùüû ùªêDó_òPðBçAëUå=Ó +]Û æèëUñKí ôïPó]õWç2óUò�ÿ�� ¯÷ç
}!çoð
ê�ûþõUç?°èé�çoùüû ùüê�ó_ò�ð ç ë_åaÓZ� n ò�Ó�� Û ó_ê�óAå÷é�ç�K[ñKçiòPð ø ë_å n�, z¿¶3Ð��
R
ø

AC = (RDC)(k) f
a

R
ø

AC = (25 Ω)(27.6) 10

R
ø

AC = 2.182 k
j

Ω
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÷�íþçióWùüç�é�çiýúçBý�D!çBé�ê�ï�ó@ê�ê�ïKû ù=|PöWñKé�ç2û ù"��� Î ûþýIì!çiôPó_òPðBç��Kó_ò�ô�û¸ê�ôKë[çoùl�'� Î ðBëUòPù�û ô�çBé�ó_ònø�é�çióUð ê�ûþõUç�ç!}^çið
êDù
�ûþòPô�ñPð ê�ûþõUç�ëWéîðBóUìPóUðBû�ê�û¸õWç��0L�ïKûþùîûþù�ùüûþýúìKíþøIóUò�çiùüê�ûþýúó_ê�çoô�|PöUñKé�ç�ëUå^ìPñKé�ç�é�çiù�û ùªêDó_òPðBç�å÷ëUé�ê�ïKç�ðBëUòPô�ñ�ð
ê�ëWé"¯÷ê�ïPó_êëUìPì�ë[ùüû¸ê�ûþëUò ê�ë�ê�ïKç�ÿ��2
�ë@æuë_å�çBíþçið ê�é�ëUòPù2æ�ïKû ðDï Ì����HÖ�ô�û ù�ù�ûþìPó@ê�çIì!ë@æèçBé�ûþò ê�ïKçúå÷ëUé�ýâëUåèïKçoó@êH°H�«ðBëUé�é�çoð
ê�çiôå÷ëUé�ùs�nû¸ò ç
}!çoð
ê��]o�çióWð
êDó_òPðBç��«óUòPô ê�ïKç ðBëUý DKû¸òPçiô ç!}^çið
êDù�ëUåèé�çióWð
ê�óUòPð çúó_ò�ô é�çiù�û ùªêDó_òPðBç�¯ û¸ýúì!çiôKóUòPð ç?°H�7ó_é�ççBò[ê�û¸é�çBíþø ô�û�}!çié�çiò[ê�ýúó_êüê�çBéDù
�



k lnmpoWqsrut v

w x y z { y | z x y | }
~ � x } y | z x � z y � y z ~0{ ~�Ô x

, Öi× ØQP Û#Ý�Þ7ß Þ{à©á�ÛâÙ�ß Û#Ù�ãäß
à©Þ

R

¸�åbæèç�æ�çié�ç�ê�ëAìPí¸ëUêîê�ïPç�ð ñPé�é�çBò[ê�óUòPô�õUëWí�êDó_öWç�å÷ëUé�óAõUçié�øúùüûþýúìKíþç�ÿ���ð ûþéDð ñKû¸ê�ð ëWòPù�ûþùüê�ûþòKö�ëUå{óAù�ëUñKéDð ç�óUòPôóIé�çoùüû ùüê�ëUé��nû�ê�æèëUñPíþô í¸ënë�� ùüëWýúç ê�ïPû¸òKöúíþû��Wç ê�ïKû ù��

Time 

+

-

e =
i =

	èçiðió_ñPù�ç�ê�ïPç�é�çiù�ûþùüê�ëWéîó_íþí¸ë@æ�ù�ó_ò óUýúëUñKò[êîëUå«ð ñKé�é�çBò[ê�ô�ûþé�çoð
ê�í¸øúìKé�ëUì!ëUé�ê�ûþëUòPóUí�ê�ëAê�ïKç�õUëWí�êDó_öUç�óUð é�ëWù�ù#û¸êèó_êó_íþíUì!çBé�ûþënôPù{ëUå�ê�ûþýIç��]ê�ïKç�æèó]õWç å÷ëWé�ýcå÷ëUébê�ïKç�ðBñKé�é�çiòWê«ûþù«ç!�KóUð ê�íþø�ûþò�ìKï�óUù�ç�æ�û�ê�ï�ê�ïPçîæ�ó]õUç å÷ëWé�ýcå÷ëUé{ê�ïKçèõUëWí�êDó_öUç��
� ç�ðBó_ò�íþënë�� ó_ê�ó_ònø�ì!ëUûþòWê�ûþò�ê�ûþýúç�ó_íþëUòKöIê�ïKç�ïKëUé�û&ÐBëUò[êDó_íbó���û ù�ë_å©ê�ïKç�ìPí¸ëUê�ó_òPô�ð ëWýúìPó_é�ç2ê�ïKë[ùüç�õ@ó_íþñKçoù�ë_åð ñPé�é�çBò[ê�ó_òPô õUëWí�êDó_öUç2æ�û¸ê�ï1çióUðDï1ë_ê�ïKçBé_¯=ó_ònøX�Uù�òPóUìPùüïPë_ê��Aí¸ënë�� ó@ê�ê�ïPç2õ@óUí¸ñKçoù�ë_å7ó�æ�ó]õUç ó_é�ç2é�çBå÷çBé�é�çoô�ê�ë�óWù
���BÖ Î Á�� Î Á-�'����ÍNÖ � Á�ðÝÍ#�!ÖH�Wýúçoó_òKûþòKö ê�ïPç�õ@ó_íþñKçiù�ó@ê�ê�ïPó@ê����#Ö Î Á-� Î ûþòúê�ûþýúç�°H�a��ïPçBòúê�ïPç�û¸ò�ùªêDó_ò[ê�óUòKçBëWñPù#õ@ó_íþñKç�å÷ëWéõUëWí�êDó_öWç�ûþù=ÐiçBé�ë#�Wê�ïKç2û¸ò�ùªêDó_ò[ê�óUòKçBëWñPù�ðBñKé�é�çiòWê�ê�ïKé�ëUñPöUï�ê�ïKç�é�çiù�û ùªê�ëUéîû ù�ó_í ùüë ÐBçié�ë$�@%{û��WçBæ�û ùüç��[ó_ê�ê�ïKç�ýúëWýIçiò[êûþò ê�û¸ýúç æ�ïKçBé�ç�ê�ïKç õUëWí�êDó_öWç�óUðBé�ë[ù�ù�ê�ïKç é�çiù�ûþùüê�ëWé�û ù�ó@ê�û¸ê�ù�ì!ëWù�û�ê�û¸õWç�ì!çió��'�[ê�ïKç�ð ñKé�é�çiò[ê�ê�ïKé�ëWñKöUï ê�ïKç é�çiù�ûþùüê�ëWéû ùîó_í ù�ëAó@êîû¸ê�ù�ì!ëWù�û�ê�û¸õWç�ì�çoó-���nó_òPô�ù�ë�ëUòb�7ÿèê�ó_ònøIöUûþõUçBòúì!ëUûþò[ê�ûþò�ê�ûþýúç�ó_íþëUòPö ê�ïKç�æèó]õWçiù��rA�ïKý�¹ ù=%{ó]æ�ïKëWíþôKù

Þ�*
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ê�é�ñKç2å÷ëUé�ê�ïKç�ûþòPùüê�ó_ò[êDó_òKçiëUñPùèõ@ó_íþñKçiù�ëUå©õWëUí¸ê�óUöUç ó_òPô1ð ñKé�é�çBò[ê��
� çúðió_ò ó_í ùüë�ðBóUíþðBñKíþó_ê�ç�ê�ïKçúì!ë@æ�çié2ôKûþù�ùüûþìPó_ê�çiôEDnø�ê�ïKû ù é�çiù�ûþùüê�ëWé�� ó_ò�ô ìKíþë_ê2ê�ïPëWù�çIõ@óUí¸ñKçoù2ëUò ê�ïKç�ù�ó_ýúçöUéDó_ìPï(�

Time 

+

-

e =
i =

p =

G�ëUê�ç�ê�ïPó_êîê�ïPç�ì!ë@æ�çiéîû ùîòKçiõUçié�ó�òPçBöWó_ê�ûþõUç�õ@óUí¸ñKç��0��ïKçBò�ê�ïKç ð ñKé�é�çiò[êîûþù�ì!ëWù�û�ê�û¸õWç�¯ ó�D�ë@õWç�ê�ïKç2íþû¸òKç?°H�[ê�ïPçõUëWí�êDó_öWçèû ùîóUíþù�ë�ì!ëWù�û�ê�û¸õWç��Ué�çiù�ñKí¸ê�ûþòKö�ûþò�ó ì�ë@æèçBé"¯÷ì'I�ûþç�°7ëUåbó�ì�ë[ùüû¸ê�ûþõUç�õ@óUí¸ñKç��8��ëUònõUçié�ù�çBíþø��@æ�ïKçiò�ê�ïPç�ð ñKé�é�çBò[êû ù�òKçBö[ó@ê�û¸õWçÑ¯ÕD�çií¸ë@æcê�ïKçAí¸ûþòKç�°!��ê�ïPç�õUëWí�êDó_öUç2û ù�ó_í ùüëúòKçiöWó_ê�ûþõUç���æ�ïPûþðDï1é�çoùüñPí�êDù�û¸òäóúì!ëWù�û�ê�û¸õWç õ]óUí¸ñPç å÷ëUé�ì!ë@æ�çié
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voltage slope = 0u
current = 0t

voltage slope = max. (-)
current = max. (-)t

voltage slope = 0
current = 0t

voltage slope = max. (+)u
current = max. (+)t
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¯÷ûþò�õUëWí�êDù�°èô�ûþõnûþô�çoô]D[ø�ê�ïKç�é�çiù�ûþùüê�óUòPð ç²¯ û¸ò�ëUïPýúù�°H�
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10 V
60 Hz
³ C

�
100 µF

XC = 26.5258 Ω

I =
µ E

X
L

I =
10 V

26.5258 Ω

I = 0.3770 A
º

¶�ë@æèçBõWçBé��_æèç�òKçiçiôúê�ë��UçiçBì�ûþò�ýúû¸ò�ôúê�ïPó_ê�õWëUí¸ê�ó_öWç�ó_ò�ô�ð ñKé�é�çiò[ê�ó_é�ç�òKëUê�ûþò�ìKïPóWùüç�ïKçBé�ç��7ÿ�ù�æèóWùîù�ïKë@æ�òçióUé�íþûþçBé��Uê�ïKç2ðBñKé�é�çiòWêèïPóUùèó�ìKïPóUù�ç�ù�ïKû¸å¼ê�ë_å@·l* , æ�û�ê�ï é�çiù�ì�çoð
êèê�ëAê�ïKç õUëWí�êDó_öWç��b¸�å©æ�ç�é�çiìKé�çiù�çBò[êîê�ïKçiù�ç�ìPïPóUù�çó_òPöUíþçiù�ëUå�õUëWí�êDó_öUç�óUòPô ðBñKé�é�çBò[êIýúó_ê�ïKçiý�ó@ê�û ðBóUí¸íþø��7æèç ðió_ò ðBóUíþðBñKí ó@ê�ç ê�ïKç ìKïPóWùüç1ó_òKöWí¸ç�ëUå�ê�ïKç1ûþòPô�ñPð ê�ëUé�¹ ùé�çióUð ê�ûþõUç2ëUìKì!ëWù�û¸ê�ûþëUò ê�ë�ð ñPé�é�çBò[ê��
Opposition =

Voltage
Current

Opposition =
10 V ∠ 0o

0.3770 A 
º

∠ 90o

Opposition = 26.5258 
j

Ω ∠ -90o

I

E Opposition

For a capacitor:

90
À o

0
º o

-90o

(XC)
z¤ó_ê�ïKçiýúó_ê�û ðBóUí¸íþø��iæ�çîù�ó]ø�ê�ïPó@êbê�ïKç�ìKï�óUù�ç�ó_òKöWí¸ç#ëUånó�ðió_ìPóWð û¸ê�ëUé�¹ ù^ëUìKì!ëWù�û�ê�û¸ëWò2ê�ë�ð ñPé�é�çBò[êbû ù�vþ* ,�q �]ýúçióUòKûþòKöê�ï�ó@ê#ó�ðBóUìPóUðBû�ê�ëUé�¹ ù{ëUìKì!ëWù�û¸ê�ûþëUò�ê�ë�ð ñPé�é�çBò[ê«û ù7ó�òKçiöWó_ê�ûþõUç�ûþý�ó_öUûþòPóUé�økK[ñPó_ò[ê�û¸êªø��@L�ïKû ù«ìPïPóUù�ç�óUòKöUíþçîëUåKé�çoóUð
ê�û¸õWçëUìPì�ë[ùüû¸ê�ûþëUò�ê�ë ðBñKé�é�çiòWê�D�çoð ëWýIçoùúð é�û�ê�ûþðió_íþí¸ø ûþýIì!ëUé�ê�óUò[êIûþò/ðBû¸éDð ñKû¸ê�ó_òPóUí¸ø�ù�ûþù��#çiù�ì�çoð û ó_íþí¸ø å÷ëWéúðBëUýúìKíþç!� ÿ��
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ð ûþéDð ñKû¸ê�ù«æ�ïKçBé�çîé�çióWð
êDó_òPðBçîó_òPôAé�çoùüû ùüê�ó_ò�ð ç�ûþò[ê�çBéDóUð ê��T¸�ê©æ�ûþí¸í[ìKé�ë@õUçpD!çBòPç!|�ðBûþóUíWê�ë�é�çBìKé�çiù�çBò[êCÁ��#Â�ð ëUýúì!ëUòKçiò[ê�¹ ùëUìPì�ë[ùüû¸ê�ûþëUò ê�ë�ð ñPé�é�çBò[ê�û¸ò1ê�çBé�ýúù�ëUå7ðBëUýúìKíþç!� ònñKý D�çié�ù��Kó_ò�ô òKëUêaxªñPùüê�ù�ðió_í ó_éCK[ñPó_ò[ê�û¸ê�ûþçiù�ëUå©é�çiù�û ùªêDó_òPðBç2óUòPôé�çióUð ê�óUòPð ç��
Ã½ÄXÅ"Æ<Ç!Å"ÈÊÉ
Ã�� Á ½ Á » � Î � � ��Ïs��Á »
Î Á-� » ��û ù�ê�ïKç�ëWìKì!ëWù�û�ê�û¸ëWò ê�ïPó@ê�ó�ðió_ìPóWð û¸ê�ëWéèë�}!çié�ùèê�ë�ó_í¸ê�çié�òPó_ê�ûþòKö�ð ñKé�é�çBò[ê�ô�ñKç ê�ë�û¸ê�ùìKïPóUù�ç!v ù�ïKû�å¼ê�çiô�ùüê�ëWé�óUöUç�ó_ò�ô�é�çií¸çoóUù�ç�ë_åbçiòKçBé�öUø�û¸ò û�êDùîçií¸çoð
ê�é�û ðh|Pçiíþôy�po�çióUð ê�óUòPð ç�û ùèùüøný�D!ëUíþû&ÐBçiôÑDnøIê�ïPçðBó_ìPû�êDó_í íþç êüê�çBé3���"�úó_òPô1û ù�ýúçióUù�ñKé�çiô û¸ò�ëWïKý�ù@xªñPùªê�íþû&�Uç é�çoùüû ùüê�ó_ò�ð ç²¯Õo�°!�
Ã �èó_ìPóWð û¸ê�ûþõUç2é�çoóUð
êDó_òPðBç2ðió_ò]D�ç�ðió_í ð ñKí ó@ê�çiô1ñPù�û¸òPö�ê�ïKû ù�å÷ëUé�ýAñKí óB�0� � I n ïB¯ÒÓ�Ô^å{�h°
Ã �èó_ìPóWð û¸ê�ûþõUç�é�çióUð ê�óUòPð ç<Ì�� » Ïs��Á�Ö!�!Ö�æ�û¸ê�ï¤ûþòPð é�çióWùüûþòKö�å÷é�ç�K[ñKçiòPð ø���¸ ò¤ëUê�ïKçié�æèëUéDôKù��Kê�ïPç�ïKûþöUïPçBé�ê�ïKç�å÷é�ç
v
KWñPçBòPðBø��nê�ïPç�í¸çoù�ù�û¸ê�ëUìKì!ëWù�çiù_¯÷ê�ïKç�ýúëWé�ç û¸ê��Uð ëWòPô�ñPð ê�ù���°îê�ïPç�ÿ��ã
Pë@æpë_å7çBíþçið
ê�é�ëWòPù��

, ÖDÕ Ø Ý�Û�ßBÝ�Þ Û#Ý�Þ7ß Þ{à©áAÛTÙ�ÙP/3��/�Ù�ß
à©á�ÛÚÙ�ß Û#Ù�ãäß
à©Þ
¸ ò ê�ïPç�íþóWùªêAù�çið ê�ûþëUò(�©æèç�í¸çoó_é�òKçiô æ�ïPó_êAæ�ëWñKí ô ï�ó_ìKì!çBò�ûþò ùüûþýúìKíþç�é�çoùüû ùüê�ëUésv�ëUòKíþø¤ó_òPô�ðió_ìPóWð û¸ê�ëWé�v�ëUòKíþø¤ÿ��ð ûþéDð ñKû¸ê�ù��@G�ë@æ æèçèæ�ûþíþíKð ëUý DKûþòKçîê�ïKçèêªæ�ë ð ëWýúì�ëWòKçBò[ê�ù©ê�ëUöWç ê�ïPçBé7û¸òúù�çBé�û¸çoù{å÷ëWé�ý²óUòPô�û¸ònõUçoùªê�û¸ö[ó@ê�çîê�ïKç�ç!}^çið
êDù
�
L©ó-�Uç�ê�ïPûþù�ðBû¸éDð ñPû�ê�óWù�ó_ò1ç!�Kó_ýúìKíþç2ê�ë�ó_òPóUí¸øNÐiç��

10 V
60 Hz
³

5 
Ú

Ω

R
ø

C
�

100 µF

L�ïKç�é�çiù�ûþùüê�ëWé#æ�û¸íþíPë�}!çié +_Û ë_å é�çiù�ûþùüê�óUòPð çèê�ë�ÿ�� ðBñKé�é�çBò[ê�é�çBö[ó_éDô�í¸çoù�ù©ëUå!å÷é�ç�K[ñKçiòPð ø��Uæ�ïKûþíþç�ê�ïKç�ðBó_ì�óUð û¸ê�ëWéæ�ûþí¸í«ë-}^çBé"Ó�ÞB� + Ó + ò Û ëUå©é�çióWð
ê�óUòPð ç ê�ë�ÿ��pð ñKé�é�çiò[ê�ó@ê�Þ , ¶�Ð��h	èçiðBóUñPù�ç ê�ïKç�é�çiù�û ùªê�ëUé�¹ ù�é�çiù�ûþùüê�óUòPð ç û ù�óúé�çióUíònñKý�D!çBék¯ +�Û ß ,rq �nëUé + ·«x ,�Û °H��ó_ò�ôúê�ïKç2ðBóUìPóUðBû�ê�ëUé�¹ ù#é�çióWð
êDó_òPðBç�ûþùèó_ò�ûþý�ó_öUûþòPóUé�ø�ò[ñPý�D!çBék¯ÒÓ-Þ#� + Ó + ò Û ß
v * ,�q �[ëWé , v'xsÓ-ÞB� + Ó + ò Û °!�[ê�ïKç�ð ëWý�DKûþòKçoô�ç!}^çið ê�ëUåbê�ïPç�êªæèë�ðBëUýúì�ëWòKçBò[êDù�æ�ûþíþí'D!ç ó_ò ëWìKì!ëWù�û�ê�û¸ëWò�ê�ëúð ñKé�é�çBò[êç�K[ñPóUí�ê�ëäê�ïKç1ð ëWýIìPí¸ç
� ù�ñKýµë_å�ê�ïPç�êªæèë¤ònñKý�D!çBéDù
�¿L�ïPç�ê�çié�ý å÷ëUéAê�ïKû ùIð ëUýúìKíþç!� ëUìPì�ë[ùüû¸ê�ûþëUò ê�ë ð ñKé�é�çBò[êû ù � ¼�½ ��Ì�Á�� » �
�bû¸ê�ù ù�ø[ý D�ëWí7ûþù_ç@� ó_òPô û�ê û ù2óUíþù�ë ç
��ìKé�çoù�ù�çiô¤û¸ò ê�ïKçIñKòKû¸ê�ë_åîëWïKý�ù
�rxªñPùüê�í¸û&�UçIé�çoùüû ùüê�ó_ò�ð çAóUòPôé�çióUð ê�óUòPð ç��@¸ ò ê�ïPç�ó-D!ë@õUç2ç!�Kó_ýúìKíþç���ê�ïKç ê�ëUê�óUíbð ûþé�ðBñKû�ê�ûþýúì�çoôKó_ò�ð ç ûþù��

Ztotal = (5 Ω resistance) + (26.5258 Ω capacitive reactance)

Z
è

total = (5 Ω ∠ 0o) + (26.5258 Ω ∠ -90o)

or

(5 + j0 Ω) + (0 - j26.5258 Ω)

Z
è

total = 5 - j26.5258 Ω or 26.993 
j

Ω ∠ -79.325o

5 
Ú

Ω (R) + 26.5258 Ω (XC)Ztotal =
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¸ ýúì�çoôKó_ò�ð ç�û ù�é�çBí ó@ê�çoô ê�ëäõUëWí�êDó_öWçúóUòPô�ð ñPé�é�çBò[êCxªñPùüê�óUù�øUëUñ ýúûþöUï[êAç!��ì!çið ê��©û¸ò ó�ý�ó_òPòKçBéAù�ûþýIûþí ó_é�ê�ëé�çiù�ûþùüê�óUòPð ç2û¸òéA�ïKý�¹ ù3%{ó]æ_�
Ohm’s Law for AC circuits:

E = IZ
ê

I =
ë

Z =
ìE

Z
ì E

I
ë

All quantities expressed in
í
complex, not scalar, form

¸ òYå óUð ê���ê�ïKûþù û ù ó å óUé ýúëUé�ç¤ð ëWýIìPé�çiïKçBòPù�ûþõUç�å÷ëUé�ý ë_å�A�ïKý�¹ ùX%{ó]æ ê�ï�ó_ò�æ�ïPó_ê æ�óUùúêDó_ñKöWïWê û¸òæ±_�çBíþçið ê�é�ëUòKû ðBù ¯Õ`hI"¸6o�°H��xªñPùªê�óUù�û¸ýúì!çiôKóUòPð ç�ûþù�ó�å óUé�ýúëUé�çAð ëWýúìKé�çiïKçBò�ùüûþõUç�ç
�nìPé�çoù�ù�û¸ëWò�ë_å�ëUìPì�ë[ùüû¸ê�ûþëUò�ê�ë�ê�ïPç

Pë@æ­ëUå�çBíþçið
ê�é�ëWòPù�ê�ïPó_òpùüûþýúìKí¸ç é�çiù�ûþùüê�óUòPð ç¤û ù��kÿ�ònøYé�çiù�ûþùüê�óUòPð ç óUòPô�óUò[øYé�çióWð
ê�óUòPð ç���ùüçiìPó_éDó@ê�çBíþø/ëWé ûþòð ëWý�DKûþòPó_ê�ûþëUòM¯ ù�çBé�û¸çoù�ï@ìPó_éDó_íþí¸çií °!�[ðió_ò]D�ç�óUòPô�ùüïPëUñKí ôXD!ç�é�çBìKé�çiù�çBò[ê�çoô óWù�óúùüûþòKöUíþç û¸ýúì!çiôKóUòPð ç��
L«ë�ðió_í ð ñKí ó@ê�ç�ð ñKé�é�çBò[ê�û¸ò ê�ïPç ó-D!ë@õUçúð ûþé�ðBñKû¸ê��©æ�ç�|PéDùªê�òPçBçiô ê�ëäöUûþõUç�ó1ìKïPóWùüç�óUòKöUíþçúé�çBå÷çBé�çBòPðBç�å÷ëWé�ê�ïPçõUëWí�êDó_öWç�ù�ëUñKéDð ç��[æ�ïPûþðDï1ûþùèöWçBòKçié�óUí¸íþø�óUù�ùüñPýIçoô�ê�ë D!ç_ÐBçié�ë$�=¯ÒL�ïKç ìKïPóUù�ç�ó_òKöWí¸çoùîëUå«é�çiù�ûþùüê�ûþõUç ó_ò�ô ðBóUìPóUðBû�ê�û¸õWçûþýIì!çiôPó_òPðBçIóUé�ç<Á-ð \ Á�Â?Ö ,�q óUòPô�v * ,rq �^é�çoùüì!çið ê�ûþõUçBíþø��^é�çBö[ó_éDô�í¸çoù�ù�ë_å#ê�ïPç�öWû¸õWçBò¤ìKï�óUù�ç�ó_òPöUíþçiù�å÷ëWé�õWëUí¸ê�óUöUç�ëWéð ñPé�é�çBò[ê�°!�

I =
E

Z

I =
10 V ∠ 0o

26.933 Ω ∠ -79.325o

I = 370.5 mA ∠ 79.325o

ÿ�ù©æ�û¸ê�ïIê�ïPçèìPñKé�çií¸ø�ðió_ìPóWð û¸ê�ûþõUç�ð ûþé�ðBñKû¸ê��@ê�ïKç�ð ñKé�é�çiò[ê©æ�ó]õUç�ûþù©íþçióUôKû¸òKö�ê�ïPç�õUëUí¸ê�óUöUç�æèó]õWç"¯÷ëUåPê�ïKç�ùüëWñKé�ðBç�°!�ó_í¸ê�ïPëUñKöWï ê�ïKûþù�ê�ûþýIç ê�ïKç�ô�û�}!çié�çiòPð ç û ù"Ü�*#� ® Ó +�q ûþòPùªê�çióWô ëUå©ó�å÷ñKíþíT* ,�q �

Time 

+

-

e =
i =

phase shift =
79.325 degrees

ÿ�ù�æèç�íþçió_é�òKçoôúû¸ò�ê�ïKç ÿ��/û¸òPôKñPð
êDó_òPðBç�ðDïPóUì�ê�çié��Wê�ïKçl�@êDó-DKíþç��AýIçBê�ïKë�ô�ëUåbëUé�öWóUòKû�Ðiû¸òPö�ð ûþé�ðBñKû�êhK[ñPó_ò[ê�û¸ê�ûþçiùû ù�óúõUçié�ø ñPù�ç å÷ñKí{ê�ënëUí å÷ëWé�ÿ��có_òPóUí¸ø�ù�ûþùaxªñPùªê2óUù�û¸ê�û ù�å÷ëUél±k�póUòPó_íþø�ùüû ù
�=%bçBê�¹ ù�ìKí óUðBç�ëUñ�ê��nòKë@æ�ò]|PöWñKé�çiù�å÷ëWéê�ïPûþù�ù�çBé�ûþçiù�ð ûþé�ðBñKû¸ê�û¸ò[ê�ë�ó�ê�ó�DKíþç�ó_òPô1ð ëWòWê�û¸ònñKç ê�ïKç�ó_ò�ó_íþønù�û ù�ñ�ùüûþòKöIê�ïKû ù�ê�ë[ëWíÒ�
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E

I

Volts

Amps

OhmsZ

R TotalC

10 + j0

10 ∠ 0o

5 + j0

5 ∠ 0o

0 - j26.5258

26.5258 ∠ -90o

5 - j26.5258

26.993 ∠ -79.325o

370.5m ∠ 79.325o

68.623m + j364.06m

��ñKé�é�çiò[ê«ûþò�ó2ùüçié�ûþçiù©ð ûþé�ðBñKû¸ê©û ù7ùüïPóUé�çoô�ç�K[ñPóUí¸íþø_Dnø�ó_íþí�ð ëUýúì!ëUòKçiò[ê�ù��_ùüë�ê�ïKç=|PöWñKé�çoù{ìPíþóWð çiôAû¸òAê�ïKçC��L{ëUê�ó_í �ð ëWí¸ñPýIò1å÷ëWé�ð ñKé�é�çiò[ê�ðió_ò�D�ç�ôKûþùüê�é�û�DPñ�ê�çoô ê�ë�ó_íþí ë_ê�ïPçBé�ð ëWí¸ñPýIò�ù�óUù�æèçBíþíÒ�

E

I

Volts

Amps

OhmsZ

R TotalC

10 + j0

10 ∠ 0o

5 + j0

5 ∠ 0o

0 - j26.5258

26.5258 ∠ -90o

5 - j26.5258

26.993 ∠ -79.325o

370.5m ∠ 79.325o

68.623m + j364.06m68.623m + j364.06m
370.5m ∠ 79.325o

68.623m + j364.06m
370.5m ∠ 79.325o

Rule of series
circuits:

Itotal = IR = IC

��ëUò[ê�û¸ònñKûþòKö�æ�û¸ê�ïäëUñPé�ó_òPóUí¸ø�ù�ûþù��Kæèç�ðBóUò�óUìKìKíþøöA�ïPý]¹ ù3%«ó]æ�¯Ò`=I"¸6o�°�õWçBé�ê�û ðBóUí¸íþø�ê�ë ô�ç ê�çBé�ýIûþòKç�õWëUí¸ê�óUöUçóUðBé�ë[ù�ù�ê�ïKç�é�çoùüû ùüê�ëUé�óUòPô ðió_ìPóWð û¸ê�ëWé��

E

I

Volts

Amps

OhmsZ

R TotalC

10 + j0

10 ∠ 0o

5 + j0

5 ∠ 0o

0 - j26.5258

26.5258 ∠ -90o

5 - j26.5258

26.993 ∠ -79.325o

370.5m ∠ 79.325o

68.623m + j364.06m68.623m + j364.06m

370.5m ∠ 79.325o

68.623m + j364.06m

370.5m ∠ 79.325o

343.11m + j1.8203
1.8523 ∠ 79.325o

Ohm’s
Law

Ohm’s
Law

9.6569 - j1.8203
9.8269 ∠ -10.675o

E = IZ E = IZ
G�ëUê�û ð ç�ïPë@ælê�ïKç�õWëUí¸ê�ó_öWç�óUðBé�ë[ù�ù©ê�ïKç�é�çiù�ûþùüê�ëWé#ïPóUù�ê�ïKç�ç!�KóUð êîù�óUýúç�ìKïPóWùüç�óUòKöUíþç�óUù�ê�ïKç�ð ñKé�é�çiò[ê�ê�ïKé�ëUñPöUïû¸ê��Kê�çBíþí¸ûþòKö�ñ�ù�ê�ïPó_ê"`�ó_ò�ô<¸�ó_é�ç�ûþò1ìPïPóUù�ç�¯¼å÷ëWé�ê�ïPç�é�çoùüû ùªê�ëUé�ëWòKí¸øB°!�7L�ïKç�õWëUí¸ê�óUöUç�óUðBé�ë[ù�ù�ê�ïPçAðBóUìPóUðBû�ê�ëUé�ïPóWùóúìKïPóWùüç�óUòKöUíþç ë_å@v n�, � ÞrÜ + q �Pç!�KóWð
ê�íþøX* , q ð��!Ö�Ö�ê�ïPóUò�ê�ïKç�ìPïPóUù�ç�ó_òKöWí¸ç�ëUå«ê�ïKç�ð ûþé�ðBñKû¸ê�ð ñKé�é�çiò[ê��pL�ïKû ù�ê�çií¸í ù�ñPùê�ï�ó@ê�ê�ïPç�ðBó_ì�óUð û¸ê�ëWé�¹ ùèõUëWí�êDó_öUç ó_ò�ô ðBñKé�é�çBò[ê�ó_é�ç ùªê�û¸íþíb* ,rq ëUñ�ê�ëUå«ìKïPóWùüç æ�û¸ê�ï�çióWðDï ëUê�ïKçié��
%bçBê�¹ ù�ðDïKçið�� ëUñKé�ðió_í ð ñKí ó@ê�û¸ëWòPùèæ�û�ê�ïöõB÷p¸s�=`3�
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1 2

0 0

10 V
60 Hz
³

5 
Ú

Ω

R
ø

C
�

100 µF

�#��� � � �Z�?�$�?�y�?�
ú �æ���æ�#�2�?� g ���
�(�æ��¥ ¦
�#�½¥��û�?�N�-�
¢ �#� ù ���ü�   �   �
¢þý �'���Z�æ�#� ú �?�yÿs¥$� ú ��¥aÿs�$�:�(� ú ���
¢þý �'���Z�æ�#� ú ý �?��ÿ�¥$� ú ý ��¥aÿ��$�×� ý � ú ���
¢ ���Z�

�r�B��� ú �?��ÿ�¥$� ú ��¥$� �(� ú ���
 8¢ �r�N�����Z�'� � ¢�§r¦ ¥����Z�r� ¤p¢�§ ¥ £ ���Z�N� ¡8¢�£ � ¦ � � ����r�B��� ú ý ���yÿ�¥$� ú ý ��¥$� � ý � ú ���
 8¢ �r�N�����Z�'� £8¢�¤r¡N¡ ���Z�'� � � ¢ �  N£ ���N��� � � ¢ �N� £ ���Z�N¥

E
´

R = 1.852 V ∠ 79.33o

EC = 9.827 V ∠ -10.67o

I = 370.5 mA ∠ -100.7o

Interpreted SPICE results

A�òPðBç�ó_ö[ó_ûþò(�ZõZ÷p¸s�=`�ð ëWò�å÷ñPù�û¸òKöWí¸øúìKé�ûþòWêDù�ê�ïKç�ð ñPé�é�çBò[ê�ìPïPóUù�ç�óUòKöUíþç2ó_ê�óAõ@ó_íþñKç�ç�K[ñPó_í!ê�ë�ê�ïPç�é�çióUí!ìPïPóUù�çó_òPöUíþçAìKíþñPù n ò , q ¯ ëUé2ýIûþònñPù n ò , q °!�k¶�ë@æ�çiõUçié��!û�ê�¹ ù ó ùüûþýúìKí¸çIý�ó@ê�ê�çBé2ê�ë ð ëWé�é�çið ê�ê�ïKûþù"|PöWñKé�ç�ó_ò�ô¤ðDïKçið��1ê�ëù�çBç�û¸å{ëWñKéîæèëUé���û ùèð ëUé�é�çið
ê��b¸ ò ê�ïKû ù�ðióUù�ç��Wê�ïKç"v n�,�, �âÜ q ëUñ�ê�ìKñ�ê=D[ø�õZ÷8¸s�=`�å÷ëWé�ð ñPé�é�çBò[ê�ìPïPóUù�ç�ó_òPöUíþç�ç�K[ñPó_ê�çoùê�ë�óúì!ëWù�û�ê�û¸õWç�Ü�*B� ®�q �Pæ�ïKûþðDïäô�ënçoù�ð ëUé�é�çiù�ì�ëWòPô�ê�ëIëWñKé�ìKé�çBõnûþëUñPù�í¸ø�ðió_í ð ñKí ó@ê�çiô<|PöWñKé�ç2ë_å8Ü�*#� ® Ó +�q �ÿ�ö[ó_ûþò(�!û�ê ýAñPùüê"D!çAçiýúìKïPóUù�û&ÐBçiôäê�ïPó_ê�ê�ïKç�ðió_í ð ñKí ó@ê�çiô�|PöWñKé�çiù�ðBëUé�é�çoùüì!ëUò�ô�û¸òPöúê�ë é�çióUí~v�íþû�å÷ç�õUëUí¸ê�óUöUç�óUòPôð ñPé�é�çBò[ê�ýúçióWùüñKé�çBýúçiòWêDùAóUé�çúê�ïKëWù�ç�ûþò ½ �-ð�Á�Ï å÷ëWé�ý��7òKëUêAé�çoð
êDó_òKöWñKíþóUé�å÷ëUé�ý��¿ñKëWé�ç!�Kó_ýúìKíþç��7û¸å�æ�ç æ�çié�çúê�ëóUð ê�ñPóUí¸íþø²DKñKûþí ô�ê�ïKûþù�ù�çBé�ûþçiùèé�çoùüû ùüê�ëUésv ðBó_ì�óUð û¸ê�ëWéîð ûþéDð ñKû¸ê�ó_òPô ýIçoóUù�ñKé�ç�õWëUí¸ê�ó_öWç�óWð é�ëWù�ù�ê�ïKç é�çoùüû ùªê�ëUé��WëWñKé�õUëWí�êsvýúç ê�çBé©æ�ëWñKíþô�û¸òPôKûþðió@ê�ç�������������õWëUí¸ê�ù��oòPë_ê ® ) ® � n�n ýúû¸íþí¸ûþõUëWí�êDù7¯ é�çoó_í[é�çoð
êDó_òKöWñKíþóUé�° ëUé n � òrÓ ,�® õUëWí�êDù8¯÷ûþý�ó_öWû¸òPóUé�øé�çið
êDó_òKöWñKí ó_éH°H�ko�çióUí©ûþòPùüê�é�ñKýúçBò[ê�ù ðBëUòKòKçoð
ê�çiô�ê�ë é�çióUí©ðBû¸éDð ñKû¸ê�ù2ìKé�ë@õnûþôKç�û¸ò�ô�ûþðió@ê�û¸ëWòPù ð ëUé�é�çiù�ì�ëWòPô�ûþòKö�ê�ë ê�ïPçõUçoð
ê�ëUéèí¸çiòKö_ê�ïE¯÷ý�óUöUòKû¸ê�ñPôKç�°�ë_åbê�ïKç ðBó_í ð ñPíþó_ê�çiô�|PöUñPé�çoù
�@��ïKûþí¸ç2ê�ïPç2é�çið ê�óUòKöUñKí ó_éîå÷ëUé�ýxë_å«ðBëUýúìKíþç!��ònñKý�D!çBéòKëUê�ó@ê�û¸ëWò û ù�ñPù�ç å÷ñPí�å÷ëUé�ì!çBé�å÷ëUé�ýúû¸òPö�óWôKô�û¸ê�ûþëUò�ó_ò�ô ù�ñBD�ê�é�óWð
ê�û¸ëWò(�bû¸êAûþùAó ýúëWé�ç�ó-D�ùªê�é�óWð
ê å÷ëUé�ýÚëUåèòKëUê�ó_ê�ûþëUòê�ï�ó_ò�ì�ëWíþóUé��næ�ïKû ðDïäó_íþëUòKç ïPóWù�ô�ûþé�çoð
ê�ð ëWé�é�çiù�ì�ëWòPô�çiòPð ç�ê�ëúê�é�ñKç ýúçióWùüñPé�çiýIçiò[ê�ù��
Ã½ÄXÅ"Æ<Ç!Å"ÈÊÉ
Ã�Ë ¼�½ ��Ì�Á-� » � û ù2ê�ïKçúê�ë_êDó_í#ýúçióWùüñKé�çIë_å�ëWìKì!ëWù�û�ê�û¸ëWò ê�ë1çií¸çoð
ê�é�û ðúð ñKé�é�çiò[ê�óUòPô ûþù2ê�ïKç�ð ëWýIìPí¸ç
��¯÷õWçið
ê�ëUéH°ùüñKý ë_åC¯Õ�_é�çióUí&�r°�é�çiù�û ùªêDó_òPðBç2óUòPôM¯Õ�_ûþý�ó_öWû¸òPóUé�øZ�r°#é�çióUð ê�óUòPð ç��
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Ã ¸ ýIì!çiôPó_òPðBçiùp¯þçy° ó_é�ç7ý�ó_òPóUöUçiô8xªñPùüê{íþû��Wç#é�çoùüû ùªêDó_òPðBçiùa¯Òo�°^ûþò�ùüçié�ûþçiù ðBû¸éDð ñKû¸ê{ó_ò�ó_íþønù�û ù
� ù�çBé�û¸çoù û¸ýúì!çiôKóUòPð çoùóUôKô ê�ëäå÷ëUé�ý ê�ïKç ê�ë_êDó_í�û¸ýúì!çiôKóUòPð ç���
Uñ�ùªê�D�ç1ùüñKé�çúê�ë ì�çiéüå÷ëWé�ýµó_íþí�ðió_í ð ñKí ó@ê�û¸ëWòPù�ûþòlðBëUýúìKíþç!�:¯÷òKëUêù�ðió_í ó_éH°#å÷ëWé�ý��8ç � q����! Iûç " ·ûç $ ·ü�C�C�7ç %
Ã ÷�íþçióUù�çäòKëUê�ç¤ê�ïPó@ê1û¸ýúì!çiôKóUòPð çoù óUí¸æ�ó]ø�ù�óUôKô�û¸òcù�çBé�ûþçiù��èé�çBö[ó_éDô�íþçiù�ù�ë_å�æ�ïPó_ê êªønì�ç ë_åAðBëUýúì�ëWòKçBò[êDùð ëUýúìKé�û ùüç�ê�ïKçIû¸ýúì!çiôKóUòPð çoù
�_L�ïPó_ê2û ù
�^é�çiù�ûþùüê�ûþõUç�û¸ýúì!çiôKóUòPð ç��^û¸òPôKñPð
ê�û¸õWç�ûþýúì�çoôKó_òPðBç��bóUòPô¤ðBóUìPóUðBû�ê�û¸õWçû¸ýúì!çiôKóUòPð ç�ó_é�ç2ê�ëÑD!ç ê�é�çió@ê�çiô ê�ïPç�ù�óUýIç æ�ó]ø�ý�ó@ê�ïPçBý�ó@ê�ûþðió_íþí¸ø��
Ã ÿpìPñKé�çií¸ø é�çoùüû ùüê�ûþõUç2û¸ýúì!çiôKóUòPð ç�æ�ûþí¸í«ó_íþæèó]ø�ù�ïPó]õUç�óIìKïPóWùüç�ó_òPöUíþç2ëUå«ç
��óWð
ê�í¸ø ,rq ¯{ç�&:I¾o Û�ß ,�q °!�
Ã ÿeìKñKé�çBíþø ðBóUìPóUðBû�ê�û¸õWç�û¸ýúì!çiôKóUòPð ç�æ�ûþíþí«ó_íþæ�ó]ønùèïPó]õWç�óúìKïPóWùüç�óUòKöUíþç ë_å#ç!�KóUð ê�íþø²v * ,�q ¯þç�� I¾��� Û�ß
vþ* ,�q °H�

Ã A�ïKý�¹ ùC%«ó]æ�å÷ëUé�ÿ���ð ûþé�ðBñKû¸ê�ù��p`:I¾¸sç½^Z¸CI `=ï�çJ^$çMI¾`hï?¸
Ã ��ïKçBò�é�çiù�ûþùüê�ëWé�ù�ó_ò�ô1ðió_ìPóWð û¸ê�ëWé�ù�ó_é�ç2ýIû���çiô ê�ëWöUçBê�ïKçié�û¸òäð ûþéDð ñKû¸ê�ù���ê�ïPç ê�ë_êDó_íbûþýúì�çoôKó_ò�ð ç�æ�ûþí¸íbï�ó]õUç óìKïPóUù�ç�ó_òKöWí¸ç ù�ëUýúçBæ�ïKçié�çkD!ç êªæèçBçiò ,rq óUòPô<vþ* ,�q �
Ã õnçBé�û¸çoù�ÿ��²ðBû¸éDð ñPû�êDù ç!��ïKû&DKû�ê�ê�ïKç ù�ó_ýúçIå÷ñKòPôKóUýúçBò[ê�óUí�ìKé�ëUì!çBé�ê�ûþçiù�óUù�ù�çBé�ûþçiù_±_�²ðBû¸éDð ñKû¸ê�ù���ð ñPé�é�çBò[ê�ûþùñKòKû¸å÷ëUé�ý ê�ïKé�ëWñKöUïPëUñ�ê�ê�ïKç�ðBû¸éDð ñKû¸ê���õUëWí�êDó_öUç�ôKé�ëWìPù�óUôPô1ê�ë�å÷ëWé�ý ê�ïKç�ê�ë_êDó_í«õUëUí¸ê�óUöUç��Pó_òPô�ûþýúì�çoôKó_ò�ð çiùóUôKô ê�ëIå÷ëUé�ý ê�ïKç ê�ëUê�óUí û¸ýúì!çiôKóUòPð ç��

, Ö-, .0/�Û1/3242BÝ52�Û#Ý�Þ©ßBÞbà7áAÛTÙ�ÙP/3��/�Ù�ß
à©áAÛ Ù�ß Û#Ù�ãäß
à©Þ
G�ù�ûþòKö�ê�ïPç�ù�ó_ýúç�õ@ó_íþñKç�ðBëUýúì�ëWòKçBò[êDù�ûþò�ëUñKéèùüçié�ûþçiù#ç
�Kó_ýúìKíþç�ð ûþé�ðBñKû¸ê��[æ�ç�æ�ûþíþí�ð ëWòKòKçoð
êîê�ïKçBýÄûþò�ìPó_éDó_íþíþçBíPóUòPôù�çBç æ�ïPó@ê�ï�ó_ìKì!çBòPù��

10 V
60 Hz
³ 5 

Ú
ΩR

ø
C
�

100 µF

	èçiðió_ñPù�ç�ê�ïKç�ì!ë@æ�çié�ù�ëUñPé�ðBç2ï�óUùèê�ïPç�ù�óUýIç2å÷é�ç�K[ñKçiòPð ø óWùèê�ïKç�ù�çBé�ûþçiù�ç!�KóUýIìPí¸ç�ð ûþéDð ñKû¸ê��KóUòPô ê�ïKç�é�çiù�ûþùüê�ëWéó_ò�ô ðBóUìPóUðBû�ê�ëUéhD!ë_ê�ï1ïPó]õWç�ê�ïPç ù�ó_ýúç2õ@ó_íþñKçiùèë_å©é�çoùüû ùüê�ó_ò�ð ç�óUòPô1ðBó_ì�óUð û¸ê�óUòPð ç��né�çoùüì!çið ê�ûþõUçBíþø��[ê�ïKçBø�ý�ñPùªê�óUíþù�ëïPó]õWç�ê�ïPç1ù�ó_ýúç1õ]óUí¸ñPçiù�ë_å�ûþýúì�çoôKó_òPðBç���õ�ë#��æèç1ðió_òJD!çBöWû¸ò/ëUñKé�óUòPó_íþø�ùüû ù�êDó-DKíþç æ�û¸ê�ï/ê�ïPç1ù�ó_ýúç��_öUûþõUçiò#�õ@ó_íþñKçiù��

E

I

Volts

Amps

OhmsZ

R TotalC

10 + j0

10 ∠ 0o

5 + j0

5 ∠ 0o

0 - j26.5258

26.5258 ∠ -90o

L�ïKû ùCD!çBûþòKö ó�ìPóUé�óUí¸íþçBíbðBû¸éDð ñPû�ê�òPë@æ_�Pæèç_�[òPë@æcê�ïPó@ê�õWëUí¸ê�óUöUç ûþù�ùüï�ó_é�çiô1ç�K[ñPóUí¸íþøXDnø�ó_íþí{ð ëWýIì!ëUòPçBò[ê�ù���ù�ëæèç ðió_ò1ìKí óUð ç ê�ïKçk|PöWñKé�ç�å÷ëUé�ê�ë_êDó_í õWëUí¸ê�ó_öWç�¯ n�, õUëWí�êDù ß ,�q °èû¸ò�ó_íþí ê�ïPç�ð ëUíþñKýúòPù��
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E

I

Volts

Amps

OhmsZ

R TotalC

10 + j0

10 ∠ 0o

5 + j0

5 ∠ 0o

0 - j26.5258

26.5258 ∠ -90o

10 + j0
10 ∠ 0o

10 + j0
10 ∠ 0o

Rule of parallel
circuits:

Etotal = ER = ECG�ë@ælæ�ç�ðBóUò�ó_ìPìKí¸ø A�ïPý]¹ ùa%{ó]æ ¯Õ¸sIl`=ï�çy°bõWçBé�ê�û ðBóUí¸íþø2ê�ë2êªæ�ë2ð ëWí¸ñKýúòPù7ûþò�ê�ïKçèê�ó�DKí¸ç��UðBóUíþðBñKí ó@ê�ûþòKö ð ñKé�é�çBò[êê�ïPé�ëWñKöUï ê�ïKç�é�çiù�û ùªê�ëUé�ó_òPô1ð ñPé�é�çBò[ê�ê�ïKé�ëUñPöUï ê�ïKç�ðió_ìPóWð û¸ê�ëUé��

E

I

Volts

Amps

OhmsZ

R TotalC

10 + j0

10 ∠ 0o

5 + j0

5 ∠ 0o

0 - j26.5258

26.5258 ∠ -90o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

2 + j0
2 ∠ 0o

0 + j376.99m
376.99m ∠ 90o

Ohm’s
Law

Ohm’s
Law

I = 
E

Z
I = 

E

Z
WñPùªê#óUù©æ�û¸ê�ïÑ±k� ð ûþé�ðBñKû¸ê�ù���DKé�óUòPðDï�ðBñKé�é�çiòWêDù{ûþòúó�ìPóUé�óUí¸íþçBí�ÿ�� ðBû¸éDð ñPû�ê�óUôPô�ñKì�ê�ë2å÷ëUé�ýeê�ïPç�ê�ë_êDó_í�ð ñKé�é�çBò[ê
¯Õó ûþéDðDïKïKë-}C¹ ù���ñKé�é�çiòWê3%«ó]æpó_ö[ó_ûþò$°H�

E

I

Volts

Amps

OhmsZ

R TotalC

10 + j0

10 ∠ 0o

5 + j0

5 ∠ 0o

0 - j26.5258

26.5258 ∠ -90o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

2 + j0

2 ∠ 0o

0 + j376.99m

376.99m ∠ 90o

2 + j376.99m
2.0352 ∠ 10.675o

Rule of parallel
circuits:

Itotal = IR + ICñ©û¸ò�ó_íþí¸ø��@ê�ëUê�ó_ínûþýúì�çoôKó_òPðBç�ðBó_ò�D!ç�ðió_í ð ñKí ó@ê�çiô Dnø�ñPùüûþòKö�A�ïKý�¹ ùa%{ó]ææ¯þç(Il`=ï�¸�° õUçiéüê�ûþðió_íþí¸ø�ûþò�ê�ïKç3��L{ëUê�ó_í �ð ëWí¸ñPýIòb�©ÿ�ù«æèç�ù�ó]æ�ûþò�ê�ïKç�ÿ�� ûþòPô�ñPð ê�óUòPð ç�ðDïPóUì�ê�çié��@ìPóUé�óUí¸íþçBí[ûþýIì!çiôPó_òPðBç�ðió_òIó_í ùüë"D�ç�ðBóUíþðBñKí ó@ê�çoô�Dnø�ñPù�û¸òPö
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ó�é�çið ûþìKé�ë�ðBó_í�å÷ëUé�ýAñKí ó�ûþôKçBò[ê�û ðBóUí#ê�ëäê�ïPó@ê�ñPùüçoô û¸ò ðió_í ð ñKí ó@ê�û¸òPöäìPó_éDó_íþí¸çií�é�çiù�ûþùüê�óUòPð çoù
�<¸�êAûþùAòKë_ê�çBæèëUé�ê�ïnøäê�ëýúçBò[ê�ûþëUò ê�ï�ó@ê�ê�ïPûþù�ìPóUé�óUí¸íþçBí^ûþýúì�çoôKó_òPðBç�é�ñPí¸ç ïKëWíþôKù�ê�é�ñKç�é�çBö[ó_éDô�íþçiù�ù�ë_å©ê�ïPçl�nûþòPô1ë_å©û¸ýúì!çiôKóUòPð çoù�ìKíþóWð çoô ûþòìPóUé�óUí¸íþçBí{�b¸ òIë_ê�ïKçBé7æèëUéDôKù
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E

I

Volts

Amps

OhmsZ

R TotalC

10 + j0

10 ∠ 0o

5 + j0

5 ∠ 0o

0 - j26.5258

26.5258 ∠ -90o

10 + j0

10 ∠ 0o

10 + j0

10 ∠ 0o

2 + j0

2 ∠ 0o

0 + j376.99m

376.99m ∠ 90o

2 + j376.99m

2.0352 ∠ 10.675o

4.8284 - j910.14m
4.9135 ∠ -10.675o

Ohm’s
Law

or Rule of parallel
circuits:

Ztotal =

ZR ZC

1
+

1
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Ideal
capacitort

Equivalent circuit for a real capacitor

Rseries

Rparallel
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ê�çBé�ûþùüê�û ðBù�ëUå©ê�ïKç�ýúû ð é�ëWù�ð ëUìPûþðió_íþí¸ø�ê�ïKûþòô�ûþçBíþçið ê�é�ûþð7|PíþýÄóUòPôAê�ïKç�çií¸çoð
ê�é�ëUíþø[ê�ç�ìPóWùªê�ç��UG�òKíþçiù�ù�ù�ì�çoð û ó_íþí¸ø�ý�óWô�çèå÷ëUéîÿ�� ùüçié�õnû ð ç��UçBíþçið
ê�é�ëWí¸ø[ê�ûþð�ðBóUìPóUðBû�ê�ëUéDùù�ïKëUñKí ô òKçBõWçBé_D!ç�ñPù�çiô æ�û�ê�ï ÿ��hñPòKí¸çoù�ù�û�ê�û ù�ýúû~��çoô:¯åDKû óUù�çiô#°2æ�û¸ê�ï�óäðBëUòPùüê�óUòWê�±_�uõUëUí¸ê�óUöUçIìKé�çBõUçiò[ê�ûþòKöê�ïPç2ðió_ìPóWð û¸ê�ëUéîå÷é�ëWýxçBõWçBé8D!çBûþòKöúùüñ#DZxªçið ê�çiô�ê�ëIé�çiõUçié�ù�ç�õUëWí�êDó_öWç��T`îõUçiò�ê�ïKçiò(�nê�ïPçBûþéèé�çiù�û ùªê�û¸õWç�ðDïPó_éDóUð ê�çié�û ùªê�ûþðiùý�ó]ø�D!ç ê�ënë�ùüçiõUçBé�ç ó�ùüïKëWéüêDð ëWýIûþòKö�å÷ëUé�ê�ïKç�ó_ìKìPí¸û ðBó_ê�ûþëUò�ó_ònønæèó]ø��



k lnmpoWqsrut �

w x y z { y | z x y | }
~ � x } y | z x � w � � � y | } z

7úÖi× Ø Ý�Û�ßBÝ�Þ �W¡s¢£¡�/�R�S P

%bçBê�¹ ù�ê�ó��Uç�ê�ïKç å÷ëWí¸íþë@æ�ûþòKöúç!�Kó_ýúìKíþç�ð ûþé�ðBñKû�ê�óUòPô1ó_òPóUí¸øNÐBç û¸ê��

120 V
60 Hz
³

250 Ω

R
ø

L

C
� 650 mH

³

1.5 µF

L�ïKçl|PéDùªê�ùüê�çiì û ù�ê�ëúôKç ê�çié�ýúûþòKç ê�ïPç�é�çoóUð
êDó_òPðBçiùk¯÷ûþò�ëUïKý�ù�°�å÷ëUé�ê�ïKç�û¸ò�ô�ñPð
ê�ëUé�óUòPô�ê�ïKç�ðBóUìPóUðBû�ê�ëUé��
ò ®
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X
L

L = 2πfL

X
L

L = (2)(π)(60 Hz)(650 mH)

XL = 245.04 Ω

XC = 
2πfC

1

X
L

C = 
(2)(π)(60 Hz)(1.5 µF)

1

XC = 1.7684 kΩ
L�ïKç�òPç!�nêIùüê�çiì ûþùAê�ë ç!��ìKé�çiù�ùAó_íþíîé�çiù�û ùªêDó_òPðBçiù�óUòPô�é�çióUð ê�óUòPð çoù�û¸ò/óäý�ó@ê�ïPçBý�ó@ê�ûþðió_íþí¸ø ð ëWýIýúëWò å÷ëUé�ý]�ûþýIì!çiôPó_òPðBç��Co�çBýúçiý�D!çBé�ê�ïPó@ê�óUòäû¸ò�ô�ñPð
ê�û¸õWç�é�çióUð ê�óUòPð ç2ê�éDó_ò�ùüí ó@ê�çiù�ûþò[ê�ë�óúì!ëWù�û�ê�û¸õWç�û¸ý�óUöUûþòPó_é�ø�ûþýIì!çiôPó_òPðBç

¯÷ëWé óUò�ûþýúì�çoôKó_ò�ð ç/ó_êM·l* ,rq °H��æ�ïKû¸íþçló�ðió_ìPóWð û¸ê�ûþõUç�é�çióWð
ê�óUòPð ç ê�é�óUòPù�íþó_ê�çiù¤û¸ò[ê�ëpó�òKçBö[ó@ê�û¸õWç�û¸ý�ó_öWû¸ò�ó_é�øûþýIì!çiôPó_òPðBç�¯÷ûþýúì�çoôKó_òPðBç�ó_êpvþ* , q °!�0o�çiù�ûþùüê�óUòPð ç��Uë_åbðBëUñKéDùüç��Uû ùîùüê�ûþí¸í�é�çiöWóUé�ô�çoô�óWùîó ìKñPé�çií¸øÑ�_é�çióUí&�2ûþýIì!çiôPó_òPðBç
¯÷ì!ëUí ó_é�óUòKöUíþç ë_å ,�q °!�

ZR = 250 + j0 Ω   or   250 Ω ∠ 0o

Z
è

L = 0 + j245.04 Ω   or   245.04 Ω ∠ 90o

Z
è

C = 0 - j1.7684k Ω   or   1.7684 kΩ ∠ -90o

120 V
60 Hz
³

ZR

ZL

Z
è

C

250 Ω ∠ 0o

245.04 Ω ∠ 90o

1.7684 kΩ ∠ -90o

G�ë@æ_�]æ�û¸ê�ïúó_íþírK[ñPóUò[ê�û¸ê�ûþçiù«ë_åPëWìKì�ë[ùüû¸ê�ûþëUò�ê�ë2çBíþçið
ê�é�û ðîðBñKé�é�çiòWê©ç!��ìKé�çiù�ùüçoô�ûþò�ó�ðBëUýúýúëUò(�_ðBëUýúìKíþç!��ònñKý�D!çBéå÷ëUé�ý�ó@ê_¯ óWù�û¸ýúì!çiôKóUòPð çoù
�KóUòPô òPë_ê�óUùèé�çiù�ûþùüê�óUòPð çoù�ëWé�é�çoóUð
êDó_òPðBçiù�°H�[ê�ïPçBø ðió_ò]D�ç ïPóUòPô�íþçiô û¸ò ê�ïKç�ù�ó_ýúç2æèó]øóUù7ìPíþóUû¸òúé�çiù�ûþùüê�óUòPð çoù7û¸ò�ó_±_�lðBû¸éDð ñPû�ê��@L�ïKû ù#û ù�ó_òúû ô�çióUí�ê�ûþýúç�ê�ë�ô�éDó]ælñPì�ó_òúó_òPóUí¸ø�ù�ûþù©êDó-DKíþç�å÷ëUé#ê�ïKû ù�ð ûþé�ðBñKû¸êó_ò�ô¤ûþòPùüçiéüê�ó_íþí«ê�ïKç²�_öWû¸õWçBò#�²|PöUñKé�çiù�¯¼ê�ë_êDó_í7õUëWí�êDó_öUç��!óUòPôäê�ïKçúû¸ýúì!çiôKóUòPð çoù2ë_å�ê�ïKç�é�çiù�û ùªê�ëUé��!ûþòPô�ñ�ð
ê�ëWé�� óUòPôðBóUìPóUðBû�ê�ëUéH°H�
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E

I

Volts
¨
Amps

OhmsZ

R
©

L
ª

Total
«

C
¬

250 + j0
250 ∠ 0o

0 + j245.04 
­
254.04 ∠ 90o

0 - j1.7684k
­

1.7684k ∠ -90o

120 + j0
120 ∠ 0o

G�òPí¸çoù�ù ëUê�ïKçié�æ�û ùüç�ù�ì�çoð û�|Pçiô(�bê�ïPçúù�ëUñPé�ðBçIõWëUí¸ê�óUöUçAæ�ûþíþípD�ç�ëWñKé�é�ç å÷çBé�çBò�ð ç�å÷ëUé�ìKïPóWùüç�ù�ïKû¸å¼ê��7ó_òPô ùüë�æ�ûþí¸í
D!ç2æ�é�û¸êüê�çiò ó_ê�óUò ó_òPöUíþç�ëUå ,�q �po�çBýúçBý D�çié�ê�ïPó@êèê�ïPçBé�ç�û ù�òKëúùüñPðDï�ê�ïKûþòKö�óUùèó_ò]�Uó-D�ùüëWí¸ñ�ê�ç���ó_òKöWí¸ç�ë_å«ìPïPóUù�çù�ïKû�å¼êîå÷ëUéîó õWëUí¸ê�ó_öWç�ëUéîðBñKé�é�çBò[ê��Wù�û¸òPðBç�û�ê�¹ ù�ó_íþæèó]ø�ù#ó_K[ñPóUòWê�û�êªø�é�çiíþó_ê�ûþõUçèê�ë�ó_òKëUê�ïKçié#æèó]õWç å÷ëUé�ý��T÷îïPóUù�ç�ó_òKöWí¸çoùå÷ëUé2ûþýIì!çiôPó_òPðBç��bïKë@æèçBõWçBé�¯ í¸û&�Uç�ê�ïPëWù�ç�ëUå�ê�ïKçIé�çiù�ûþùüê�ëWé��!û¸ò�ô�ñPð
ê�ëUé��bó_òPô ðBóUìPóUðBû�ê�ëUéH°H�^ó_é�ç��nòKë@æ�ò ó�DPù�ëUíþñ�ê�çií¸ø��
D!çiðBóUñPù�ç¤ê�ïPç ìPïPóUù�ç é�çBí ó@ê�û¸ëWòPùüïPû¸ìPùXD�çBêªæ�çiçBòpõUëUí¸ê�óUöUç óUòPôcðBñKé�é�çiòWê�ó@ê�çióWðDïcð ëWýIì!ëUòPçBò[ê1óUé�ç ó-DPù�ëUíþñ�ê�çií¸øô�ç
|PòKçiô(�
G�ëUê�û ð ç1ê�ï�ó@ê�¸H¹ ý óUù�ùüñPýIûþòKö�ó ì�çiéüå÷çoð
ê�í¸ø é�çióWð
ê�û¸õWç ûþòPô�ñPð ê�ëWé ó_òPô�ðBóUìPóUðBû�ê�ëUé���æ�û¸ê�ïYû¸ýúì!çiôKóUòPð çäìPïPóUù�çó_òPöUíþçiù�ëUå�ç!�KóUð ê�íþø½·l* , ó_ò�ôMvþ* ,�q �#é�çiù�ì!çið
ê�û¸õWçBíþø�� ÿ�í¸ê�ïKëWñKöUï é�çióUí�ðBëUýúì�ëWòKçBò[êDùAæèëUò(¹ ê�D!ç ì!çBé�å÷çið ê�ûþò ê�ïKûþùé�çBöWóUé�ô(��ê�ïKçiøYù�ïKëWñKíþô D�ç å ó_ûþé�íþø�ð íþëWù�ç���ñKëUé�ù�û¸ýúìKíþûþðBû�êªø���¸H¹ í¸í óUù�ù�ñKýúç ì!çBé�å÷çið
ê�í¸øYé�çióWð
ê�ûþõUç û¸òPôKñPð
ê�ëUéDù óUòPôðBóUìPóUðBû�ê�ëUéDù�å÷é�ëWý òKë@æcëWò ûþò�ýAø�ç
�Kó_ýúìKíþç�ðBó_í ð ñPíþó_ê�ûþëUòPùèç!�KðBçBì�ê�æ�ïKçié�ç òKëUê�çoô ëUê�ïKçié�æ�û ùüç��
õnûþòPð ç�ê�ïPçIó�D�ë@õWç�ç!�Kó_ýúìKíþçúð ûþé�ðBñKû�ê2ûþù ó1ùüçié�ûþçiù�ð ûþé�ðBñKû¸ê�� æèç��nòKë@æeê�ï�ó@ê ê�ïKç�ê�ëUê�óUí©ðBû¸éDð ñKû¸ê û¸ýúì!çiôKóUòPð çIûþùç�K[ñPóUí^ê�ëúê�ïKç�ùüñPý ë_å©ê�ïKç�ûþòPô�ûþõnûþôKñPó_í ù
�Kù�ë#�

Ztotal = ZR + ZL + ZC

Ztotal = (250 + j0 Ω) + (0 + j245.04 Ω) + (0 - j1.7684k Ω)

Ztotal = 250 - j1.5233k Ω   or   1.5437 kΩ ∠ -80.680o

¸ òPù�çBé�ê�ûþòKö�ê�ïKû ùh|PöWñKé�ç2å÷ëWé�ê�ë_êDó_íbûþýúì�çoôKó_ò�ð ç û¸ò[ê�ë�ëUñKé�êDó-DKíþç��

E

I

Volts

Amps
®
OhmsZ

¯

R
©

L
ª

Total
«

C
¬

250 + j0
°
250 
°

∠ 0o

0 + j245.04 
±
254.04 
°

∠ 90o

0 - j1.7684k
±

1.7684k ∠ -90o

120 + j0

120 ∠ 0o

250 - j1.5233k
²

1.5437k ∠ -80.680o

Rule of series
circuits:

Z
³

total = ZR + ZL + ZC

� çúðió_ò òKë@ækóUìKìKíþøEA�ïKý�¹ ù_%«ó]æ ¯Õ¸sIl`=ï�o"°�õWçBé�ê�û ðBó_íþíþøäû¸ò ê�ïPçÑ��L{ëUê�óUí&�1ð ëWí¸ñKýúò ê�ë]|PòPô ê�ë_ê�óUí�ð ñKé�é�çBò[êå÷ëUé�ê�ïKû ù�ùüçié�ûþçiù�ðBû¸éDð ñPû�ê��
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E

I

Volts
¨
Amps
®
OhmsZ

R L TotalC
¬

250 + j0

250 
°

∠ 0o

0 + j245.04 
±
254.04 
°

∠ 90o

0 - j1.7684k
±

1.7684k ∠ -90o

120 + j0

120 ∠ 0o

250 - j1.5233k

1.5437k ∠ -80.680o

12.589m + 76.708m
77.734m 
´

∠ 80.680o

Ohm’s
Law

I = 
E

Z
³

	èçBûþòKö¤ó ù�çBé�ûþçiù�ðBû¸éDð ñKû¸ê��#ðBñKé�é�çBò[êAý�ñPùüê�D�ç ç�K[ñPóUí�ê�ïPé�ëWñKöUï óUí¸íèð ëUýúì!ëUòKçiò[ê�ù��¿L�ï[ñ�ù
�7æèç ðBóUò ê�ó-�Wç�ê�ïPç
|PöWñKé�ç ë�D�ê�óUû¸òKçoô�å÷ëWé�ê�ëUê�ó_í«ð ñKé�é�çiò[ê�óUòPô�ô�ûþùüê�é�û&DKñ�ê�ç�û¸ê�ê�ëúçoóUðDï1ë_å{ê�ïKç�ë_ê�ïKçBé�ðBëUíþñKýúòPù��

E

I

Volts

Amps
®
OhmsZ

¯

R
©

L
ª

Total
«

C
¬

250 + j0
°
250 
°

∠ 0o

0 + j245.04 
±
254.04 
°

∠ 90o

0 - j1.7684k
±

1.7684k ∠ -90o

120 + j0

120 ∠ 0o

250 - j1.5233k
°

1.5437k ∠ -80.680o

12.589m + 76.708m

77.734m 
µ ∠ 80.680o

12.589m + 76.708m
77.734m 
´

∠ 80.680o

12.589m + 76.708m
77.734m 
´

∠ 80.680o

12.589m + 76.708m
77.734m 
´

∠ 80.680o

Rule of series
circuits:

I
¶

total = IR = IL = ICG�ë@æ�æèç�¹ é�ç�ìPé�çiìPó_é�çiô ê�ë ó_ìKìKíþø¿A�ïKý�¹ ù"%{ó]æü¯Õ`hI"¸sçy°�ê�ë�çoóUðDïäëUå©ê�ïKçAûþòPô�ûþõnûþôKñPó_í©ð ëUýúì!ëUòKçiò[ê�ð ëWí¸ñKýúòPùûþò ê�ïKç ê�ó�DKíþç��nê�ë�ôKç ê�çié�ýúûþòKç�õUëWí�êDó_öWç2ô�é�ëUì�ù
�

E

I

Volts

Amps
®
OhmsZ

¯

R
©

L
ª

Total
«

C
¬

250 + j0
°
250 
°

∠ 0o

0 + j245.04 
±
254.04 
°

∠ 90o

0 - j1.7684k
±

1.7684k ∠ -90o

120 + j0

120 ∠ 0o

250 - j1.5233k
°

1.5437k ∠ -80.680o

12.589m + 76.708m

77.734m 
µ

∠ 80.680o

12.589m + 76.708m

77.734m 
µ

∠ 80.680o

12.589m + 76.708m

77.734m 
µ

∠ 80.680o

12.589m + 76.708m

77.734m 
µ

∠ 80.680o

Ohm’s
Law

Ohm’s
Law

Ohm’s
Law

3.1472 + j19.177
·
19.434 ∠ 80.680o

-18.797 + j3.0848
19.048 ∠ 170.68o

135.65 - j22.262
137.46 ∠ -9.3199o

E = IZ
¸

E = IZ
¸

E = IZ
¸

G�ëUê�û ð ç ùüëWýúç ê�ïPû¸òKöúùüê�éDó_òKöWç�ïKçBé�ç��#óUí�ê�ïKëUñKöWï ëWñKéèù�ñKìKìPí¸ø�õWëUí¸ê�óUöUç�û ùèëUòKíþø n Ó , õUëWí�êDù
�[ê�ïKç�õWëUí¸ê�óUöUç�óWð é�ëWù�ùê�ïPç�ðió_ìPóWð û¸ê�ëWé�û ù n�® ÜZ� )rÞäõUëWí�êDù4��¶�ë@æ ðió_ò ê�ïKû ùÑD�ç?wQL�ïKçäó_ò�ùüæèçBéIí¸ûþçiùIûþòlê�ïKç�û¸ò[ê�çBéDóUð
ê�û¸ëWòJD!ç êªæèçBçBò/ê�ïPçûþòPô�ñPð ê�ûþõUç�óUòPôúðBó_ì�óUð û¸ê�ûþõUç�é�çióWð
ê�óUòPð çoù
�@`a��ìKé�çiù�ùüçoô�óWù#ûþýIì!çiôPó_òPðBçiù��Wæèç�ðBóUòúù�çBç�ê�ïPó@êîê�ïKç�ûþòPô�ñ�ð
ê�ëWé�ëUìPì�ë[ùüçoùð ñPé�é�çBò[ê�ûþò óäý�ó_òKòKçié�ìKé�çiðBûþù�çBíþø ëWìKì�ë[ùüû¸ê�ç�ê�ïPó_êAë_å�ê�ïPç ðBóUìPóUðBû�ê�ëUé��]`p�nìPé�çoù�ù�çiô û¸ò�é�çið ê�óUòKöUñKí ó_é å÷ëWé�ý��©ê�ïPçûþòPô�ñPð ê�ëUé�¹ ù�ûþýúì�çoôKó_ò�ð ç�ïPóUùIó ì�ë[ùüû¸ê�ûþõUç1û¸ý�óUöUûþòPó_é�ø ê�çBé�ý óUòPô�ê�ïKçäðBó_ì�óUð û¸ê�ëWé�ï�óUùIó òKçiöWó_ê�ûþõUç1û¸ý�ó_öWû¸ò�ó_é�øê�çié�ý��²��ïKçiò ê�ïKçoùüçúêªæèëäð ëUò[ê�é�óUé�ø�ûþýIì!çiôPó_òPðBçiù�óUé�çúóUôKôKçiô×¯÷ûþò�ùüçié�ûþçiù�°H� ê�ïKçBø ê�çiòPô ê�ë¤ðBóUòPð çií#çióWðDï ëUê�ïKçiéëUñKê��Aÿ�í�ê�ïKëUñKöWï ê�ïKçBø�¹ é�çúùüê�ûþí¸í3Á�Ì�Ì���Ì Î ����� Î�U �!Ï�ê�ë1ìKé�ënôKñPð çúó ù�ñKý�� ê�ïPó@ê�ùüñPýâûþù óWð
ê�ñ�ó_íþí¸ø«ð��!Ö�Ö�ê�ï�ó_ò çiû�ê�ïKçBéë_å�ê�ïKç1ûþòPô�ûþõ[û ô�ñPóUí�¯ ðió_ìPóWð û¸ê�ûþõUç1ëUéIû¸òPôKñPð
ê�û¸õWç�°�û¸ýúì!çiôKóUòPð çoù�ó_íþëUòKç��J¸�ê�ûþùúóUòPó_íþëUöWëUñPù�ê�ë�óUôKôKû¸òKö ê�ëWöUçBê�ïKçié
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ó1ì�ë[ùüû¸ê�ûþõUçúó_ò�ô ó1òKçiöWó@ê�û¸õWç<¯=ù�ðió_í ó_éH°�ònñKý D�çié��2ê�ïPçúù�ñKýâû ù�ó�K[ñPó_ò[ê�û¸êªøäíþçiù�ù2ê�ïPóUò çiû�ê�ïKçBé�ëWòKç�¹ ù2û¸òPôKû¸õnû ô�ñPó_íó-D�ùüëWí¸ñ�ê�ç õ]óUí¸ñPç��
¸�å ê�ïPç�ê�ëUê�óUíPûþýIì!çiôPó_òPðBç�ûþò ó�ù�çBé�û¸çoùîðBû¸éDð ñKû¸êîæ�û¸ê�ï<D�ëUê�ï�ûþòPô�ñPð ê�ûþõUç2ó_òPô�ðió_ìPóWð û¸ê�ûþõUç�çií¸çiýIçiò[ê�ù�ûþù�í¸çoù�ù�ê�ïPóUòê�ïPç�û¸ýúì!çiôKóUòPð ç�ëUå�çBû¸ê�ïPçBé�çií¸çiýIçiò[êAùüçiìPó_éDó@ê�çBíþø��^ê�ïPçBò ê�ïKçúê�ë_êDó_íîðBñKé�é�çBò[ê�ûþò ê�ïPó@ê�ðBû¸éDð ñKû¸ê�ýAñ�ùªê�D!ç��-Ï���Á Î �
Ïê�ï�ó_ò æ�ïPó_êIû¸êúæ�ëWñKíþôMD!ç1æ�û�ê�ïlëUòPí¸ø ê�ïPç ûþòPô�ñPð ê�ûþõUç ëUéIëUòKíþø ê�ïKç1ðBó_ì�óUð û¸ê�ûþõUç çBíþçBýúçBò[ê�ù�ê�ïKçBé�ç�� ��û�ê�ï ê�ïKûþùó-DPòKëUé�ý�ó_íþí¸ø ïKû¸öWï¤ð ñKé�é�çBò[ê�ê�ïKé�ëUñPöUïäçióWðDï�ë_å#ê�ïPçAð ëWýIì!ëUòPçBò[ê�ù���õWëUí¸ê�óUöUçiù�öWé�çoó@ê�çBé�ê�ïPó_ò�ê�ïKç�ù�ëUñKéDð ç�õWëUí¸ê�óUöUçý�ó]øÑD�ç2ë�D�êDó_ûþòKçiô óUð é�ëWù�ùîù�ëUýúç�ë_åbê�ïKç�ûþòPô�ûþõnûþôKñPó_í ð ëWýúì�ëWòKçBò[ê�ù��0ñKñKé�ê�ïKçié�ð ëUò�ùüç�KWñPçBòPðBçiù�ëUå{ûþòPô�ñPð ê�ëUéDù�¹[óUòPôðBóUìPóUðBû�ê�ëUéDù
¹nëWìKì�ë[ùüû¸ê�ç é�çióWð
ê�óUòPð çoùèû¸ò1ê�ïPç�ù�óUýIç�ðBû¸éDð ñKû¸ê�æ�û¸íþí(D!ç�ç!��ìKíþëUé�çiô û¸ò1ê�ïKç�òKç!�nê�ðDïPóUì�ê�çié��
A�òPðBçèøWëUñ(¹ õUç�ý�óUùüê�çié�çoô�ê�ïKç�ê�çiðDïKòKû K[ñKç�ë_å^é�çiô�ñPðBû¸òPö óUí¸í�ð ëUýúì!ëUòKçiò[ê7õ@óUí¸ñKçoù7ê�ë�ûþýúì�çoôKó_ò�ð çiù�¯{çy°!�Uó_òPóUí¸øNÐ
vûþòKö�ó_ònø�ÿ���ðBû¸éDð ñKû¸ê�ûþù�ëWòKí¸ø�ó�D�ëWñ�ê�óUù�ô�û[Q�ð ñKí¸ê�óUù�ó_ò�ó_íþørÐiû¸òPöIóUò[ø�±_��ðBû¸éDð ñPû�ê���ç!�Kð çiì�ê�ê�ïPó_êèê�ïKç_K[ñPó_ò[ê�û¸ê�ûþçiùô�çoó_í¸êAæ�û�ê�ïló_é�ç�õUçoð
ê�ëUé�ûþòPùªê�çióWô ë_å�ù�ðió_í ó_é��<��û¸ê�ï ê�ïKç�ç
�Kð çBìKê�ûþëUò�ë_å�ç�KWñ�ó@ê�ûþëUò�ù�ô�çióUí¸ûþòKöäæ�û¸ê�ï ì!ë@æèçBéX¯Ò÷7°H�ç�K[ñPó_ê�ûþëUòPùúûþò�ÿ��xðBû¸éDð ñKû¸ê�ù�óUé�ç1ê�ïKç¤ù�óUýúç�óWùIê�ïKë[ùüç�ûþò:±k� ð ûþé�ðBñKû¸ê�ù���ñPù�ûþòKö û¸ýúì!çiôKóUòPð çoù¿¯{çy°IûþòPùüê�çoóUô/ë_åé�çiù�ûþùüê�óUòPð çoù]¯Òo�°H�CA�ïKý�¹ ùX%{ó]æà¯Ò`=I"¸sçy°Iùüê�ûþí¸í�ïKëUí ôKùúê�é�ñKç��èóUòPôYùüë�ô�ëJó ûþéDðDïKïKë-}C¹ ùÑô#ëUí¸ê�óUöUçäó_òPô ��ñKé�é�çBò[ê

%{ó]æ�ù��
L«ë�ô�çBýúëUò�ùªê�é�ó_ê�ç3ó ûþé�ðDïKïPë-}C¹ ùpô#ëUí¸ê�ó_öWç3%{ó]æ�û¸ò�óUò�ÿ��lðBû¸éDð ñPû�ê��Uæèç�ðBó_ò�íþënë��Ió@ê#ê�ïPç�ó_ò�ùüæèçBéDù7æ�ç�ôKçBé�û¸õWçiôå÷ëUé�ð ëUýúì!ëUòKçiò[ê�õUëUí¸ê�óUöUç�ô�é�ëUìPù�ûþò�ê�ïPç�íþóWùªê�ðBû¸éDð ñKû¸ê��=ókô"% ê�çBíþíþù�ñPù�ê�ï�ó@ê�ê�ïKçAó_íþöUç�DKéDó_û ð�ù�ñKý ë_å©ê�ïKç�õWëUí¸ê�óUöUçô�é�ëUìPù�óWð é�ëWù�ù�ê�ïKç�é�çiù�ûþùüê�ëWé��nûþòPô�ñPð ê�ëWé��KóUòPô�ðBó_ì�óUð û¸ê�ëWé�ùüïKëWñKí ô ç�K[ñPó_í^ê�ïKç�ó_ìKìPí¸ûþçiô1õUëWí�êDó_öWç�å÷é�ëUýxê�ïKç�ù�ëUñKéDð ç��

`�õWçBò�ê�ïKëUñPöUï�ê�ïKû ù�ýúó]øúòKëUêèíþënë���íþû��Wç�û¸ê�ûþù�ê�é�ñKç ó@ê=|PéDùªê�ùüûþöUï[ê��nó DKû¸êèëUå«ð ëWýúìKí¸ç
��ònñKý�D!çBé�óUôPô�û�ê�û¸ëWò ìKé�ë@õUçoùë_ê�ïKçBé�æ�û ùüç��
ER + EL + EC   should equal   Etotal

3.1472 + j19.177 V    ER

-18.797 + j3.0848 V E
¹

L

135.65 - j22.262 V EC+

120 + j0 V
º

Etotal»5¼?½¿¾�À¦ÁÃÂ�Ä�ÅÇÆ_ÈÉ½[ÊËÄ�ÁÉÂ?Ä�ÌÉÍ�¾�½�ÍÉÎ_À�Â?Â�Ä�ÂÐÏ�Ê?ÑÉÀÒ¼-ÌÉÅÇÄ�Á�Ê?ÑÉÀÐ¼-ÀÔÓ�Ä�Õ[Ê�Æ�Î�À+¾ÉÂ?Ä�Ö�¼#¾�Ä�ÀÐ¼�À�×NÌ�Æ�Õ�Ø ÓÚÙ Ó�Ä�Õ[Ê�¼�Û ÷ À4Â?ÁÃÄ�Â�ÅÜÀ�¾Ä�Í�ÆÜÝ4Æ�Õ�Ý4ÌÉÕ�ÆÚÊ?Ä�Â ¯ ÖÉÂ�À�¼?À4Â�Ó�½[ÍÉÎÜÆÚÕ�Õ�¾�½�Î�½[Ê�¼ ° Ï�Ê�ÑÉÀ3ÆÚÍ�¼-ÞÒÀ4Âàß�Ä�ÌáÞP½�Õ�Õ�Â?ÀÐÝâÀ�½[Ó�À�¼?ÑÉÄ�Ì�Õ�¾áÈ�À�ã�ä Á�å Î ð~Â Ø ÓÚÙ�·çæ-Ù Ó�Ä�ÕCÊ!¼4Ûè À3Ý4ÆÚÍ�ÆÚÕ¿¼?ÄéÌ�¼?À õZ÷8¸?êÒë Ê�ÄìÓ�À4Â�½[ÁÃßOÄ�ÌÉÂàí�Î�ÌÉÂ�À�¼ÔÁÃÄ�ÂàÊ�ÑÉ½¿¼_Ýâ½�Â�Ý4ÌÉ½[Ê�î
1 2
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120 V
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³

R
ø
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250 Ω

650 mH
³

1.5 µF
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E
´

R = 19.43 V ∠ 80.68o

EL = 19.05 V ∠ 170.7o

E
´

C = 137.5 V ∠ -9.320o

I = 77.73 mA 
µ

∠ -99.32o (actual phase angle = 80.68o)

Interpreted SPICE results

ö ÑÉÀ õZ÷8¸?êÒë ¼?½�Å÷ÌÉÕ¿ÆøÊ�½[Ä�Íù¼?ÑÉÄøÞ_¼ÒÄ�ÌÉÂPÑ�ÆÚÍ�¾�ú�Ý4Æ�Õ�Ý4ÌÉÕ¿ÆøÊ?ÀÐ¾�Â�À�¼?ÌÉÕ[Ê�¼ÒÊ�ÄûÈ�À3Æ�Ý�ÝâÌÉÂ!ÆøÊ�À�Û»5¼÷ß�Ä�ÌHÝ4ÆÚÍH¼?À4À�Ï#Ê�ÑÉÀ4Â�ÀO½¿¼÷Õ�½[Ê-Ê?Õ�Àá¾É½Cü�À4Â�À4Í�Ý4ÀOÈ�ÀâÊ�ÞÒÀ4À4ÍH» ê Ý4½[Â!ÝâÌ�½CÊéÆ�Í�ÆÚÕ�ß�¼-½¿¼3Æ�Í�¾ ±¥ê Ý4½[Â!ÝâÌ�½CÊéÆ�Í�ÆÚÕ�ß�¼-½¿¼�ÏÀâýÉÝ4À4Ö�ÊPÊ�Ñ�ÆøÊ5Æ�Õ[Õ#×NÌ�Æ�ÍNÊ?½[Ê?½�À�¼PÄ�ÁXÓ�Ä�Õ[Ê�ÆÚÎ�À�ÏÉÝ4ÌÉÂ?Â�À4ÍNÊÐÏÉÆÚÍ�¾ùÂ�À�¼?½�¼-Ê�Æ�Í�ÝâÀ ¯ Æ�Ý8Ê�Ì�ÆÚÕ�Õ[ß�Ï�þ ÿ � ã Ì�Á���å ã ° Å÷Ì�¼-Ê5È�À`Ñ�ÆÚÍ�¾�Õ[ÀÐ¾½�Í�ÝâÄ�ÅûÖ�Õ[À4ýÜÂ!ÆøÊ�ÑÉÀ4Â+Ê?Ñ�Æ�Íá¼�Ý4Æ�Õ�Æ�Â1ÁÃÄ�Â�ÅE¼-Ä÷Æ�¼¦Ê�ÄéÆ�Ý4ÝâÄ�ÌÉÍNÊ¦ÁÃÄ�ÂÒÖÉÑ�Æ�¼-À�ÆÚÍÉÎ�Õ[À�Û ö Ñ�½�¼Ô½�¼ÔÎ�Ä�Ä�¾�Ï�¼-½�Í�Ý4À5½[ÊÒÅÜÀ�Æ�Í�¼+Æ�Õ[Õß�Ä�Ì ¹ Ó�À`Õ�À�ÆÚÂ�ÍÉÀÐ¾ùÆ�È�Ä�Ì�Ê ±`ê À4Õ�À�Ý8Ê�Â?½¿Ý3Ý4½[Â!ÝâÌÉ½[Ê�¼5ÆÚÖÉÖÉÕ�½�À�¼PÊ�ÄOÞPÑ�ÆÚÊ5ß�Ä�Ì ¹ Â�À¥Õ[ÀÐÆÚÂ�ÍÉ½�ÍÉÎìÑÉÀ4Â�À�Û ö ÑÉÀ÷Ä�ÍÉÕ�ß�À4ý�Ý4À4Ö�Ê�½[Ä�ÍÊ?Ä÷Ê?ÑÉ½¿¼àÝâÄ�Í�¼-½¿¼-Ê?À4Í�ÝâßÜ½�¼+Ê?Ñ�À�Ý�ÆÚÕ¿ÝâÌÉÕ¿ÆøÊ�½[Ä�ÍOÄÚÁ#Ö�ÄøÞÒÀ4ÂÐÏ�ÞPÑÉ½¿Ý!Ñ�½¿¼Ô¼?Ä÷Ì�ÍÉ½�×NÌÉÀ*Ê?Ñ�ÆøÊà½CÊP¾�À�¼?À4Â�Ó�ÀÐ¼+ÆéÝ!Ñ�ÆÚÖ�Ê�À4Âà¾�À4Ó�ÄÚÊ�À�¾Ê?ÄûÊ�Ñ�ÆøÊ5¼?ÌÉÈ æ ÀÐÝ8Ê5ÆÚÕ�Ä�Í�À�Û
Ã½ÄXÅ"Æ<Ç!Å"ÈÊÉ
Ã ¸ ÅûÖ�À�¾�ÆÚÍ�Ý4À�¼àÄÚÁ1ÆÚÍ�ß���½�Í�¾�Æ�¾É¾ù½�Íù¼?À4Â�½[ÀÐ¼4î ç ��� ���! 	� ç " ·ûç $ · ÛPÛPÛ ç %
Ã »_Õ[Ê?ÑÉÄ�ÌÉÎ�Ñs½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�ÝâÀ�¼¥Æ�¾É¾s½�Í ¼?À4Â�½[ÀÐ¼4Ï�Ê?Ñ�À÷Ê�ÄÚÊ�Æ�ÕU½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀéÁÃÄ�Â¥Æ�Ý4½[Â!ÝâÌÉ½[Ê`ÝâÄ�ÍNÊ!ÆÚ½�ÍÉ½[Í�Î�È�ÄÚÊ?Ñ ½[Í�¾�Ì�Ý8úÊ�ÆÚÍ�ÝâÀOÆÚÍ�¾ Ý�ÆÚÖ�Æ�Ýâ½[Ê�Æ�Í�ÝâÀìÅìÆ�ß�È�ÀOÕ�À�¼�¼¥Ê?Ñ�ÆÚÍ Ä�ÍÉÀ�Ä�Â`ÅÜÄ�Â�ÀìÄÚÁàÊ?Ñ�ÀO½[Í�¾�½[Ó�½¿¾�Ì�Æ�Õ¦½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀÐ¼4ÏXÈ�À�Ý4Æ�Ì�¼?À¼-À�Â?½�À�¼�½�Í�¾�Ì�ÝâÊ?½�Ó�ÀìÆÚÍ�¾ Ý4Æ�Ö�Æ�Ý4½CÊ�½[Ó�Àé½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�ÝâÀ�¼�Ê�À4Í�¾ Ê�Ä�Ý�ÆÚÍ�Ý4À4Õ1ÀÐÆ�Ý!Ñ�Ä�Ê?ÑÉÀ�Â`Ä�Ì�ÊÐÛ ö ÑÉ½�¼¥ÅìÆ�ßJÕ�À�Æ�¾sÊ�ÄÓ�Ä�Õ[Ê�Æ�Î�À¥¾�Â�Ä�Ö�¼àÆ�Ý4Â?ÄN¼?¼àÝ4Ä�ÅÜÖ�Ä�ÍÉÀ4ÍNÊ!¼àÀâýÉÝâÀ�À�¾�½�ÍÉÎûÊ?ÑÉÀ3¼?ÌÉÖÉÖ�Õ[ßOÓ�Ä�Õ[Ê�Æ�Î�À �
Ã »_Õ�Õ_Â?Ì�Õ[ÀÐ¼ìÆÚÍ�¾ Õ�Æ�Þ_¼ÜÄ�Á ±`ê Ýâ½�Â�Ý4ÌÉ½CÊ!¼ìÆÚÖÉÖ�Õ[ß	Ê�ÄH» ê Ý4½[Â!ÝâÌ�½CÊ!¼4ÏÒ¼-Ä Õ�Ä�ÍÉÎ	Æ�¼ÜÓøÆ�Õ[ÌÉÀÐ¼OÆÚÂ�ÀùÀâý�ÖÉÂ�À�¼�¼-ÀÐ¾�½�ÍÝâÄ�ÅÜÖÉÕ�Àâý ÁÃÄ�Â�Å Â�ÆÚÊ?ÑÉÀ�Â3Ê�Ñ�ÆÚÍ�¼�Ý4Æ�Õ�Æ�Â�Û ö Ñ�À�Ä�Í�Õ[ß ÀâýÉÝâÀ�Ö�Ê?½�Ä�ÍHÊ?ÄsÊ�ÑÉ½¿¼÷ÖÉÂ�½�Í�Ýâ½�ÖÉÕ�À�½¿¼3Ê�ÑÉÀáÝ�ÆÚÕ¿ÝâÌÉÕ¿ÆøÊ�½[Ä�Í	ÄÚÁ
��
�� ã Ï ÏÉÞPÑ�½�Ý!Ñ�½¿¼àÓ�À4Â�ß�¾�½[ü�À4Â�À4ÍNÊàÁÃÄ�Â_» ê Û
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è À¥Ý�ÆÚÍ�Ê�Æ���À_Ê�ÑÉÀ`¼?Æ�ÅûÀ¥ÝâÄ�ÅÜÖ�Ä�ÍÉÀ4ÍNÊ�¼ÔÁÃÂ�Ä�Å�Ê�ÑÉÀ`¼-À�Â?½�À�¼ÒÝâ½�Â�Ý4ÌÉ½[ÊàÆ�Í�¾OÂ�À�Æ�Â?Â!ÆÚÍÉÎ�ÀPÊ?Ñ�À4Å ½�ÍNÊ?ÄÜÆ÷Ö�Æ�Â�Æ�Õ[Õ�À4Õ�ÝâÄ�Í�í�Î�úÌÉÂ!ÆøÊ�½[Ä�Í�ÁÃÄ�Â_ÆÚÍùÀ�Æ�¼?ßOÀ4ý�Æ�ÅÜÖÉÕ[À`Ý4½[Â!ÝâÌÉ½[Ê�î
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120 V
60 Hz
³ R L C

�
250 
�

Ω 650 mH
³

1.5 µF

ö ÑÉÀ5Á�Æ�Ý8ÊÔÊ?Ñ�ÆÚÊÔÊ�ÑÉÀ�¼?À*Ý4Ä�ÅÜÖ�Ä�ÍÉÀ�Í�Ê!¼ÔÆ�Â?À�ÝâÄ�ÍÉÍÉÀ�ÝâÊ?ÀÐ¾ì½[Í�Ö�ÆÚÂ!ÆÚÕ�Õ[À�Õ�½�Í�¼-Ê?ÀÐÆ�¾ìÄ�Á#¼-À�Â?½�À�¼+ÍÉÄøÞõÑ�Æ�¼ÒÆÚÈ�¼-Ä�Õ[Ì�Ê�À4Õ�ßéÍ�ÄÀâü�À�ÝâÊ_Ä�ÍáÊ?ÑÉÀ�½[ÂP½�Í�¾�½�Ó�½�¾ÉÌ�ÆÚÕ�½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�Ý4À�¼�Û õ ÄÜÕ[Ä�ÍÉÎÜÆ�¼ÒÊ?Ñ�À�Ö�ÄøÞÒÀ4ÂP¼-Ì�ÖÉÖÉÕ�ß�½¿¼ÒÊ?ÑÉÀ`¼�ÆÚÅÜÀ�ÁÃÂ?ÀÐ×�Ì�À4Í�Ý4ß�Æ�¼ÒÈ�ÀâÁÃÄ�Â�À�ÏÊ?Ñ�À`½[Í�¾ÉÌ�Ý8Ê�½[Ó�À3ÆÚÍ�¾ùÝ4Æ�Ö�Æ�Ý4½CÊ�½[Ó�À�Â�À�Æ�Ý8Ê!ÆÚÍ�Ý4À�¼ÒÞP½[Õ�Õ�ÍÉÄ�Ê_Ñ�Æ�Ó�À¥Ý!Ñ�ÆÚÍ�Î�À�¾ùÆøÊ_Æ�Õ[Õ î

120 V
60 Hz
³ ZR ZL ZC

250 
�

Ω ∠ 0o

245.04 
�

Ω ∠ 90o

1.7684 kΩ ∠ -90o

è ½[Ê?ÑHÆÚÕ�ÕÔÝ4Ä�ÅÜÖ�Ä�ÍÉÀ�Í�ÊéÓ�Æ�Õ[Ì�À�¼`À4ý�Ö�Â?ÀÐ¼?¼?À�¾ Æ�¼3½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀÐ¼ ¯{ç(° ÏXÞÔÀOÝ�ÆÚÍH¼?ÀâÊ÷ÌÉÖHÆ�ÍHÆÚÍ�Æ�Õ[ß�¼?½�¼�Ê!ÆÚÈÉÕ�À�Æ�Í�¾ÖÉÂ�Ä�ÝâÀ4ÀÐ¾ Æ�¼ì½�ÍçÊ?ÑÉÀsÕ¿Æ�¼-ÊOÀâýÉÆ�ÅûÖ�Õ[ÀJÖÉÂ�Ä�È�Õ[À�ÅùÏàÀ4ý�Ý4À4Ö�ÊìÊ�ÑÉ½¿¼ìÊ?½�ÅÜÀJÁÃÄ�Õ�Õ�ÄøÞP½[ÍÉÎ Ê�ÑÉÀsÂ�ÌÉÕ[ÀÐ¼ìÄÚÁ¥Ö�Æ�Â�Æ�Õ[Õ�À4Õ_Ý4½[Â!ÝâÌÉ½[Ê�¼½�Í�¼�Ê�À�Æ�¾�Ä�ÁU¼?À4Â�½[ÀÐ¼4î

E

I

Volts
¨
Amps

OhmsZ
¯

R
©

L
ª

Total
«

C
¬

250 + j0
²
250 ∠ 0o

0 + j245.04 
­
254.04 ∠ 90o

0 - j1.7684k
­

1.7684k ∠ -90o

120 + j0
120 ∠ 0o

ó ÍÉÄøÞP½�ÍÉÎìÊ�Ñ�ÆøÊ�Ó�Ä�Õ[Ê�Æ�Î�À3½¿¼�¼-Ñ�Æ�Â?ÀÐ¾JÀ�×NÌ�Æ�Õ[Õ�ß�È�ß�Æ�Õ[ÕUÝâÄ�ÅÜÖ�Ä�ÍÉÀ4ÍNÊ�¼*½�Í ÆOÖ�ÆÚÂ!ÆÚÕ�Õ[À�ÕËÝâ½�Â!ÝâÌÉ½[Ê�Ï�ÞÒÀéÝ4Æ�ÍJÊ?Â!ÆÚÍ�¼�ÁÃÀ�ÂÊ?Ñ�À¥í�Î�ÌÉÂ�À�ÁÃÄ�ÂàÊ�ÄÚÊ�Æ�Õ�Ó�Ä�ÕCÊ!ÆÚÎ�À*Ê?ÄOÆ�Õ[Õ�Ý4Ä�ÅÜÖ�Ä�ÍÉÀ�Í�Ê_Ý4Ä�Õ�ÌÉÅÜÍ�¼P½�Í�Ê�ÑÉÀ¥Ê�Æ�ÈÉÕ[À�î

E

I

Volts
¨
Amps

OhmsZ

R L TotalC
¬

250 + j0

250 ∠ 0o

0 + j245.04 
±
254.04 ∠ 90o

0 - j1.7684k
±

1.7684k ∠ -90o

120 + j0

120 ∠ 0o

120 + j0
120 ∠ 0o

120 + j0
120 ∠ 0o

120 + j0
120 ∠ 0o

Rule of parallel
circuits:

Etotal = ER = EL = EC

� ÄøÞ`Ï�ÞÒÀ�Ý�ÆÚÍùÆÚÖÉÖÉÕ�ß! *ÑÉÅ ¹ ¼#"ËÆ�Þ ¯å¸ � ëhï�çy° Ó�À4Â?Ê?½¿Ý4Æ�Õ[Õ�ßÜ½[ÍùÀ�Æ�Ý!Ñ�ÝâÄ�Õ[Ì�ÅûÍáÊ?ÄÜ¾�À4Ê?À4Â�ÅÜ½[Í�À�Ý4ÌÉÂ?Â�À4ÍNÊÒÊ?ÑÉÂ�Ä�Ì�Î�ÑÀ�Æ�Ý!ÑùÝ4Ä�ÅÜÖ�Ä�ÍÉÀ�Í�ÊÐî
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E

I

Volts
¨
Amps

OhmsZ

R
©

L
ª

Total
«

C
¬

250 + j0
°
250 ∠ 0o

0 + j245.04 
±
254.04 ∠ 90o

0 - j1.7684k
±

1.7684k ∠ -90o

120 + j0

120 ∠ 0o

120 + j0

120 ∠ 0o

120 + j0

120 ∠ 0o

120 + j0

120 ∠ 0o

Ohm’s
Law

Ohm’s
Law

Ohm’s
Law

480m + j0
$
480 
$

∠ 0o

0 - j489.71m
­

489.71m 
$

∠ -90o

0 + j67.858m
­

67.858m 
%

∠ 90o

I = 
¶ E
¸
Z
³ I = 

¶ E
¸
Z
³ I = 

¶ E
¸
Z
³

ö ÑÉÀ�Â?À�Æ�Â?ÀsÊ�ÞÔÄ�¼-Ê?Â!ÆøÊ�À4Î�½[ÀÐ¼ìÁÃÄ�ÂùÝ4Æ�Õ�Ý4ÌÉÕ�ÆÚÊ?½�ÍÉÎHÊ�ÄÚÊ!ÆÚÕ*Ý4ÌÉÂ�Â?À�Í�Ê�ÆÚÍ�¾çÊ�ÄÚÊ!ÆÚÕ�½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀ�Û ñ ½�Â�¼-Ê�Ï_ÞÒÀ�Ý4Ä�ÌÉÕ¿¾Ý4Æ�Õ�Ý4ÌÉÕ¿ÆøÊ?À*Ê?Ä�Ê�Æ�Õ�½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�ÝâÀ�ÁÃÂ?Ä�Å ÆÚÕ�Õ�Ê?ÑÉÀ¥½�Í�¾�½�ÓN½¿¾�Ì�Æ�Õ�½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀÐ¼Ô½�ÍùÖ�ÆÚÂ!ÆÚÕ�Õ[À�Õ ¯þç ��� ���! 	� Ø ïB¯ Ø ï�ç�&J· Ø ï�ç�&
· Ø ï�ç � ° Ï�ÆÚÍ�¾áÊ?Ñ�À4Í�Ý�ÆÚÕ¿ÝâÌÉÕ¿ÆøÊ�À¥Ê?ÄÚÊ!ÆÚÕXÝâÌÉÂ�Â?À�ÍNÊ_ÈNßù¾�½�ÓN½¿¾�½�ÍÉÎ�¼?Ä�ÌÉÂ!ÝâÀ`Ó�Ä�Õ[Ê�Æ�Î�À¥È�ßOÊ?Ä�Ê�Æ�Õ#½�ÅûÖ�À�¾�ÆÚÍ�Ý4À ¯å¸ � ëhï�çy° Û¶ ÄøÞÒÀ4Ó�À4ÂÐÏÉÞÒÄ�Â'�N½�ÍÉÎûÊ?Ñ�Â?Ä�ÌÉÎ�ÑùÊ?Ñ�À÷Ö�Æ�Â�Æ�Õ[Õ�À4Õ�½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�ÝâÀ3ÀÐ×�Ì�ÆøÊ?½�Ä�ÍJÞP½[Ê?ÑsÝ4Ä�ÅÜÖÉÕ�Àâý�Í�ÌÉÅ÷È�À4Â!¼_½¿¼_ÍÉÄìÀÐÆ�¼?ß�Ê!Æ�¼(��ÏÞP½[Ê?Ñ	ÆÚÕ�ÕUÊ?ÑÉÀÜÂ�À�Ý4½[ÖÉÂ�Ä�Ý4ÆÚÊ?½�Ä�Í�¼ ¯ Ø ï�çy° Û ö ÑÉ½�¼¥½¿¼¥À�¼?Ö�À�Ýâ½¿ÆÚÕ�Õ�ßJÊ?Â�ÌÉÀÜ½CÁàß�Ä�Ì ¹ Â?ÀéÌÉÍ�ÁÃÄ�Â?Ê?Ì�Í�ÆøÊ�ÀìÀ4ÍÉÄ�ÌÉÎ�Ñ ÍÉÄÚÊ¥Ê?Ä�Ñ�Æ�Ó�ÀÆ Ý4ÆÚÕ¿ÝâÌ�Õ�ÆÚÊ?Ä�ÂûÊ�Ñ�ÆøÊìÑ�Æ�Í�¾�Õ�À�¼ÜÝâÄ�ÅûÖ�Õ[À4ý�Í�ÌÉÅ÷È�À4Â!¼ÜÆÚÍ�¾çÆÚÂ�À�ÁÃÄ�Â�Ý4À�¾HÊ?Ä ¾�Ä ½CÊOÆÚÕ�ÕPÈ�ß	Ñ�ÆÚÍ�¾ ¯ Â?ÀÐÝâ½�ÖÉÂ?Ä�Ý�ÆøÊ?ÀáÊ?Ñ�À½�Í�¾�½�ÓN½¿¾�Ì�Æ�Õ ç@¹ ¼¥½[Í Ö�Ä�Õ�Æ�Â�ÁÃÄ�Â�ÅùÏ�Ê?ÑÉÀ�Í Ý4Ä�Í�Ó�À�Â-Ê*Ê?ÑÉÀ�Å ÆÚÕ�ÕXÊ?Ä�Â�À�Ý8Ê!ÆÚÍÉÎ�ÌÉÕ¿ÆÚÂ*ÁÃÄ�Â�Å;ÁÃÄ�Â`Æ�¾�¾�½CÊ�½[Ä�Í�Ï�Ê�ÑÉÀ4Í	ÝâÄ�Í�Ó�À4Â?ÊÈ�Æ�Ý)�áÊ�ÄáÖ�Ä�Õ¿ÆÚÂ*ÁÃÄ�Â�Å ÁÃÄ�Â*Ê?Ñ�Àéí�Í�ÆÚÕU½�ÍNÓ�À4Â!¼-½�Ä�Í#Ï�Ê�ÑÉÀ4Í ½[Í�Ó�À�Â-Ê ° Û ö ÑÉÀÜ¼?À�ÝâÄ�Í�¾JÞàÆ�ßùÊ?Ä�Ý4ÆÚÕ¿ÝâÌ�Õ�ÆÚÊ?À3Ê�ÄÚÊ!ÆÚÕ1ÝâÌÉÂ�Â�À4ÍNÊÆÚÍ�¾OÊ�ÄÚÊ�Æ�Õ�½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀ¥½¿¼ÒÊ?ÄìÆ�¾�¾�ÌÉÖJÆ�Õ[Õ�Ê�ÑÉÀ¥ÈÉÂ�Æ�Í�Ý!Ñ�ÝâÌÉÂ�Â?À�ÍNÊ�¼ÔÊ?ÄìÆÚÂ�Â�½[Ó�À*ÆøÊàÊ�ÄÚÊ�Æ�Õ�ÝâÌÉÂ�Â�À4ÍNÊ ¯ Ê?Ä�Ê�ÆÚÕËÝâÌÉÂ�Â?À�ÍNÊÒ½�ÍÆéÖ�ÆÚÂ!ÆÚÕ�Õ[À�Õ�Ý4½[Â!ÝâÌ�½CÊ#*O» ê Ä�Â ±`ê *ì½�¼àÀÐ×�Ì�ÆÚÕ�Ê?ÄéÊ?ÑÉÀ`¼?ÌÉÅ Ä�Á�Ê?ÑÉÀ¥ÈÉÂ!ÆÚÍ�Ý!ÑáÝâÌ�Â?Â�À4ÍNÊ�¼ ° ÏNÊ�ÑÉÀ4ÍùÌ�¼?À� *ÑÉÅ ¹ ¼+"#Æ�Þ Ê�Ä¾�À4Ê?À4Â�ÅÜ½[Í�À¥Ê?ÄÚÊ!ÆÚÕ�½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�Ý4À¥ÁÃÂ?Ä�ÅEÊ?Ä�Ê�Æ�Õ�Ó�Ä�Õ[Ê�Æ�Î�À¥ÆÚÍ�¾áÊ�ÄÚÊ�Æ�Õ�ÝâÌÉÂ�Â�À4ÍNÊ ¯{ç � ëhï?¸�° Û

E

I

Volts

Amps
®
OhmsZ

¯

R
©

L
ª

Total
«

C
¬

250 + j0
°
250 
°

∠ 0o

0 + j245.04 
±
254.04 
°

∠ 90o

0 - j1.7684k
±

1.7684k ∠ -90o

120 + j0

120 ∠ 0o

120 + j0

120 ∠ 0o

120 + j0

120 ∠ 0o

120 + j0

120 ∠ 0o

480m + j0
,
480 ∠ 0o

0 - j489.71m
±

489.71m ∠ -90o

0 + j67.858m
±

67.858m 
-

∠ 90o

480m - j421.85m
$

639.03m 
%

∠ -41.311o

141.05 + j123.96
187.79 ∠ 41.311o

ë ½[Ê?Ñ�À4Â3ÅÜÀâÊ�ÑÉÄ�¾�ÏUÖ�À�Â-ÁÃÄ�Â?ÅÜÀÐ¾ Ö�Â?Ä�Ö�À�Â?Õ�ß�ÏXÞP½[Õ�Õ+Ö�Â?ÄøÓ�½¿¾�ÀûÊ?ÑÉÀùÝâÄ�Â�Â�À�Ý8Ê3Æ�Í�¼-ÞÒÀ4Â!¼�Û!"�À4Ê ¹ ¼`Ê�Â?ß ÆÚÍ�Æ�Õ[ß Ð ½�ÍÉÎ�Ê�ÑÉ½�¼Ýâ½�Â!ÝâÌÉ½[Ê_ÞP½CÊ�Ñ õZ÷p¸?êÒë ÆÚÍ�¾�¼?À4À¥ÞPÑ�ÆÚÊ_Ñ�ÆÚÖÉÖ�À4Í�¼4î
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battery symbols are "dummy"
voltage sources for SPICE to
use as current measurement
points.. All are set to 0 volts.

í

2

4
/

5

6
1

2

3

0 0 0 0

2 2

120 V
60 Hz
³ R

ø
L
0

C
�

250 
�

Ω 650 mH
³

1.5 µF

V
º

ic V
º

il V
º

ic

V
º

i

R
ø

bogus
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I
µ

total = 639.0 mA ∠ -41.31o

I
µ

R = 480 mA ∠ 0o

IL = 489.7 mA ∠ -90o

IC = 67.86 mA ∠ 90o

Interpreted SPICE results

p Ê5Ê�Ä�Ä]�JÆOÕ�½CÊ?Ê?Õ�ÀéÈ�½CÊ¥ÄÚÁ¦Ê�Â?½¿Ý)��À�Â?ß�Ê?ÄùÎ�À4Êrq8s p?êÒë ÞÔÄ�Â(��½�ÍÉÎ�Æ�¼5ÞÒÀ÷ÞÒÄ�ÌÉÕ¿¾JÕ�½t��À÷Ä�ÍJÊ?ÑÉ½¿¼¥Ýâ½�Â�Ý4ÌÉ½[ÊouÃ½�Í�¼-Ê�Æ�Õ[Õ�½[Í�Î
v ¾ÉÌÉÅÜÅ÷ß v Ó�Ä�ÕCÊ!ÆÚÎ�À�¼?Ä�Ì�Â�Ý4À�¼ì½�Í À�Æ�Ý!ÑõÈÉÂ!ÆÚÍ�Ý!ÑçÊ?Ä Ä�È�Ê!ÆÚ½�Í ÝâÌÉÂ�Â�À4ÍNÊìí�Î�Ì�Â?ÀÐ¼�ÆÚÍ�¾ ½[Í�¼-Ê�Æ�Õ[Õ�½�ÍÉÎ	Ê?Ñ�À v ¾ÉÌÉÅÜÅ÷ß vÂ�À�¼?½�¼-Ê?Ä�Â3½[ÍHÊ?ÑÉÀO½�Í�¾�Ì�Ý8Ê?Ä�ÂéÈ�Â�Æ�Í�Ý!Ñ Ê?Ä�Ö�Â?À�Ó�À4ÍNÊ÷Æs¾É½[Â�À�ÝâÊé½�Í�¾�Ì�ÝâÊ?Ä�Â?ú Ê?ÄÚú Ó�Ä�ÕCÊ!ÆÚÎ�Àû¼?Ä�ÌÉÂ!ÝâÀ�Õ[Ä�Ä�Ö#ÏXÞPÑ�½�Ý!ÑRq8s p?êÒëÝ4Æ�ÍÉÍÉÄ�Ê1Ê?Ä�Õ�À4Â!ÆøÊ�ÀEwâÏ�ÈÉÌ�ÊÔÞÔÀ_¾�½¿¾ÜÎ�À4Ê1Ê?ÑÉÀ5ÖÉÂ?Ä�Ö�À�Â¦Â�À�Æ�¾É½[ÍÉÎN¼4Û ë Ó�À4ÍÜÅÜÄ�Â�ÀÔÊ�Ñ�ÆÚÍÜÊ�Ñ�ÆøÊÐÏ�È�ßé½[Í�¼-Ê�Æ�Õ[Õ�½�ÍÉÎ¥Ê?ÑÉÀ*¾�ÌÉÅÜÅ÷ßÓ�Ä�ÕCÊ!ÆÚÎ�À5¼-Ä�ÌÉÂ!ÝâÀ�¼gu�Ý4ÌÉÂ?Â�À4ÍNÊÒÅûÀ4Ê?À�Â�¼)w1½�ÍOÊ�ÑÉÀ*Ö�Â?Ä�Ö�À�ÂÒ¾�½�Â�À�Ý8Ê�½[Ä�Í�¼�Ï�ÞÒÀ5ÞÒÀ4Â�À*Æ�ÈÉÕ[À5Ê?ÄÜÆ�Ó�Ä�½�¾ûÊ�Ñ�ÆøÊà½�¾É½[ÄN¼-ß�Í�Ý4Â�Æ�¼-ßéÄÚÁ
q8s p?êÒë ÄÚÁ�ÖÉÂ�½�Í�Ê�½[Í�ÎéÝâÌ�Â?Â�À4ÍNÊ+í�Î�ÌÉÂ�À�¼5ØXx Ù � Ä�Ì�ÊàÄÚÁ�Ö�Ñ�Æ�¼?À�Û ö ÑÉ½¿¼ÔÞàÆ�ß�Ï�Ä�ÌÉÂàÝâÌ�Â?Â�À4ÍNÊ+ÖÉÑ�Æ�¼?À5Â�À�Æ�¾É½[ÍÉÎN¼¦Ý4Æ�ÅÜÀ5Ä�ÌÉÊÊ?ÄÜÀ4ý�Æ�Ý8Ê�Õ[ßOÅìÆÚÊ�Ý!Ñ�Ä�ÌÉÂPÑ�ÆÚÍ�¾ùÝ4Æ�Õ�Ý4ÌÉÕ�ÆÚÊ?½�Ä�Í�¼�Û

y�
)z {|�}�e~��}�>�:�����	�������g�G�����?���������

� ÄøÞ Ê?Ñ�ÆÚÊàÞÒÀ]� Ó�À¥¼?À4À4ÍáÑÉÄøÞ£¼?À4Â�½[ÀÐ¼ÔÆ�Í�¾áÖ�ÆÚÂ!ÆÚÕ�Õ[À�Õ�» ê Ýâ½�Â�Ý4ÌÉ½[ÊàÆ�Í�ÆÚÕ�ß�¼-½¿¼Ò½�¼ÒÍÉÄ�ÊÒÁÃÌ�Í�¾ÉÆÚÅÜÀ�Í�Ê!ÆÚÕ�Õ[ßO¾É½Cü�À4Â�À4ÍNÊàÊ?Ñ�Æ�Í
�`ê Ýâ½�Â!ÝâÌÉ½[ÊàÆ�Í�ÆÚÕ�ß�¼-½¿¼�Ï�½[Ê_¼-ÑÉÄ�ÌÉÕ¿¾�ÝâÄ�ÅÜÀ�Æ�¼+ÍÉÄÜ¼?ÌÉÂ?Ö�Â?½¿¼-À5Ê?Ñ�ÆÚÊ_¼-À�Â?½�À�¼-ú Ö�ÆÚÂ!ÆÚÕ�Õ[À�Õ�ÆÚÍ�Æ�Õ[ß�¼?½�¼ÔÞÒÄ�ÌÉÕ¿¾OÈ�À5Ê�ÑÉÀ`¼?Æ�ÅÜÀ�Æ�¼ÞÒÀ4Õ�ÕAÏ æ Ì�¼-Ê5Ì�¼?½�ÍÉÎìÝâÄ�ÅÜÖÉÕ�ÀâýáÍNÌ�Å÷È�À4Â!¼à½[Í�¼-Ê?ÀÐÆ�¾ùÄÚÁU¼?Ý�ÆÚÕ¿ÆÚÂÒÊ?ÄÜÂ�À4ÖÉÂ�À�¼?À4ÍNÊPÓ�Ä�ÕCÊ!ÆÚÎ�À�Ï�ÝâÌÉÂ�Â�À4ÍNÊ�ÏÉÆ�Í�¾�½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�ÝâÀ�Û

ö Æ���À*Ê?Ñ�½�¼_¼?À4Â�½�À�¼-ú Ö�Æ�Â�Æ�Õ[Õ�À4Õ�Ýâ½�Â!ÝâÌÉ½[ÊPÁÃÄ�ÂPÀ4ý�Æ�ÅÜÖÉÕ[À�î

120 V
60 Hz
�

C
�

1

4.7 
�

µF
L 650 mH

�

R
�

470 
�

Ω
C
�

2 1.5 µF

ö ÑÉÀ�í�Â!¼�ÊàÄ�Â!¾�À�ÂÒÄ�ÁËÈÉÌ�¼-½�ÍÉÀ�¼�¼�ÏÉÆ�¼ÒÌ�¼?Ì�ÆÚÕ Ï�½�¼ÒÊ�Äû¾ÉÀâÊ?À�Â?ÅÜ½�ÍÉÀ¥ÓøÆÚÕ�ÌÉÀ�¼àÄ�ÁË½�ÅûÖ�À�¾�ÆÚÍ�Ý4À�u��\w+ÁÃÄ�Â_Æ�Õ[Õ�Ý4Ä�ÅÜÖ�Ä�ÍÉÀ4ÍNÊ!¼È�Æ�¼-ÀÐ¾�Ä�Í Ê�ÑÉÀÜÁÃÂ�À�×NÌÉÀ4Í�Ýâß�Ä�ÁÔÊ�ÑÉÀO» ê Ö�ÄøÞÒÀ4Â`¼?Ä�ÌÉÂ!ÝâÀ�Û ö ÄJ¾�Ä�Ê�ÑÉ½�¼�ÏXÞÔÀÜÍÉÀ�À�¾ Ê?Ä�í�Â!¼-Ê÷¾�ÀâÊ�À4Â�Åû½�ÍÉÀìÓøÆÚÕ�ÌÉÀÐ¼¥ÄÚÁÂ�À�Æ�ÝâÊ�Æ�Í�ÝâÀ�u���wUÁÃÄ�ÂÔÆ�Õ[Õ�½[Í�¾ÉÌ�Ý8Ê�Ä�Â!¼+ÆÚÍ�¾ìÝ4ÆÚÖ�Æ�Ýâ½[Ê?Ä�Â�¼�ÏÚÊ�ÑÉÀ4ÍOÝ4Ä�Í�Ó�À�Â-Ê¦Â�À�Æ�Ý8Ê!ÆÚÍ�Ý4À�u���wÔÆÚÍ�¾ÜÂ?ÀÐ¼-½¿¼�Ê!ÆÚÍ�Ý4À�u��lw1í�Î�Ì�Â?ÀÐ¼½�Í�Ê�ÄÜÖÉÂ?Ä�Ö�À�ÂP½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀ�u��\wÔÁÃÄ�Â�Å�î
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Reactances and Resistances:

XC1 = 
2πfC1

1

XC1 = 
(2)(π)(60 Hz)(4.7 µF)

1

XC1 = 564.38 Ω

XL = 2πfL

XL = (2)(π)(60 Hz)(650 mH)

XL = 245.04 Ω

XC2 =
1

2πfC2

XC2 = 
(2)(π)(60 Hz)(1.5 µF)

1

XC2 = 1.7684 kΩ

R = 470 Ω

ZC1 = 0 - j564.38 Ω   or   564.38 Ω ∠ -90o

Z
¥

L = 0 + j245.04 Ω   or   245.04 Ω ∠ 90o

Z
¥

C2 = 0 - j1.7684k Ω   or   1.7684 kΩ ∠ -90o

ZR = 470 + j0 Ω   or   470 Ω ∠ 0o

� ÄøÞgÞÔÀ`Ý�ÆÚÍ�¼-À4Ê_ÌÉÖùÊ?ÑÉÀ`½�ÍÉ½[Ê?½¿ÆÚÕ�ÓøÆÚÕ�ÌÉÀ�¼_½[Í�Ä�Ì�ÂÔÊ!ÆÚÈÉÕ�À�î

E

I

Volts
¦
Amps
§

Ohms
¨

Z
©

Total
ª

C
«

1 L
¬

C
«

2 R
­

470 + j0
®
470 
®

∠ 0o

120 + j0

120 ∠ 0o

0 - j564.38
¯

564.38 
°

∠ -90o

0 + j245.04
¯
245.04 
±

∠ 90o

0 - j1.7684k
¯

1.7684k ∠ -90o

² À4½�ÍÉÎéÆû¼?À4Â�½[ÀÐ¼�ú Ö�ÆÚÂ!ÆÚÕ�Õ�À4Õ å 
 ÿ�³4þ �:´�µ þ 
 � Ý4½[Â!ÝâÌ�½CÊÐÏNÞÒÀ�Å÷Ì�¼-ÊPÂ?ÀÐ¾�Ì�ÝâÀ*½CÊàÊ�ÄûÆ÷Ê?Ä�Ê�ÆÚÕ�½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�Ý4À*½�ÍùÅûÄ�Â?À5Ê?Ñ�Æ�ÍÄ�Í�Àé¼-Ê?À4Ö#Û ö ÑÉÀéí�Â!¼�Ê¥¼�Ê�À4Ö ½�¼5Ê?ÄùÝâÄ�ÅéÈÉ½�ÍÉÀ¶" ÆÚÍ�¾ ê#· Æ�¼�Æ�¼?À4Â�½�À�¼5Ý4Ä�ÅéÈÉ½[Í�ÆøÊ?½�Ä�Í�ÄÚÁ¦½�ÅûÖ�À�¾�ÆÚÍ�Ý4À�¼�Ï�È�ßsÆ�¾É¾�½�ÍÉÎÊ?Ñ�À4½�Â_½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀÐ¼PÊ�Ä�Î�À4Ê?ÑÉÀ�Â�Û ö ÑÉÀ4Í�Ï�Ê?Ñ�ÆÚÊ5½�ÅûÖ�À�¾�ÆÚÍ�Ý4À3ÞP½[Õ�Õ�È�À÷ÝâÄ�Å÷ÈÉ½�ÍÉÀÐ¾á½�ÍJÖ�Æ�Â�Æ�Õ[Õ�À4Õ�ÞP½[Ê?Ñ�Ê�ÑÉÀ3½�ÅûÖ�À�¾�ÆÚÍ�Ý4ÀÄÚÁ�Ê�ÑÉÀ5Â�À�¼?½¿¼�Ê�Ä�ÂÐÏÚÊ?ÄûÆÚÂ�Â?½�Ó�À_ÆÚÊÔÆÚÍ�ÄÚÊ?Ñ�À4ÂÔÝ4Ä�ÅéÈÉ½[Í�ÆøÊ?½�Ä�ÍìÄ�Á�½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀÐ¼4Û	¸X½�Í�ÆÚÕ�Õ[ß�Ï�Ê�Ñ�ÆøÊP×NÌ�ÆÚÍNÊ�½CÊ�ßûÞP½[Õ�Õ�È�À�Æ�¾É¾�ÀÐ¾Ê?ÄûÊ�ÑÉÀ`½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀ`Ä�Á ê+¹ Ê�ÄìÆÚÂ�Â?½�Ó�À¥ÆøÊàÊ?Ñ�À¥Ê?ÄÚÊ!ÆÚÕ�½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�ÝâÀ�Û
p ÍOÄ�Â�¾�À�Â+Ê�Ñ�ÆøÊàÄ�Ì�Â+Ê!ÆÚÈÉÕ�À5ÅìÆ�ßÜÁÃÄ�Õ�Õ�ÄøÞ Æ�Õ[Õ�Ê�ÑÉÀ�¼?À�¼-Ê?À�Ö�¼�ÏN½[ÊàÞP½[Õ�Õ�È�À�ÍÉÀ�Ý4À�¼�¼?Æ�Â?ßéÊ?ÄÜÆ�¾�¾OÆ�¾É¾É½CÊ�½[Ä�Í�ÆÚÕ�ÝâÄ�Õ[ÌÉÅÜÍ�¼Ê?Äá½CÊ`¼?ÄìÊ?Ñ�ÆÚÊ�ÀÐÆ�Ý!Ñs¼-Ê?À�Ö�ÅìÆ�ßáÈ�ÀûÂ?À�ÖÉÂ?ÀÐ¼-À�ÍNÊ?À�¾�Û5»5¾É¾É½[ÍÉÎùÅÜÄ�Â�À÷ÝâÄ�Õ[Ì�ÅûÍ�¼5ÑÉÄ�Â?½»º4Ä�ÍNÊ�ÆÚÕ�Õ�ß�Ê�ÄOÊ?Ñ�À÷Ê!ÆÚÈÉÕ�Àé¼?ÑÉÄøÞPÍÆÚÈ�ÄøÓ�ÀPÞÒÄ�Ì�Õ�¾ûÈ�À_½[ÅÜÖÉÂ!Æ�ÝâÊ?½¿Ý4Æ�Õ�ÁÃÄ�Â+ÁÃÄ�Â�ÅÜÆÚÊ-Ê�½[ÍÉÎ`Â�À�Æ�¼-Ä�Í�¼�Ï�¼-Ä p ÞP½�Õ[Õ�ÖÉÕ¿Æ�ÝâÀ*Æ¥ÍÉÀ4Þ Â�ÄøÞ Ä�Á�Ý4Ä�Õ�ÌÉÅÜÍ�¼1ÌÉÍ�¾�À4Â�ÍÉÀ�ÆÚÊ?Ñ�ÏÀ�Æ�Ý!ÑùÝ4Ä�Õ�ÌÉÅÜÍù¾ÉÀ�¼?½[Î�Í�ÆøÊ�À�¾áÈNßá½CÊ!¼àÂ?ÀÐ¼-Ö�À�ÝâÊ?½�Ó�À`ÝâÄ�ÅÜÖ�Ä�ÍÉÀ4ÍNÊ5ÝâÄ�Å÷ÈÉ½�Í�ÆÚÊ?½�Ä�Í�î



��¼ ð¾½ fl��¿Uñ`hT�LiRh5ñ`f ð ¿jflk ð ñGfgk5ònm�ó��+ñ+òlflk ð ñõôohr£j¡e£3flk*ò ð

E

I

Volts

Amps
À

OhmsZ

L -- C
Á

2 R // (L 
Â

-- C2) C
Ã

1 -- [R // (L -- C2)]
Total

ê ÆÚÕ¿ÝâÌ�Õ�ÆÚÊ?½�ÍÉÎ�Ê�ÑÉÀ�¼?ÀìÍÉÀ�ÞÄu�Ý4Ä�ÅéÈÉ½[Í�ÆøÊ?½�Ä�Í:w5½�ÅÜÖ�ÀÐ¾ÉÆÚÍ�ÝâÀ�¼¥ÞP½�Õ�Õ¦Â?ÀÐ×NÌÉ½[Â�ÀÜÝâÄ�ÅÜÖÉÕ�Àâý Æ�¾É¾�½[Ê?½�Ä�Í ÁÃÄ�Â¥¼?À4Â�½�À�¼`ÝâÄ�ÅûúÈÉ½�Í�ÆøÊ�½[Ä�Í�¼�Ï�Æ�Í�¾�Ê?Ñ�À v Â�À�Ý4½[Ö�Â?Ä�Ý4Æ�Õ v ÁÃÄ�Â?ÅéÌÉÕ�ÆìÁÃÄ�Â*Ý4Ä�ÅÜÖÉÕ�Àâý�½[ÅÜÖ�À�¾ÉÆ�Í�ÝâÀÐ¼5½�ÍsÖ�Æ�Â�Æ�Õ[Õ�À4Õ Û ö ÑÉ½¿¼_Ê�½[ÅÜÀ�Ï�Ê�ÑÉÀ4Â�À÷½¿¼_Í�ÄÆ�Ó�Ä�½�¾�ÆÚÍ�Ý4À*Ä�Á#Ê?Ñ�À`Â?ÀÐÝâ½�ÖÉÂ?Ä�Ý�ÆÚÕ�ÁÃÄ�Â�Å÷ÌÉÕ¿ÆÉîXÊ�ÑÉÀ`Â?ÀÐ×NÌÉ½[Â�À�¾�í�Î�ÌÉÂ?ÀÐ¼àÝ4ÆÚÍùÈ�À3ÆÚÂ�Â?½�Ó�ÀÐ¾�ÆøÊ_Í�ÄûÄ�Ê?ÑÉÀ�ÂPÞÒÆ�ß�Å

E

I

Volts

Amps

OhmsZ

L -- C2 R // (L -- C2) C
Ã

1 -- [R // (L -- C2)]
Total

0 - j1.5233k
Æ

1.5233k ∠ -90o

429.15 - j132.41
449.11 ∠ -17.147o

429.15 - j696.79
818.34 
Ç

∠ -58.371o

120 + j0

120 ∠ 0o

Rule of series
circuits:

Rule of parallel
circuits:

Rule of series
circuits:

ZL--C2 = ZL + ZC2

ZR//(L--C2) =

ZR ZL--C2

11
+

1

Ztotal = ZC1 + ZR//(L--C2)

qCÈXÈ�É»Ê�Ë�Ì]Í`Î�ÏÑÐGÏ]Ò�Ó`Í(ÈXÔ�Ï]Ê3ÕoÖ)Ì�×�Ø»ÈlÔ�Ï]ÊLÖ'Ì]ÉtÊ3Í`Ì�Ô�Ï�ØtÒ�Ù�Ê�Ú�Ï�Ó v]Û Ï�Ö)Ì�ØÝÜ v Ð#ÈlÔXÌ�Ê�Í'ÌÑÚ�È�Ø»Þ¶Õ�É»Í'Ô�Ì]Ó'ÕoÖ'Î3ÌÑÖ�Ô�Ï]Ø»Ò�Ù�Ê
Ú�Ó'Ï]ÙßÖ'Î�È#à3Ó'ÍWÖ¾Ö'Ì]×�ØtÈ�á Û Î3É»Í¾Ë�Étâ�ÈXÍãÒ3Í¾Ï]Ê3È�Ö)Ì�×�Ø»ÈäÐ+ÉåÖ'ÎoÚ�Ï]Ò�ÓeÔ�Ï]Ø»Ò�Ù�Ê3Í¾Ì�Ê3ÕoÌ�Ê�Ï]Ö(Î�ÈXÓ¾Ö'Ì]×�ØtÈäÐ+ÉtÖ(Î¶Ö(Î�Ó'È�È+Ô�Ï]Ø»Ò�Ù�Ê3Í�á

æ ÏÑÐAÖ'Î3ÌÑÖrÐ#È¶çCÊ�ÏÑÐAÖ'Î�ÈoÖ(Ï�Ö)Ì�ØãÉtÙ�è:ÈXÕ�Ì]Ê3Ô�Èéu x�êXx3á ¤]¼!ëíì îdï x�á ¤Lð êEñ)wgÌ�Ê3Õ�Ö(Î�ÈoÖ(Ï]Ö'Ì]Øãâ�Ï]ØtÖ'Ì]Ë]È|uWêEò�ó|â]Ï�ØåÖ)Í
ì ó�ñ�w�Ü\Ð�ÈôÔXÌ�Ê�Ì]è�è�Ø»Þ�õgÎ�Ù�� ÍgöVÌ9Ð÷u p(ø�ùäú �\w+â]È�Ó(Ö(ÉûÔ�Ì]ØtØ»Þ|É»Ê�Ö'Î�È v�Û Ï]Ö'Ì]Ø v Ô�Ï]Ø»Ò�Ù�ÊéÖ(ÏüÌ�Ó'Ó(É»â]È�Ì�Ö�Ì�àjË]Ò�Ó'È�Ú�Ï�Ó
Ö(Ï]Ö'Ì]Ø>Ô�Ò�Ó'Ó(ÈXÊLÖXý



�Lþ��8þJ�8ÿ����dÿ���� �������g¡V¡ ÿ`¡��r£j¡	£��
	��
� � ï

E

I

Volts

Amps
À

OhmsZ

L -- C
Á

2 R // (L 
Â

-- C2) C
Ã

1 -- [R // (L -- C2)]
Total

0 - j1.5233k
�

1.5233k ∠ -90o

429.15 - j132.41
�
449.11 
�

∠ -17.147o

429.15 - j696.79
�
818.34 ∠ -58.371o

120 + j0

120 ∠ 0o

76.899m + j124.86m
�
146.64m ∠ 58.371o

Ohm’s
Law

I = 
� E
�
Z
�

�#Ö>Ö'Î�É»ÍVèjÏ�ÉtÊLÖVÐ#È`Ì�ÍWçgÏ]Ò�Ó)ÍWÈXØtâ�ÈXÍ:Ö'Î�È+×LÒ�ÈXÍWÖ(É»Ï]ÊVý>Ì�Ó'È¾Ö(Î�ÈXÓ(È`Ì]ÊCÞgÔ�Ï�Ù�èjÏ�Ê�È�ÊLÖ'Í>Ï]ÓVÔ�Ï]Ù�èjÏ�Ê�È�ÊLÖ Ô�Ï]Ù¶×�ÉtÊjÌÑÖ(É»Ï]ÊjÍ
Ð+Î�ÉûÔ)ÎRÍ(Î3Ì�Ó'È�È�ÉtÖ(Î3È�Ó¶Ö(Î�È|Ö(Ï�Ö)Ì�Ø#â]Ï�ØåÖ)Ì�Ë]È|Ï]Ó�Ö'Î�È!Ö(Ï�Ö)Ì�Ø#Ô�Ò�Ó'Ó(ÈXÊLÖ�� p Ê Ö(Î�ÉûÍ�Ô�Ì�ÍWÈ�Üã×:Ï�Ö'Î�� ¹ Ì�Ê3Õ Ö'Î�È|èjÌ�Ó)Ì�Ø»ØtÈXØ
Ô�Ï�Ùô×�É»Ê3Ì�Ö(É»Ï]Ê|� ú�ú u ö����
� · w�ÍWÎjÌ�Ó'È}Ö(Î3ÈrÍ'Ì�Ù�Èou Ö(Ï]Ö'Ì]Øûw#Ô�Ò3Ó(Ó'È�ÊLÖXÜCÍ(ÉtÊ3Ô�ÈlÖ'Î�È�Ö(Ï]Ö'Ì�Ø:É»Ùoè:ÈXÕ3Ì�Ê3Ô�È�ÉûÍäÔ�Ï�Ùoè:Ï�Í(ÈXÕ�Ï�Ú
Ö(Î3È�ÖdÐ�Ï�Í(È�Ö)Í�Ï�ÚäÉtÙ�è:ÈXÕ�Ì]Ê3Ô�ÈEÍ�É»Ê Í(È�Ó'É»ÈXÍXá Û ÎLÒjÍ�ÜãÐ�È�ÔXÌ�Ê¢Ö(Ó)Ì�Ê3ÍWÚ�È�ÓrÖ'Î�È�à3Ë�Ò�Ó'È¶Ú�Ï�Ó�Ö(Ï]Ö'Ì]Ø`Ô�Ò�Ó'Ó'È�ÊLÖ�ÉtÊLÖ(Ïé×:Ï�Ö'Î
Ô�Ï�ØtÒ3ÙoÊjÍ�ý

E

I

Volts

Amps

OhmsZ
�

C
�

1 L
�

C
�

2 R
 

470 + j0
!
470 ∠ 0o

0 - j564.38
"

564.38 
#

∠ -90o

0 + j245.04
"
245.04 ∠ 90o

0 - j1.7684k
"

1.7684k ∠ -90o

76.899m + j124.86m
$
146.64m ∠ 58.371o

Rule of series
circuits:

I
%

total = IC1 = IR//(L--C2)

E

I

Volts

Amps

OhmsZ
�

L -- C2 R // (L -- C2) C
�

1 -- [R // (L -- C2)]
Total

0 - j1.5233k
"

1.5233k ∠ -90o

429.15 - j132.41

449.11 ∠ -17.147o

429.15 - j696.79

818.34 ∠ -58.371o

120 + j0

120 ∠ 0o

76.899m + j124.86m
&
146.64m ∠ 58.371o

76.899m + j124.86m
$
146.64m ∠ 58.371o

Rule of series
circuits:

I
%

total = IC1 = IR//(L--C2)

æ ÏÑÐ�ÜXÐ�ÈeÔXÌ�Ê�ÔXÌ�ØûÔ�Ò�ØûÌÑÖ'Èãâ�Ï]ØtÖ'Ì]Ë]È	Õ8Ó'Ï]è3Í>Ì�Ô�Ó'Ï�Í'Í'� ¹ Ì�Ê3ÕgÖ'Î�È`Í(È�Ó'ÉtÈEÍ î è3Ì�Ó)Ì�Ø»Ø»È�ØÑÔ�Ï�Ùô×�É»Ê3ÌÑÖ'ÉtÏ�ÊrÏ�Ú8� ú]ú u�ö����
� · w
Ò3Í(ÉtÊ3Ë�õgÎ3Ùü� Í}ö Ì9ÐTu ùäøgp �\w�â]È�Ó(Ö(ÉûÔ�Ì]ØtØ»Þ�É»ÊüÖ(Î�ÏLÍWÈ�Ö'Ì]×�Ø»ÈrÔ�Ï]Ø»Ò�Ù�Ê3ÍXý



�)( � ½ �l��¿¾ÿ��T�Lþ*�lÿ��+�+¿,��	-�¾ÿ.�
	��/�10��`ÿ�����	-�¾ÿ324�r£j¡e£���	
�5�

E

I

Volts

Amps

OhmsZ
�

C
�

1 L C
�

2 R

470 + j0
!
470 ∠ 0o

0 - j564.38
"

564.38 
#

∠ -90o

0 + j245.04
"
245.04 ∠ 90o

0 - j1.7684k
"

1.7684k ∠ -90o

76.899m + j124.86m
&
146.64m ∠ 58.371o

Ohm’s
Law

70.467 - j43.400
$

82.760 
6

∠ -31.629o

E = IZ
7

E

I

Volts
8
Amps
9
OhmsZ

L -- C
�

2 R // (L 
 

-- C2) C
�

1 -- [R // (L -- C2)]
Total

0 - j1.5233k
"

1.5233k ∠ -90o

429.15 - j132.41

449.11 
!

∠ -17.147o

429.15 - j696.79

818.34 ∠ -58.371o

120 + j0

120 ∠ 0o

76.899m + j124.86m
&
146.64m ∠ 58.371o

76.899m + j124.86m
&
146.64m ∠ 58.371o

Ohm’s
Law

49.533 + j43.400
65.857 
:

∠ 41.225o

E = IZ�£×LÒ�ÉûÔ)ç�Õ8Ï]Ò3×�ØtÈ î Ô)Î3ÈXÔ)ç�Ï�Ú>Ï�Ò�Ó�Ð#Ï]Ó'ç�ÌÑÖ`Ö'Î�ÉûÍ�è:Ï]É»ÊLÖ#Ð#Ï]Ò3Ø»Õ�×:ÈgÖ(Ï¶Í(È�È�Ð+Î�È�Ö(Î�ÈXÓ�Ï�Ó�Ê�Ï]Ö`Ö'Î�Ègâ�Ï]ØtÖ'Ì]Ë]ÈlÕ8Ó'Ï]èjÍ
Ì]Ô�Ó(ÏLÍ(Í�� ¹ Ì]Ê3Õ¶Ö(Î�ÈlÍ(È�Ó'É»ÈXÍ î è3Ì]Ó'Ì]ØtØ»È�ØCÔ�Ï�Ùô×�É»Ê3Ì�Ö(É»Ï]ÊoÏ�Ú\� ú]ú u�ö����
� · wãÉtÊ3Õ�È�ÈXÕ�Ì�Õ�Õ¶Ò�è�Ö(ÏrÖ'Î�ÈäÖ(Ï]Ö'Ì�ØÝá;�lÔ�Ô�Ï]Ó)Õ8É»Ê�Ë
Ö(Ï=<rÉ»Ó'Ô)Î3Î�Ï?>+� ÍA@	Ï]ØtÖ'Ì�Ë�È�öVÌ9Ð�ÜCÖ(Î3È�Þ!Í(Î�Ï�Ò�Ø»Õ>Å

E
B

total should be equal to EC1 + ER//(L--C2)

70.467 - j43.400 V
C
49.533 + j43.400 V+

120 + j0 V Indeed, it is!
Û Î3Ì�ÖäØûÌ]ÍWÖ}ÍdÖ'È�è�ÐäÌ]ÍäÙ�È�Ó'È�Ø»Þ|Ìoè�Ó'ÈXÔ�Ì]Ò8Ö(É»Ï]ÊVá p ÊéÌoè�Ó'Ï]×�Ø»È�ÙíÐ+ÉåÖ'Î�Ì�ÍäÙ�Ì�ÊCÞ|ÍWÖ(È�èjÍ+Ì]Í#Ö(Î3É»Í+Ï�Ê�ÈrÎ3Ì]ÍXÜCÖ(Î3È�Ó'È

ÉûÍ�Ù¶Ò3Ô)ÎüÏ]è�è:Ï]Ó(Ö(Ò�Ê3ÉåÖdÞ�Ú�Ï�Ó#ÈXÓ(Ó'Ï]ÓEáeõ�Ô�Ô�Ì�ÍWÉ»Ï]ÊjÌ�ØjÔ�Ó(ÏLÍ(Í î Ô)Î�ÈXÔ)ç8ÍeØ»É»ç]ÈgÖ(Î3Ì�ÖäÏ�Ê�ÈrÔ�Ì�ÊüÍ(Ì9â�ÈgÌ¶èjÈXÓ'Í(Ï]ÊüÌôØ»Ï�Ö+Ï]Ú Ð#Ï]Ó'ç
Ì�ÊjÕ|Ò�Ê3Ê�ÈXÔ�ÈXÍ'Í(Ì]Ó(Þ�Ú�Ó'Ò3ÍWÖ(Ó)ÌÑÖ'ÉtÏ�Ê|×CÞ|ÉûÕ8È�ÊLÖ'ÉåÚ�ÞCÉ»Ê�Ë�è�Ó(Ï�×�Ø»È�Ù�Íäè�Ó'ÉtÏ�ÓäÖ(ÏoÖ(Î�ÈràjÊ3Ì�ØVÍWÖ(ÈXè!Ï]Ú Ö'Î�È�è�Ó'Ï]×�Ø»È�Ù�á
�+Ú Ö'È�Ó�Î3Ì9âCÉtÊ�Ë�Í(Ï]Ø»â]ÈEÕoÚ�Ï]Ó�â]Ï]ØtÖ'Ì]Ë]È+Õ8Ó'Ï]è3Í�Ì]Ô�Ó(ÏLÍ(Í�� ¹ Ì�Ê3ÕoÖ'Î�ÈlÔ�Ï�Ùô×�É»Ê3Ì�Ö(É»Ï]Ê�� ú�ú u�ö����
� · w�ÜCÐ#ÈlÌ�ËLÌ�É»Ê�Ì�ÍWç

Ï]Ò3Ó'Í(È�Ø»â]ÈEÍeÖ'Î�È`×�Ò3ÈXÍWÖ(É»Ï]Ê>ý¾Ð+Î3Ì�ÖäÏ]Ö(Î�ÈXÓ+Ô�Ï]Ù�è:Ï]Ê�ÈXÊLÖ'ÍäÍWÎjÌ�Ó'ÈlÖ'Î�È�Í(Ì]ÙoÈ�â]Ï�ØåÖ)Ì�Ë�ÈlÏ]Ó+Ô�Ò�Ó(Ó'È�ÊLÖD� p Ê|Ö'Î�É»Í+ÔXÌ]Í(È]ÜLÖ(Î3È
Ó'ÈXÍ(É»ÍWÖ(Ï�Ógu��gw`Ì]Ê3Õ�Ö(Î3ÈgÔ�Ï�Ùô×�É»Ê3Ì�Ö(É»Ï]Ê�Ï�ÚVÖ(Î�ÈgÉtÊ3Õ�Ò3Ô�Ö'Ï]ÓäÌ�Ê3Õ�Ö'Î�ÈrÍWÈEÔ�Ï]ÊjÕ�Ô�Ì�èjÌ]Ô�ÉtÖ(Ï�Ógu ö����
� · w�ÍWÎjÌ�Ó'È+Ö(Î�ÈrÍ'Ì�Ù�È
â]Ï�ØåÖ)Ì�Ë�È]Ü�×:ÈXÔXÌ�Ò3Í(È+Ö(Î3Ï�Í(ÈlÍWÈ�Ö'Í`Ï�Ú>É»Ùoè:ÈXÕ3Ì�Ê3Ô�ÈXÍ`Ì]Ó(È+É»Ê�è3Ì]Ó'Ì]ØtØ»È�Ø3Ð+ÉåÖ'Î�ÈXÌ�Ô)ÎoÏ]Ö(Î�ÈXÓXá Û Î�ÈXÓ(È�Ú�Ï]Ó'È]Ü]Ð#ÈlÔXÌ�Ê�Ö(Ó)Ì�ÊjÍdÚ�ÈXÓ
Ö(Î3È�â]Ï]ØtÖ'Ì]Ë]Ègà3Ë]Ò3Ó(ÈFEdÒ3ÍWÖlÍWÏ�Øtâ�ÈXÕ|Ú�Ï]Ó+É»ÊLÖ(ÏoÖ(Î�È�Ô�Ï]Ø»Ò�Ù�Ê3Í#Ú�Ï]Ó}�AÌ]Ê3Õ�ö����
� · ý



�Lþ��8þJ�8ÿ����dÿ���� �������g¡V¡ ÿ`¡��r£j¡	£��
	��
� � ð

E

I

Volts

Amps
9
OhmsZ

�

C
�

1 L C
�

2 R

470 + j0

470 
!

∠ 0o

0 - j564.38
"

564.38 
#

∠ -90o

0 + j245.04
"
245.04 
G

∠ 90o

0 - j1.7684k
"

1.7684k ∠ -90o

76.899m + j124.86m
&
146.64m ∠ 58.371o

70.467 - j43.400
&

82.760 ∠ -31.629o

49.533 + j43.400
H
65.857 
:

∠ 41.225o

Rule of parallel
circuits:

E
7

R//(L--C2) = ER = EL--C2

E

I

Volts
8
Amps
9
OhmsZ

L -- C
�

2 R // (L 
 

-- C2) C
�

1 -- [R // (L -- C2)]
Total

0 - j1.5233k
"

1.5233k ∠ -90o

429.15 - j132.41

449.11 
!

∠ -17.147o

429.15 - j696.79

818.34 ∠ -58.371o

120 + j0

120 ∠ 0o

76.899m + j124.86m
&
146.64m ∠ 58.371o

76.899m + j124.86m
&
146.64m ∠ 58.371o

49.533 + j43.400

65.857 
I

∠ 41.225o

Rule of parallel
circuits:

E
7

R//(L--C2) = ER = EL--C2

49.533 + j43.400
65.857 
:

∠ 41.225o

æ ÏÑÐGÐ#È]� Ó(È}Ì]ØtØ:ÍWÈ�Ö`Ú�Ï�Ó�Ô�Ì]Ø»Ô�Ò�ØûÌÑÖ(É»Ê�Ë�Ô�Ò�Ó(Ó'È�ÊLÖeÖ'Î�Ó'Ï]Ò�Ë�Î�Ö(Î�ÈgÓ(ÈEÍWÉûÍdÖ'Ï]Ó`Ì]Ê3ÕoÖ(Î3Ó(Ï�Ò�Ë]Î�Ö'Î�ÈlÍ(È�Ó'ÉtÈEÍ`Ô�Ï�Ùô×�É»Ê3Ì�Ö(É»Ï]Ê
ö����
� · á��}Ø»Ø>Ð�ÈrÊ�ÈXÈXÕ!Ö(Ï�Õ�ÏoÉûÍ+Ì�è3è�ØtÞéõgÎ�Ù�� Í+ö Ì9Ð u p(ø�ù#ú �>weâ�È�Ó(Ö(ÉûÔ�Ì�Ø»Ø»Þ�ÉtÊ�×:Ï�Ö'ÎüÏ]ÚVÖ'Î�Ï�Í(È�Ô�Ï]Ø»Ò�Ù�Ê3ÍXý

E

I

Volts
8
Amps
9
OhmsZ

C
�

1 L C
�

2 R

470 + j0
!
470 
!

∠ 0o

0 - j564.38
"

564.38 
#

∠ -90o

0 + j245.04
"
245.04 
G

∠ 90o

0 - j1.7684k
"

1.7684k ∠ -90o

76.899m + j124.86m
&
146.64m ∠ 58.371o

70.467 - j43.400
&

82.760 ∠ -31.629o

49.533 + j43.400

65.857 
I

∠ 41.225o

Ohm’s 
Law

105.39m + j92.341m
140.12m ∠ 41.225o

I = 
% E
7
Z
J
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E

I

Volts
8
Amps
9
OhmsZ

�

L -- C2 R // (L -- C2) C
�

1 -- [R // (L -- C2)]
Total

0 - j1.5233k
"

1.5233k ∠ -90o

429.15 - j132.41
!
449.11 
!

∠ -17.147o

429.15 - j696.79
!
818.34 ∠ -58.371o

120 + j0

120 ∠ 0o

76.899m + j124.86m
&
146.64m ∠ 58.371o

76.899m + j124.86m
&
146.64m ∠ 58.371o

49.533 + j43.400
!
65.857 
I

∠ 41.225o

49.533 + j43.400
!
65.857 
I

∠ 41.225o

-28.490m + j32.516m
43.232m ∠ 131.22o

Ohm’s
Law

I =
% E

Z
J

�}Ê3Ï�Ö(Î3È�Ó¥×�Ò3É»Ô)çéÕ8Ï�Ò�×�Ø»È î Ô)Î�ÈXÔ)çüÏ�Ú`Ï�Ò�Ó�Ð�Ï�Ó(ç�ÌÑÖ�Ö(Î�ÉûÍ�èjÏ�ÉtÊLÖrÐ�Ï�Ò�ØûÕé×jÈ¶Ö(Ï�Í(È�ÈôÉtÚeÖ'Î�ÈoÔ�Ò�Ó'Ó(ÈXÊ�Ögà3Ë]Ò3Ó(ÈEÍ}Ú�Ï�Ó
ö����
� · Ì]Ê3Õ!�AÌ�Õ�ÕüÒ�è|Ö'Ï�Ö(Î�ÈrÖ'Ï�Ö)Ì�Ø>Ô�Ò3Ó(Ó'È�ÊLÖXáK�gÔ�Ô�Ï�Ó'Õ�ÉtÊ�ËoÖ'ÏL<rÉ»Ó)Ô)Î�Î�Ï?>+� Í���Ò�Ó'Ó(ÈXÊ�Ö}ö Ì9Ð�ÜCÖ(Î�ÈXÞ!Í(Î�Ï]Ò�ØûÕ\ý

IR//(L--C2) should be equal to IR + I(L--C2)

105.39m + j92.341m
-28.490m + j32.516m+

76.899m + j124.86m
C

Indeed, it is!

qCÉ»Ê3Ô�ÈôÖ(Î�ÈoöRÌ]Ê3ÕM� · Ì]Ó(ÈôÔ�Ï]Ê�Ê3ÈXÔ�Ö'ÈXÕéÉ»Ê�Í(È�Ó'ÉtÈEÍ�Ü:Ì�Ê3Õ�ÍWÉ»Ê3Ô�È¶Ð�ÈôçLÊ3ÏÑÐHÖ'Î�È¶Ô�Ò�Ó'Ó(ÈXÊ�ÖlÖ(Î�Ó'Ï]Ò�Ë�Î�Ö(Î�ÈXÉtÓrÍ(È�Ó'ÉtÈEÍ
Ô�Ï�Ùô×�É»Ê3Ì�Ö(É»Ï]Ê ÉtÙ�è:ÈXÕ�Ì]Ê3Ô�È�Ü Ð#È�Ô�Ì]Ê Õ8É»ÍWÖ(Ó'É»×�Ò8Ö(È�Ö'Î3ÌÑÖoÔ�Ò�Ó'Ó(ÈXÊLÖ�àjË]Ò�Ó'È�Ö(Ï�Ö'Î�È|ö6Ì�ÊjÕN� · Ô�Ï]Ø»Ò�Ù�Ê3ÍrÚ�Ï�ØtØ»ÏÑÐ+É»Ê�Ë
Ö(Î3È�Ó(Ò�Ø»ÈrÏ�Ú	ÍWÈXÓ(É»ÈXÍäÔ�ÉtÓ)Ô�Ò�ÉtÖ'Í}Ð+Î�È�Ó'È�×CÞ�Í(È�Ó'ÉtÈEÍ+Ô�Ï]Ù�è:Ï]Ê�ÈXÊLÖ'Í+Í(Î3Ì�Ó'ÈlÖ'Î�È�Í'Ì�Ù�È�Ô�Ò�Ó'Ó(ÈXÊLÖXý

E

I

Volts
8
Amps
9
OhmsZ

C
�

1 L
�

C
�

2 R
 

470 + j0

470 
!

∠ 0o

0 - j564.38
"

564.38 
#

∠ -90o

0 + j245.04
"
245.04 
G

∠ 90o

0 - j1.7684k
"

1.7684k ∠ -90o

76.899m + j124.86m
&
146.64m ∠ 58.371o

70.467 - j43.400
&

82.760 ∠ -31.629o

49.533 + j43.400

65.857 
I

∠ 41.225o

105.39m + j92.341m

140.12m ∠ 41.225o

-28.490m + j32.516m
43.232m ∠ 131.22o

-28.490m + j32.516m
43.232m ∠ 131.22o

Rule of series
circuits:

I
%

L--C2 = IL = IC2

O ÉtÖ(ÎoÏ]Ê�È#Ø»Ì�ÍdÖ	ÍWÖ(È�è�u�Ì�Ô�Ö'Ò3Ì�Ø»ØtÞ�Ü9ÖdÐ�ÏrÔ�Ì]Ø»Ô�Ò�ØûÌÑÖ(É»Ï]ÊjÍ'w�ÜÑÐ�ÈäÔ�Ì]Ê¶Ô�Ï�Ù�è�ØtÈ�Ö(ÈäÏ]Ò3Ó¾Ì]Ê3Ì�Ø»Þ8ÍWÉûÍVÖ'Ì�×3ØtÈ�Ú�Ï]ÓãÖ(Î3É»Í	Ô�ÉtÓ)Ô�Ò�ÉtÖXáO ÉtÖ(Î¢ÉtÙ�è:ÈXÕ�Ì]Ê3Ô�È�Ì�Ê3Õ�Ô�Ò�Ó'Ó(ÈXÊLÖlà3Ë�Ò�Ó(ÈEÍlÉ»Ê�è3Ø»Ì�Ô�È¶Ú�Ï]Órö5Ì]Ê3ÕP� · Ü�Ì]ØtØ¾Ð#ÈôÎ3Ì9â�È�Ö'ÏüÕ8Ï!É»ÍrÌ]è�è�Ø»Þ�õgÎ3Ùü� ÍröVÌ9Ð
u ùäøgp �\w�â]ÈXÓWÖ'É»ÔXÌ�Ø»ØtÞ�É»ÊüÖ(Î�ÏLÍWÈ�ÖdÐ#Ï�Ô�Ï]Ø»Ò�Ù�Ê3ÍäÖ'Ï�ÔXÌ�ØûÔ�Ò�ØûÌÑÖ'Èrâ]Ï]ØtÖ'Ì]Ë]ÈrÕ8Ó'Ï]è3ÍXá
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E

I

Volts

Amps

OhmsZ
�

C
�

1 L
�

C
�

2 R
 

470 + j0

470 ∠ 0o

0 - j564.38
"

564.38 
#

∠ -90o

0 + j245.04
"
245.04 ∠ 90o

0 - j1.7684k
"

1.7684k ∠ -90o

76.899m + j124.86m
&
146.64m ∠ 58.371o

70.467 - j43.400
&

82.760 ∠ -31.629o

49.533 + j43.400
!
65.857 
I

∠ 41.225o

105.39m + j92.341m

140.12m ∠ 41.225o

-28.490m + j32.516m

43.232m 
!

∠ 131.22o

-28.490m + j32.516m

43.232m 
!

∠ 131.22o

-7.968 - j6.981

Ohm’s
Law

Ohm’s
Law

10.594 ∠ 221.22o

57.501 + j50.382
R
76.451 ∠ 41.225

E = IZ E = IZ
æ ÏÑÐ�Ü8Ø»È�ÖE� Í#Ö'Ò�Ó'Ê!Ö'Ï|q8s p � ù Ú�Ï]Ó}Ì�Ô�Ï]Ù�è�Ò8Ö'È�Ó+â�È�Ó'ÉåàjÔXÌÑÖ'ÉtÏ�Ê|Ï�Ú¾Ï]Ò3Ó#Ð#Ï]Ó'ç�ý

1

0

2 3

4

5

6

0 0

3

more "dummy" voltage sources to
act as current measurement points
in the SPICE analysis (all set to 0
volts).

C
�

1

L

C
�

2

R 470 Ω
1.5 µF

650 mH
S

4.7 µF

120 V
60 Hz
S

V
T

it

V
T

ilc V
T

ir

U�VXW)YQZ\[]Y�WQ^?_�U)Z`UbacadYcaeZ`^cac^`VfVb[gZ,Vgh�[gij'kXkmlXU�VnkgoclpWb[rqj\[giskmotU�V�lj\[)abV.u3vpU�V3lj\[gZtutwtU�V�lV�k*otu3vFxzy?ha.vn{twc{clg|V)oX{tl}k~xz{?hZpwtlfv`yclxzU�V.a�[�q�k*wclXwclx�_bZ�[rqbiXU�Vmj���oK��u,�Njd_���o;��u,�3['��j�[gi\�3[r_��zj\[gi\�x�_bZ�[rqbiXU�Vmj���v���{,�Njd_���v���{,�3['��j�[)a`Vb�.[�_���j\[)abVb�x�_bZ�[rqbiXU�Vmj���{K��l,�Njd_���{;��l,�3['��j�[)a`Vb�.[�_���j\[)abVb�
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x�_bZ�[rqbiXU�Vmj���wK��l,�Njd_���w;��l,�3['��j�[gZ\�3[r_��zj\[gZ\�xzY)qb�
� Z`YQ� j���o;��u,� jQ_���oK��u�� ['��j\[ri\� [r_���j\[gi\� ��kw�xzldlclQ�b�bl�k ��xzodycwQ�b�bl�k�^du�x�kgwcuQ�b�cl\k k~x�v`wdwQ��^dl\k {�x1�cucyQ�b�cl\k� Z`YQ� j���v���{,� jQ_���v���{�� ['��j\[?a`Vb� [r_���j\[)a`Vc� �w�xzldlclQ�b�bl�k k~xzld{c�Q�b�bl�k�^�k~x1uc�c�Q�b�clco vFxzucoduQ��^dlco k~x1u\kgoQ�b�clco� Z`YQ� j���{�� jQ_���{,� ['��j\[?a`Vb� [r_���j\[)a`Vc� �bow�xzldlclQ�b�bl�k y�xzw)v`{Q�b�bl�k v�x�kgocoQ�c�bl\k vFxzucoduQ��^dlco k~x1u\kgoQ�b�clco� Z`YQ� j���w�� jQ_���w,� ['��j\[rZ\� [r_���j\[gZ\� �w�xzldlclQ�b�bl�k w�xz{d�cwQ�b�bl�k v�x�kgocoQ�c�bl\k k~x�v`l�k���^dl\k vFx�kgocoQ�b�cl\k

ù Ì�Ô)ÎôØ»ÉtÊ3È+Ï�Ú:Ö(Î�Èlq8s p � ù Ï]Ò8Ö'è�Ò8ÖeØ»É»ÍWÖ(É»Ê�Ë�Ë]É»â]ÈEÍ Ö(Î�È+â�Ï]ØtÖ'Ì�Ë�È]ÜÑâ�Ï]ØtÖ'Ì�Ë�È�è3Î3Ì]Í(È}Ì�Ê�Ë�ØtÈ�Ü�Ô�Ò�Ó'Ó'È�ÊLÖXÜ]Ì]Ê3Õ�Ô�Ò�Ó'Ó'È�ÊLÖ
è�Î3Ì�ÍWÈoÌ�Ê�Ë�ØtÈôÚ�Ï]Ó+� ¹ Ü>ö`Ü'� · Ü\Ì�Ê3Õ ��Ü�ÉtÊ�Ö(Î3Ì�Ö�Ï�Ó'Õ8ÈXÓXá��lÍ�Þ]Ï�Ò�Ô�Ì]Ê�Í(È�È]Ü:Ö'Î�ÈXÍ(ÈôàjË]Ò�Ó'ÈXÍ�Õ8Ï!Ô�Ï]Ê3Ô�Ò�Ó�Ð+ÉåÖ'Î�Ï]Ò3Ó
Î3Ì]Ê3Õ î Ô�Ì�ØûÔ�Ò3Ø»Ì�Ö(ÈXÕ|à3Ë�Ò�Ó(ÈEÍ#ÉtÊüÖ(Î3È�Ô�É»Ó'Ô�Ò�ÉåÖlÌ]Ê3Ì�Ø»Þ8ÍWÉûÍ�Ö'Ì]×�ØtÈ�á�lÍ`Õ�Ì�Ò�ÊLÖ'ÉtÊ�Ë¶Ì�Ö'Ì]Í(ç�Ì]ÍeÍ(È�Ó'ÉtÈEÍ î è3Ì]Ó'Ì]ØtØ»È�Øb���5Ô�É»Ó'Ô�Ò�ÉtÖ�Ì�Ê3Ì]ØtÞ8Í(É»Í¾Ù�Ì9ÞoÌ�è�è:ÈXÌ]ÓXÜ�ÉåÖ`Ù¶Ò3ÍWÖ`×jÈlÈ�Ù�è�Î3Ì�ÍWÉ»º�ÈEÕoÖ(Î3Ì�Ö
Ö(Î3È�Ó'È¶ÉûÍ�Ê�Ï�Ö'Î�ÉtÊ3Ë!Ó'ÈXÌ]ØtØ»Þ�Ê�È�ÐnË�Ï]É»Ê�Ë|Ï�Ê�Î�ÈXÓ(È¶×jÈEÍWÉûÕ8ÈEÍlÖ'Î�È�Ò3Í(È¶Ï]Ú�Ô�Ï�Ùoè3ØtÈ���ÊCÒ�Ù¶×jÈXÓ'ÍXá¶õgÎ�Ù�� Í�ö Ì9Ð÷u�É»Ê ÉtÖ'Í
Ê�ÈXÐßÚ�Ï]Ó'Ù Ï�Ú ù#øgp �\wlÍdÖ'ÉtØ»Ø	Î�Ï]ØûÕ�ÍgÖ(Ó'Ò�È�Ü>Ì]ÍrÕ8Ï!Ö(Î�È�â]Ï�ØåÖ)Ì�Ë�È¶Ì�ÊjÕ�Ô�Ò3Ó(Ó'È�ÊLÖ�ö Ì9Ð}Í�Ï�Ú�<rÉ»Ó'Ô)Î3Î�Ï?>¾á O Î�É»ØtÈoÖ(Î3È�Ó'È
ÉûÍgÙ�Ï�Ó(ÈoèjÏ]Ö(ÈXÊ�Ö'É»Ì]ØãÚ�Ï]ÓrÎCÒ�Ù�Ì�Ê�ÈXÓ(Ó'Ï]Ó�É»Ê Ô�Ì]Ó(Ó'ÞCÉtÊ3Ë|Ï]Ò�ÖgÖ'Î�È�Ê�ÈXÔ�ÈXÍ'Í(Ì]Ó(Þ�Ô�Ï�Ùoè3ØtÈ���ÊLÒ3Ùô×:È�Ó�Ô�Ì]Ø»Ô�Ò�Ø»Ì�Ö(É»Ï]Ê3ÍXÜ�Ö(Î3È
×3Ì�ÍWÉûÔ�è�Ó(É»Ê3Ô�Étè�Ø»ÈXÍ+Ì]Ê3Õ!Ö(ÈEÔ)Î�Ê�É¿×�Ò3ÈXÍäÏ�Ú	Í(È�Ó'ÉtÈEÍ î è3Ì�Ó)Ì�Ø»Ø»È�Ø�Ô�É»Ó'Ô�Ò�ÉåÖ+Ó'ÈXÕ8ÒjÔ�Ö(É»Ï]Ê�Ì�Ó'ÈrÈ���Ì]Ô�Ö(Ø»Þ�Ö(Î3È�Í(Ì]ÙoÈ�á

�*���
�����
 ¢¡
� �}Ê3Ì]ØtÞ8Í(É»Í¾Ï]Ú:Í(È�Ó'ÉtÈEÍ î è3Ì�Ó)Ì�Ø»Ø»È�Øc��� Ô�É»Ó)Ô�Ò�ÉtÖ'Í	ÉûÍ¾ÙôÒjÔ)ÎôÖ'Î�È}Í(Ì]Ù�ÈäÌ�Í	ÍWÈXÓ(É»ÈXÍ î è3Ì�Ó)Ì�Ø»ØtÈXØ � �RÔ�É»Ó'Ô�Ò�ÉåÖ)Í�á Û Î�ÈäÏ]Ê3ØtÞ
ÍWÒ�×jÍdÖ)Ì�ÊLÖ(É»â]ÈrÕ8É£>:ÈXÓ(ÈXÊ3Ô�È�ÉûÍ#Ö(Î3Ì�ÖlÌ�Ø»Ø\à3Ë�Ò�Ó(ÈEÍäÌ�Ê3Õ�Ô�Ì]Ø»Ô�Ò�ØûÌÑÖ(É»Ï]ÊjÍ#Ì]Ó(ÈrÉ»ÊüÔ�Ï]Ù�è�Ø»È�� u�Ê�Ï]ÖlÍ(ÔXÌ�ØûÌ�Ó�w	Ú�Ï�Ó(Ù�á

� p ÖôÉ»ÍôÉtÙ�è:Ï]Ó(Ö'Ì]Ê�ÖôÖ(Ï�Ó'È�Ù�È�Ù¶×jÈXÓ�Ö'Î3ÌÑÖô×:È�Ú�Ï�Ó(È!ÍWÈXÓ(É»ÈXÍ î èjÌ�Ó)Ì�Ø»ØtÈXØ	Ó(ÈEÕ8Ò3Ô�Ö'ÉtÏ�Ê6u�Í(ÉtÙ�è�Ø»Éåà:Ô�ÌÑÖ'ÉtÏ�Êjw�ÔXÌ�Ê ×:È�Ë�ÉtÊ>Ü
Þ]Ï]ÒéÙ¶Ò3ÍWÖ�Õ8È�Ö(È�Ó'Ù�ÉtÊ3ÈôÖ'Î�ÈôÉ»Ù�èjÈEÕ�Ì�Ê3Ô�Èüu��\w+Ï]Ú`È�â�È�Ó'Þ!Ó'ÈXÍ(ÉûÍdÖ'Ï]ÓEÜ3É»Ê3Õ8Ò3Ô�Ö(Ï]ÓEÜ\Ì�Ê3Õ�Ô�Ì�èjÌ]Ô�ÉtÖ(Ï�ÓXá Û Î3ÌÑÖ�Ð#Ì9Þ�Ü
Ì�Ø»Ø Ô�Ï�Ù�èjÏ�Ê�È�ÊLÖgâÑÌ]ØtÒ�ÈEÍlÐ+É»Ø»Ø ×:ÈôÈ��Cè3Ó(ÈEÍ(Í(ÈXÕ�É»Ê Ô�Ï]Ù�Ù�Ï]Ê�Ö(ÈXÓ(Ù�ÍouÝ�\w}ÉtÊjÍdÖ'ÈXÌ]Õ�Ï�Ú`Ì�Ê�ÉtÊ3Ô�Ï]Ù�è3Ì�Ö(É»×�ØtÈ¶Ù�É¤�
Ï�Ú Ó'ÈXÍ(ÉûÍdÖ)Ì�Ê3Ô�Èou �lw�ÜjÉtÊ3Õ�Ò3Ô�Ö)Ì�Ê3Ô�È�u�ö w�Ü3Ì�ÊjÕ!ÔXÌ�è3Ì�Ô�ÉtÖ'Ì�ÊjÔ�È�u¥�äw�á

yL¦z§ {�¨ª©«© ��¬;­
O ÉtÖ(Î Ö(Î�È�Ê�Ï]Ö'Ì�×3ØtÈoÈ���Ô�ÈXè8Ö(É»Ï]Ê Ï�Ú�ÔXÌ�ØûÔ�Ò�ØûÌÑÖ'ÉtÏ�Ê3ÍgÚ�Ï]Ó�èjÏÑÐ#È�Ó�u s�w�Ü\Ì]ØtØK���ßÔ�ÉtÓ)Ô�Ò3ÉåÖ�Ô�Ì]Ø»Ô�Ò�Ø»Ì�Ö(É»Ï]Ê3Í�Ì�Ó'Èo×3Ì]Í(ÈXÕéÏ�Ê
Ö(Î3È�Í(Ì]ÙoÈ�Ë�È�Ê�ÈXÓ'Ì]Øãè3Ó(É»Ê3Ô�É»è�Ø»ÈXÍ�Ì�Í�Ô�Ì�ØûÔ�Ò3Ø»Ì�Ö(É»Ï]Ê3ÍgÚ�Ï]Ó � �TÔ�É»Ó'Ô�Ò�ÉåÖ)Í�á Û Î�È�Ï�Ê�ØtÞ ÍWÉ»Ë]Ê�ÉtàjÔXÌ�ÊLÖ�Õ8É¤>�È�Ó'È�ÊjÔ�È�É»Í�Ö(Î3Ì�Ö
Ú�Ì]Ô�ÖeÖ(ÎjÌÑÖ����5Ô�Ì]Ø»Ô�Ò�ØûÌÑÖ(É»Ï]ÊjÍ	Ò3Í(È}Ô�Ï]Ù�è�Ø»È��ì×LÒ3Ì�ÊLÖ'ÉåÖ'ÉtÈEÍ	Ð+Î�É»ØtÈ � �5Ô�Ì]Ø»Ô�Ò�Ø»Ì�Ö(É»Ï]Ê3ÍeÒ3ÍWÈgÍ(ÔXÌ�ØûÌ�Ó¦×LÒ3Ì�ÊLÖ'ÉåÖ'ÉtÈEÍ�áeõgÎ�Ù�� Í
öVÌ9Ð�Ü\<rÉ»Ó'Ô)Î�Î3Ï?>+� Í�öVÌ9Ð}ÍXÜ�Ì�Ê3ÕéÈXâ]ÈXÊéÖ(Î�ÈoÊ�È�ÖdÐ�Ï�Ó(ç!Ö(Î�ÈXÏ]Ó'È�Ù�ÍgØtÈEÌ�Ó'Ê�ÈXÕéÉ»Ê � �AÍWÖ(É»ØtØ¾Î�Ï�Ø»Õ�Ö'Ó(Ò3ÈôÚ�Ï�Ó
���FÐ+Î�ÈXÊ
â]Ï�ØåÖ)Ì�Ë�È]Ü]Ô�Ò�Ó(Ó'È�ÊLÖEÜ]Ì�Ê3ÕoÉ»Ù�èjÈEÕ�Ì�Ê3Ô�È}Ì�Ó'È}Ì�Ø»Ø�È��8è�Ó'ÈXÍ'Í(ÈXÕ¶Ð+ÉåÖ'Î�Ô�Ï]Ù�è�Ø»È��¶ÊLÒ3Ùô×:È�Ó)Í�á Û Î�ÈlÍ'Ì�Ù�È#Ö(Ó'Ï]Ò�×3ØtÈEÍWÎ�ÏCÏ]Ö(É»Ê�Ë
ÍWÖ(Ó)ÌÑÖ(ÈXË]É»ÈXÍ#Ì�è�è3ØtÉ»ÈXÕ|Ö(ÏÑÐäÌ�Ó)Õ � �6Ô�É»Ó)Ô�Ò�ÉtÖ'ÍäÌ�ØûÍ(ÏôÎ�Ï�Ø»Õ|Ú�Ï]Ó®���gÜ8Ì�ØtÖ(Î�Ï�Ò�Ë]Î¯���6ÔXÌ�Ê!Ô�È�Ó(Ö'Ì]ÉtÊ�Ø»Þ�×:È�Ù�Ï�Ó(È�Õ8É¤°�Ô�Ò�ØåÖ
Ö(Ï�Ð#Ï]Ó'ç�Ð+ÉtÖ(ÎéÕ8Ò�ÈrÖ'Ïoè3Î3Ì]Í(È�Ì�Ê�Ë�ØtÈEÍäÐ+Î�É»Ô)Î�Ì�Ó'È�ÊV� Ö+Ó'È�Ë]ÉûÍWÖ(È�Ó'ÈXÕ|×CÞ!ÌoÎ3Ì�ÊjÕ8Î�È�ØûÕüÙôÒ�ØtÖ(É»Ù�È�Ö'È�ÓEá

s¾ÏÑÐ#È�ÓãÉ»Í�Ì�Ê�Ï]Ö(Î�ÈXÓeÍWÒ�×`EdÈXÔ�Ö#Ì�ØtÖ(Ï]Ë�È�Ö'Î�È�ÓEÜ]Ì�ÊjÕ¶Ð+É»Ø»Ø3×:È}Ô�ÏÑâ]ÈXÓ(ÈEÕôÉ»Ê�ÉtÖ'Í	ÏÑÐ+Ê�Ô)Î3Ì]è8Ö(ÈXÓeÉtÊoÖ'Î�É»Í`×jÏCÏ�ç:á ² ÈXÔXÌ�Ò3Í(È
è:ÏÑÐ�ÈXÓ#É»Ê�Ì¶Ó'ÈXÌ�Ô�Ö'Étâ�È�Ô�ÉtÓ)Ô�Ò�ÉtÖ+É»Íä×:Ï�Ö'ÎüÌ]×3Í(Ï]Ó'×jÈEÕ|Ì�ÊjÕ|Ó'È�Ø»ÈXÌ�ÍWÈEÕL±�Ê�Ï�Ö;EdÒ3ÍWÖlÕ8ÉûÍ(Í(É»è3ÌÑÖ'ÈXÕ|Ì�ÍäÉåÖ+ÉûÍäÐ+ÉåÖ'Î�Ó(ÈEÍWÉûÍdÖ'Ï]Ó)Í±�ÉåÖ)Í+Ù�ÌÑÖ'Î�È�Ù�ÌÑÖ'É»ÔXÌ�Ø\Î3Ì]Ê3Õ8Ø»ÉtÊ3ËoÓ'È�×LÒ�É»Ó'ÈXÍ+ÌoÙ�Ï]Ó'ÈrÕ�ÉtÓ'ÈXÔ�Ö+Ì]è�è�Ø»É»ÔXÌÑÖ'ÉtÏ�Ê!Ï]Ú Ö'Ó(É»Ë]Ï�Ê�Ï]Ù�È�Ö'Ó(Þ�Ö'Ï�ÍWÏ�Øtâ�È]á
O Î�ÈXÊ Ú�Ì]Ô�ÈXÕRÐ+ÉåÖ'Î5Ì�ÊjÌ�Ø»ÞLºXÉtÊ3Ë Ì�Êm��� Ô�É»Ó'Ô�Ò�ÉtÖXÜ	Ö'Î�È|àjÓ'ÍWÖ�ÍWÖ(ÈXèRÉ»Ê5Ì]Ê3Ì�Ø»Þ8ÍWÉûÍ�ÉûÍ¶Ö(Ï Ô�Ï]ÊCâ�È�Ó(Ö¶Ì�Ø»ØäÓ(ÈEÍWÉûÍdÖ'Ï]ÓEÜ

É»Ê3Õ8Ò3Ô�Ö(Ï]ÓEÜCÌ�Ê3Õ�ÔXÌ�è3Ì�Ô�ÉtÖ(Ï]ÓeÔ�Ï]Ù�è:Ï]Ê�ÈXÊ�Ö�â9Ì]ØtÒ3ÈXÍeÉ»ÊLÖ(Ï�É»Ù�èjÈEÕ�Ì�ÊjÔ�ÈXÍ�uÝ�>w�Ü]×jÌ]Í(ÈXÕ�Ï]Ê�Ö'Î�È}Ú�Ó'È�×LÒ�ÈXÊ3Ô�Þ¶Ï�Ú\Ö'Î�È}è:ÏÑÐ�ÈXÓ



�Lþ³²8þJ�;´µ0M0¶����· êXó3ê

Í(Ï]Ò�Ó)Ô�È�á4�}Ú Ö(È�Ó�Ö(Î3Ì�ÖXÜVè3Ó(Ï8Ô�ÈXÈXÕ Ð+ÉåÖ'Î¢Ö(Î�È�Í'Ì�Ù�È�ÍdÖ'È�è3Í�Ì]Ê3Õ ÍdÖ'Ó'Ì�Ö(ÈXË]É»ÈXÍ�ØtÈEÌ�Ó'Ê�ÈXÕ�Ú�Ï]Ó�Ì]Ê3Ì�Ø»ÞCº�É»Ê�Ë � �TÔ�É»Ó'Ô�Ò�ÉåÖ)Í�Ü
Ò3Í(ÉtÊ3Ë¶Ö'Î�È v Ê3È�Ð v Ú�Ï]Ó'Ù÷Ï�Ú`õgÎ�Ù�� Í+öVÌ9Ð�ý ù#øgp �¹¸ p(ø�ù#ú �e¸3Ì]Ê3Õ�� ø�ù#ú9p

�+ÈXÙoÈXÙô×:È�ÓrÖ'Î3ÌÑÖ�Ï]Ê3ØtÞéÖ'Î�È�Ô�Ì]Ø»Ô�Ò�ØûÌÑÖ(ÈEÕ�àjË]Ò�Ó'ÈXÍ�È��8è�Ó'ÈXÍ'Í(ÈXÕ�É»ÊPº`»?¼ ´]½ Ú�Ï]Ó'Ù Ì]è�è�Ø»Þ�Õ8É»Ó(ÈEÔ�Ö(Ø»ÞéÖ'ÏéÈ�Ù�è�É»Ó(ÉûÔ�Ì]Ø
Ù�ÈXÌ�ÍWÒ�Ó'È�Ù�ÈXÊ�Ö)ÍrÏ�Ú+â]Ï�ØåÖ)Ì�Ë�È�Ì]Ê3Õ Ô�Ò�Ó'Ó'È�ÊLÖXáü�+ÈXÔ�Ö'Ì�Ê3Ë]Ò�ØûÌ�Ó�Ê�Ï]Ö'Ì�Ö(É»Ï]Ê É»ÍôÙ�È�Ó'È�Ø»Þ Ì�Ò3Í(È�Ú�Ò�Ø`Ö(ÏCÏ]ØeÚ�Ï]Ó�Ò3Í�Ö(Ï�Ì�Õ�Õ
Ì�ÊjÕ�ÍWÒ3×8Ö(Ó)Ì]Ô�Ö�Ô�Ï�Ù�è�ØtÈ��s×�ÒjÌ�ÊLÖ(ÉtÖ(É»ÈXÍlÖ(Ï�Ë]È�Ö'Î�È�ÓEágs¾Ï�Ø»Ì]Ó}Ê�Ï]Ö'ÌÑÖ'ÉtÏ�Ê>Ü�Ð+Î�È�Ó'È�Ö'Î�È¶Ù�Ì]Ë]Ê�ÉtÖ(Ò3Õ�È!u�Ø»È�Ê3Ë�Ö(Î Ï�Úeâ�ÈXÔ�Ö'Ï]Ó�w
Õ8É»Ó(ÈEÔ�Ö'ØtÞ!Ó(ÈXØ»Ì�Ö(ÈXÍ+Ö(Ï�Ö(Î3È�Ù�Ì�Ë]Ê3ÉåÖ'Ò3Õ8È�Ï�Ú¾Ö'Î�È�â]Ï�ØåÖ)Ì�Ë]ÈrÏ�ÓlÔ�Ò�Ó'Ó'È�ÊLÖ+ÙoÈEÌ]Í(Ò�Ó'ÈXÕ\Ü3Ì]Ê3Õ!Ö(Î�È¶Ì�Ê�Ë�ØtÈ�Õ8É»Ó'ÈXÔ�Ö'ØtÞ!Ó(ÈXØ»Ì�Ö(ÈEÍ
Ö(Ï�Ö(Î�Èüè�Î3Ì�ÍWÈüÍWÎ3ÉåÚ Ö�É»ÊRÕ8È�Ë�Ó(ÈXÈXÍXÜ	É»ÍôÖ(Î3È!Ù�Ï�ÍWÖ¶è3Ó'Ì�Ô�Ö(ÉûÔ�Ì]Ø�ÐäÌ9Þ Ö(Ï�È��8è�Ó(ÈEÍ(ÍoÔ�Ï�Ù�è�ØtÈ��H×�ÒjÌ�ÊLÖ(ÉtÖ(É»ÈXÍôÚ�Ï]Ó�Ô�É»Ó'Ô�Ò�ÉtÖ
Ì�ÊjÌ�Ø»ÞCÍ(ÉûÍ�á
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Ñ=¦�Ò ÓÕÔ×Ög��Ö�ØFÙ;¬e~�Ø ��Ö�ÔÛÚ¶¨é��¨ª©
�#Ì�èjÌ]Ô�ÉtÖ(Ï�Ó'ÍäÍWÖ(Ï�Ó(È�È�Ê�ÈXÓ(Ë�Þ�É»Ê|Ö'Î�ÈrÚ�Ï]Ó'Ù÷Ï�Ú	Ì�ÊüÈ�Ø»ÈXÔ�Ö(Ó'É»Ôgà3ÈXØ»Õ>Ü3Ì�Ê3Õ!È�Ø»ÈXÔ�Ö(Ó'É»ÔXÌ�Ø»ØtÞ|Ù�Ì]Ê�ÉtÚ�ÈXÍWÖ+Ö(Î3Ì�ÖlÍdÖ'Ï]Ó'ÈXÕ�ÈXÊ�È�Ó'Ë]Þ
Ì]Í�Ì�è:Ï�Ö'È�ÊLÖ(ÉûÌ�ØÝýFÜ µ ´Ñµ¥ÝßÞ�à »]¼ µ ´�ádâ á p ÊjÕ8Ò3Ô�Ö'Ï]Ó)Í�ÍWÖ(Ï�Ó(ÈlÈ�Ê�ÈXÓ(Ë�Þ¶É»Ê�Ö(Î3È}Ú�Ï]Ó'Ù Ï�ÚVÌôÙ�Ì]Ë]Ê�È�Ö(ÉûÔäà3ÈXØ»Õ\Ü8Ì]Ê3Õ�È�Ø»ÈXÔ�Ö(Ó'É»ÔXÌ�Ø»ØtÞ
Ù�Ì�Ê�ÉtÚ�ÈXÍWÖ+Ö(ÎjÌÑÖlÍWÖ(Ï]Ó'ÈXÕ!È�Ê3È�Ó'Ë]Þ�Ì]Í+ÌoçCÉ»Ê�È�Ö'É»ÔrÙ�Ï�Ö'ÉtÏ�Ê!Ï]ÚãÈXØtÈEÔ�Ö'Ó(Ï�Ê3Í�ý Þ�ãb½D½�â�ä3µ á��#Ì]è3Ì]Ô�ÉåÖ'Ï]Ó)ÍäÌ�Ê3Õ!ÉtÊjÕ8Ò3Ô�Ö'Ï]Ó)Í+Ì�Ó'Èå É»è î ÍWÉûÕ8ÈXÍrÏ]Ú�Ö'Î�È�Í'Ì�Ù�È�Ó(ÈEÌ]Ô�Ö'Étâ�ÈoÔ�Ï]É»Ê>Ü ÍWÖ(Ï�Ó(É»Ê�Ë�Ì�Ê3Õ¢Ó'È�Ø»ÈXÌ�ÍWÉ»Ê�ËüÈ�Ê�ÈXÓ(Ë�ÞéÉtÊ Ô�Ï�Ù�è�ØtÈXÙ�È�ÊLÖ'Ì]Ó(Þ�Ù�Ï8Õ8ÈEÍ�á O Î�ÈXÊ
Ö(Î3ÈXÍ(È¶ÖdÐ#Ï�ÖdÞCè:ÈXÍrÏ]Ú`Ó(ÈEÌ]Ô�Ö(É»â]È¶Ô�Ï]Ù�è:Ï]Ê�ÈXÊ�Ö)ÍrÌ�Ó'ÈoÕ8É»Ó'ÈXÔ�Ö'ØtÞ�Ô�Ï]Ê�Ê3ÈXÔ�Ö'ÈXÕ�Ö(Ï�Ë]È�Ö'Î�È�ÓEÜ:Ö(Î�ÈXÉtÓ�Ô�Ï]Ù�è�Ø»È�Ù�È�ÊLÖ)Ì�Ó'Þ!Ö'È�Ê î
Õ8ÈXÊ3Ô�É»ÈXÍ#Ö'Ï�ÍdÖ'Ï]Ó'È�ÈXÊ�È�Ó'Ë]Þ�Ð+É»Ø»Ø>è�Ó'ÏCÕ�Ò3Ô�È�Ì�ÊüÒ�ÊCÒ3Í(Ò3Ì�Ø\Ó'ÈXÍ(Ò�ØtÖXá

p Ú3ÈXÉåÖ'Î�È�ÓãÖ(Î3ÈäÔXÌ�è3Ì�Ô�ÉtÖ(Ï�Ó Ï�Ó É»Ê3Õ8Ò3Ô�Ö(Ï�Ó¾ÍWÖ'Ì]ÓWÖ)ÍVÏ�Ò8Ö	ÉtÊoÌgÔ)ÎjÌ�Ó'Ë]ÈXÕôÍdÖ)ÌÑÖ(È�Ü9Ö(Î�È#ÖdÐ#ÏgÔ�Ï]Ù�èjÏ�Ê�È�ÊLÖ)Í Ð+É»Ø»Ø8È���Ô)Î3Ì�Ê3Ë]È
È�Ê3È�Ó'Ë]Þ�×jÈ�ÖdÐ�ÈXÈ�Ê�Ö'Î�È�Ù�ÜÑ×3Ì�Ô)ç�Ì]Ê3ÕrÚ�Ï]Ó(Ö(ÎVÜ9Ô�Ó(ÈEÌÑÖ'ÉtÊ�Ë}Ö(Î�ÈXÉtÓãÏÑÐ+Êæ��� â]Ï�ØåÖ)Ì�Ë�ÈeÌ�Ê3Õ�Ô�Ò�Ó'Ó(ÈXÊ�ÖãÔ�Þ8Ô�Ø»ÈXÍXá p Ú�Ð#È�Ì�Í(Í(Ò�Ù�È
Ö(ÎjÌÑÖô×:Ï�Ö'Î Ô�Ï]Ù�è:Ï]Ê�ÈXÊ�Ö)Í�Ì�Ó'È�ÍWÒ3×bEdÈXÔ�Ö(ÈXÕ¢Ö'Ï�ÌéÍWÒjÕ�Õ8È�Ê Ì]è�è�Ø»É»ÔXÌÑÖ(É»Ï]Ê Ï]Ú#â�Ï]ØtÖ'Ì�Ë�Èüu Í(Ì9Þ�Ü>Ú�Ó'Ï]Ù Ì�ÙoÏ�Ù�È�ÊLÖ'Ì]Ó(É»ØtÞ
Ô�Ï�Ê�Ê�ÈEÔ�Ö(ÈEÕ�×jÌÑÖWÖ'È�Ó'Þ�w�Ü\Ö'Î�È�Ô�Ì�èjÌ]Ô�ÉtÖ(Ï�ÓrÐ+ÉtØ»Ø	â]ÈXÓ(Þs×LÒ�ÉûÔ)çCØtÞ�Ô)Î3Ì]Ó(Ë�È¶Ì]Ê3Õ�Ö'Î�È�É»Ê3Õ8Ò3Ô�Ö(Ï]ÓrÐ+É»ØtØ`Ï]è�è:Ï�Í(ÈoÔ)ÎjÌ�Ê�Ë�È¶É»Ê
Ô�Ò3Ó(Ó'È�ÊLÖXÜ8Ø»ÈXÌ9âCÉ»Ê�Ë¶Ö(Î�È�ÔXÌ�è3Ì�Ô�ÉtÖ(Ï]ÓäÉ»ÊüÖ(Î�È�Ô)Î3Ì]Ó(Ë�ÈXÕ!ÍdÖ)ÌÑÖ(È�Ì]Ê3Õ!Ö(Î�È�É»Ê3Õ8Ò3Ô�Ö(Ï�Ó+ÉtÊüÖ(Î3È�Õ8É»Í'Ô)Î3Ì]Ó(Ë�ÈXÕ|ÍWÖ'Ì�Ö(È�ý

+

-

capacitor charged: voltage at (+) peak
inductor discharged: zero current

e

i Time 

Battery momentarily 
connected to start the cycle e=

i=

Û Î�È�Ô�Ì�èjÌ]Ô�ÉtÖ(Ï�Ó`Ð+É»ØtØ�×:È�Ë�ÉtÊ�Ö'ÏoÕ�É»Í'Ô)Î3Ì�Ó'Ë]È�Ü]ÉtÖ'Í�â]Ï�ØåÖ)Ì�Ë]ÈgÕ8ÈXÔ�Ó(ÈEÌ]Í(ÉtÊ�Ëjáèç�ÈXÌ�ÊCÐ+Î�É»Ø»È]Ü�Ö(Î�È�ÉtÊjÕ8Ò3Ô�Ö'Ï]Ó#Ð+ÉtØ»Ø�×jÈXË]É»Ê
Ö(Ï�×�Ò3ÉtØûÕ�Ò�èéÌ v Ô)Î3Ì]Ó(Ë�È v É»Ê!Ö(Î�ÈrÚ�Ï�Ó(ÙÄÏ�ÚãÌoÙ�Ì�Ë�Ê�È�Ö'É»Ô�àjÈ�ØûÕ!Ì�Í+Ô�Ò�Ó'Ó(ÈXÊLÖäÉ»Ê3Ô�Ó(ÈEÌ]Í(ÈXÍ#ÉtÊüÖ'Î�È�Ô�É»Ó'Ô�Ò�ÉtÖXý

+

-
Time 

e=
i=

capacitor discharging: voltage decreasing
inductor charging: current increasing

êXó ¤
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Û Î�È+É»Ê3Õ8Ò3Ô�Ö(Ï�ÓXÜLÍdÖ'ÉtØ»ØjÔ)Î3Ì]Ó(Ë�ÉtÊ3Ë3ÜÑÐ+É»ØtØjç]È�ÈXè�È�Ø»ÈXÔ�Ö'Ó(Ï�Ê3Í å ÏÑÐ+É»Ê�ËrÉ»Ê�Ö(Î�ÈlÔ�ÉtÓ)Ô�Ò3ÉåÖeÒ�ÊLÖ'ÉtØ3Ö(Î�ÈlÔXÌ�è3Ì�Ô�ÉtÖ(Ï�Ó	Î3Ì]Í	×:È�ÈXÊ

Ô�Ï�Ù�è�ØtÈ�Ö(ÈXØtÞ|Õ�É»Í'Ô)Î3Ì�Ó'Ë]ÈEÕ\ÜCØtÈEÌ9âCÉtÊ�Ë�ºXÈ�Ó'Ï¶â�Ï]ØtÖ'Ì�Ë�È�Ì�Ô�Ó'Ï�Í'Í#ÉåÖEý

Time 

e=
i=

capacitor fully discharged: zero voltage
inductor fully charged: maximum currentÛ Î�ÈoÉtÊjÕ8Ò3Ô�Ö'Ï]ÓrÐ+É»ØtØ	Ù�Ì�É»ÊLÖ'Ì]ÉtÊ¢Ô�Ò�Ó'Ó(ÈXÊLÖ å ÏÑÐTÈ�â]ÈXÊ�Ð+ÉtÖ(Î¢Ê�Ïüâ]Ï]ØtÖ'Ì]Ë]ÈoÌ�è�è�Ø»É»ÈXÕ\á p Ê�Ú�Ì�Ô�ÖXÜVÉåÖ�Ð+É»ØtØ¾Ë]ÈXÊ�È�Ó)ÌÑÖ'È

Ì�â�Ï]ØtÖ'Ì]Ë]È|u�ØtÉ»ç]ÈoÌ�×3Ì�ÖWÖ(ÈXÓ(Þ�w}ÉtÊ Ï]Ó)Õ8È�ÓlÖ(Ï|ç�È�ÈXè�Ô�Ò�Ó'Ó'È�ÊLÖlÉ»Ê�Ö(Î3ÈoÍ'Ì�Ù�È¶Õ�ÉtÓ'ÈXÔ�Ö(É»Ï]Ê>á Û Î�ÈoÔXÌ�è3Ì�Ô�ÉtÖ(Ï�ÓXÜj×jÈXÉtÊ�Ë!Ö(Î3È
Ó'ÈXÔ�É»è�É»È�ÊLÖ+Ï�ÚãÖ(Î�ÉûÍ}Ô�Ò�Ó(Ó'È�ÊLÖEÜLÐ+É»Ø»Ø>×jÈXË]É»ÊüÖ(Ï�Ì]ÔXÔ�Ò�Ù¶Ò�Ø»Ì�Ö(È�Ì�Ô)Î3Ì]Ó(Ë�ÈlÉ»Ê!Ö'Î�È�Ï]è3èjÏLÍWÉtÖ(Èrè:Ï]ØûÌ�Ó'ÉåÖdÞ|Ì�Íä×jÈ�Ú�Ï]Ó'È]ý

Time 

e=
i=

-

+

capacitor charging: voltage increasing (in opposite polarity)
inductor discharging: current decreasingO Î�ÈXÊ|Ö'Î�È�ÉtÊjÕ8Ò3Ô�Ö'Ï]Ó+ÉûÍ#à3Ê3Ì]ØtØ»Þ|Õ8ÈXè�ØtÈ�Ö(ÈEÕ!Ï]Ú ÉtÖ'Í+ÈXÊ�È�Ó'Ë]Þ�Ó'ÈXÍ(È�Ó'â]È�Ì�Ê3Õ|Ö(Î3È�È�Ø»ÈXÔ�Ö'Ó(Ï�Ê3ÍäÔ�Ï�ÙoÈ�Ö'Ï�ÌoÎ3Ì]ØåÖEÜ8Ö(Î3È

Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]ÓäÐ+É»ØtØ>ÎjÌ9â]È�Ó(ÈEÌ]Ô)Î�ÈEÕ�Ú�Ò�Ø»Ø`u�â]Ï]ØtÖ'Ì]Ë]È9w`Ô)Î3Ì]Ó(Ë�ÈgÉ»ÊüÖ(Î�È�Ï�è�è:Ï�Í(ÉåÖ'È�è:Ï]ØûÌ�Ó'ÉtÖdÞ|Ì]ÍäÐ+Î�ÈXÊ�ÉåÖlÍWÖ'Ì]ÓWÖ'ÈXÕ\ý

Time 

e=
i=

-

+

capacitor fully charged: voltage at (-) peak
inductor fully discharged: zero current æ ÏÑÐ?Ð�È�� Ó'ÈgÌ�Ö+ÌoÔ�Ï�Ê3Õ8ÉtÖ(É»Ï]Ê!â]È�Ó'Þ�Í(ÉtÙ�É»Ø»Ì]Ó�Ö'Ï¶Ð+Î3È�Ó'ÈgÐ#È�ÍWÖ'Ì]ÓWÖ'ÈXÕ\ýãÖ'Î�È�Ô�Ì�èjÌ]Ô�ÉtÖ(Ï�Ó#Ì�ÖäÚ�Ò�ØtØ>Ô)ÎjÌ�Ó'Ë]ÈgÌ]Ê3Õ�ºXÈ�Ó'Ï

Ô�Ò3Ó(Ó'È�ÊLÖ¾ÉtÊoÖ(Î3È}Ô�É»Ó'Ô�Ò�ÉåÖEá Û Î3ÈäÔXÌ�è3Ì�Ô�ÉtÖ(Ï�ÓXÜ�Ì�Í¾×jÈ�Ú�Ï]Ó'È]Ü�Ð+É»ØtØ8×:È�Ë�ÉtÊoÖ'ÏrÕ�É»Í'Ô)Î3Ì�Ó'Ë]È�Ö(Î3Ó(Ï�Ò�Ë]ÎôÖ(Î�È+É»Ê3Õ8Ò3Ô�Ö(Ï�ÓXÜ]ÔXÌ�Ò3Í(É»Ê�Ë
Ì�ÊéÉ»Ê3Ô�Ó(ÈEÌ]Í(È�ÉtÊ Ô�Ò�Ó'Ó(ÈXÊLÖôu�É»Ê�Ö(Î3ÈôÏ]è3èjÏLÍWÉtÖ(ÈôÕ�ÉtÓ'ÈXÔ�Ö(É»Ï]Ê�Ì]Íl×jÈ�Ú�Ï]Ó'ÈEwlÌ�Ê3ÕéÌ!Õ8ÈXÔ�Ó(ÈEÌ]Í(È�ÉtÊ�â�Ï]ØtÖ'Ì]Ë]È�Ì]ÍlÉåÖrÕ8È�è3ØtÈ�Ö(ÈXÍ
ÉtÖ'Í+ÏÑÐ+ÊüÈ�Ê�ÈXÓ(Ë�Þ�Ó(ÈEÍWÈXÓ(â�È]ý

Time 

e=
i=

-

+

capacitor discharging: voltage decreasing
inductor charging: current increasingù â�È�ÊLÖ(ÒjÌ�Ø»ØtÞ¶Ö(Î�È�ÔXÌ�è3Ì�Ô�ÉtÖ(Ï]Ó�Ð+ÉtØ»Ø\Õ8ÉûÍ(Ô)Î3Ì]Ó(Ë�È}Ö'Ïôº�ÈXÓ(Ï¶â]Ï�ØåÖ)Í�ÜCØ»ÈXÌ9âCÉtÊ3Ë�Ö(Î3ÈgÉ»Ê3Õ8Ò3Ô�Ö(Ï�Ó�Ú�Ò3ØtØ»Þ�Ô)Î3Ì�Ó'Ë]ÈEÕ�Ð+ÉtÖ(Î�Ú�Ò3ØtØ

Ô�Ò3Ó(Ó'È�ÊLÖäÖ(Î�Ó'Ï]Ò3Ë]ÎüÉåÖEý
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Time 

e=
i=

capacitor fully discharged: zero voltage
inductor fully charged: current at (-) peakÛ Î�È�É»Ê3Õ8Ò3Ô�Ö(Ï�ÓXÜ	Õ8ÈEÍWÉ»Ó(É»Ê�Ë�Ö'ÏéÙ�Ì]ÉtÊLÖ)Ì�É»Ê Ô�Ò�Ó'Ó(ÈXÊLÖ�ÉtÊ Ö'Î�È|Í'Ì�Ù�È�Õ8É»Ó(ÈEÔ�Ö(É»Ï]ÊVÜ Ð+É»ØtØ#Ì]Ô�ÖôØtÉ»ç]È�Ì�ÍWÏ�Ò�Ó'Ô�È�Ì�Ë�Ì]ÉtÊVÜ

Ë]ÈXÊ�È�Ó)ÌÑÖ'ÉtÊ3Ë�Ìéâ]Ï�ØåÖ)Ì�Ë]È�Ø»É»ç]È|Ìé×jÌÑÖWÖ'È�Ó'Þ�Ö'Ï Ô�Ï�ÊLÖ(É»ÊLÒ3È�Ö(Î�È å ÏÑÐ�á p Ê Õ8Ï]É»Ê�Ë�Í(Ï3ÜãÖ'Î�È|Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]Ó�Ð+É»Ø»Ø�×:È�Ë�ÉtÊ Ö'Ï
Ô)Î3Ì]Ó(Ë�ÈgÒ�èéÌ]Ê3Õ�Ö'Î�È�Ô�Ò3Ó(Ó'È�ÊLÖ+Ð+ÉtØ»ØVÕ8ÈEÔ�Ó'ÈXÌ�ÍWÈ�ÉtÊ�Ù�Ì�Ë�Ê�ÉtÖ(Ò3Õ8È�ý

Time 

e=
i=

-

+

capacitor charging: voltage increasing
inductor discharging: current decreasingù â�È�ÊLÖ(ÒjÌ�Ø»ØtÞ5Ö(Î�È ÔXÌ�è3Ì�Ô�ÉtÖ(Ï]ÓüÐ+É»ØtØr×:ÈXÔ�Ï�Ù�È�Ú�Ò�Ø»Ø»Þ?Ô)Î3Ì�Ó'Ë]ÈEÕ6Ì�ËLÌ�É»Ê?Ì]Í!Ö(Î3È¢É»Ê3Õ8ÒjÔ�Ö(Ï�Ó!È��8èjÈXÊ3Õ�ÍéÌ�Ø»ØrÏ�ÚôÉtÖ'Í

È�Ê3È�Ó'Ë]Þ�Ó'ÈXÍ(È�Ó'â]ÈEÍ`Ö'Ó(ÞCÉ»Ê�Ë�Ö(Ï�Ù�Ì]ÉtÊLÖ'Ì]ÉtÊéÔ�Ò�Ó(Ó'È�ÊLÖEá Û Î�È�â�Ï]ØtÖ'Ì�Ë�ÈgÐ+É»Ø»ØVÏ]ÊjÔ�È�Ì�ËLÌ�É»Ê!×:ÈôÌ�Ö}ÉåÖ)Í+èjÏLÍWÉtÖ(É»â]È�è:ÈXÌ]ç!Ì]Ê3Õ
Ö(Î3È�Ô�Ò�Ó(Ó'È�ÊLÖäÌÑÖ�ºXÈ�Ó'Ï3á Û Î�ÉûÍ�Ô�Ï]Ù�è�Ø»È�Ö(ÈEÍ#Ï]Ê�ÈlÚ�Ò�ØtØ\Ô�ÞCÔ�ØtÈgÏ�Ú>Ö'Î�È�È�Ê�ÈXÓ(Ë�Þ¶È��8Ô)ÎjÌ�Ê�Ë�È}×jÈ�ÖdÐ�ÈXÈ�Ê�Ö'Î�ÈrÔ�Ì�èjÌ]Ô�ÉtÖ(Ï�Ó�Ì]Ê3Õ
É»Ê3Õ8Ò3Ô�Ö(Ï]ÓEý

Time 

e=
i=

-

+

capacitor fully charged: voltage at (+) peak
inductor fully discharged: zero currentÛ Î�ÉûÍ+Ï�Í'Ô�É»Ø»Ø»Ì�Ö(É»Ï]ÊüÐ+ÉtØ»Ø Ô�Ï]ÊLÖ(É»ÊCÒ�ÈrÐ+ÉåÖ'Î�ÍdÖ'ÈXÌ]Õ�ÉtØ»Þ!Õ8ÈEÔ�Ó'ÈXÌ�ÍWÉ»Ê�Ë�Ì�Ù�è�Ø»ÉåÖ'Ò3Õ8ÈôÕ�Ò�ÈrÖ(Ï�è:ÏÑÐ�ÈXÓ+ØtÏLÍ(Í(ÈXÍ#Ú�Ó'Ï]Ù ÍdÖ'Ó'Ì9Þ

Ó'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�ÈEÍlÉ»Ê�Ö'Î�È�Ô�É»Ó'Ô�Ò�ÉåÖEÜ>Ò�ÊLÖ(É»ØãÖ(Î�È�è�Ó'Ï8Ô�ÈEÍ(Í�ÍdÖ'Ï]è3ÍrÌ]ØåÖ'Ï]Ë]È�Ö(Î�ÈXÓXá¶õgâ�È�Ó)Ì�Ø»Ø Ü:Ö'Î�É»Í�×:È�Î3Ì9âCÉ»Ï]Ó�É»Í�Ì]çCÉtÊ�Ö(Ï!Ö(Î3Ì�Ö
Ï�Ú#Ì|è:È�Ê3Õ�Ò�ØtÒ3Ùüý�Ì�ÍlÖ'Î�ÈoèjÈXÊ3Õ8Ò�Ø»Ò�Ù Ù�Ì�Í(Í�ÍWÐ+É»Ê�ËLÍg×jÌ]Ô)çéÌ�Ê3Õ�Ú�Ï]Ó(Ö(ÎVÜ�Ö(Î�ÈXÓ(ÈoÉ»ÍrÌ|Ö(Ó)Ì�Ê3ÍWÚ�Ï]Ó'Ù�ÌÑÖ'ÉtÏ�Ê�Ï�Ú`ÈXÊ�È�Ó'Ë]Þ
Ö'Ì]çCÉtÊ�Ë è�ØûÌ]Ô�È�Ú�Ó(Ï�Ù�çCÉtÊ3È�Ö(ÉûÔ u�Ù�Ï]Ö(É»Ï]Êjw¶Ö'Ï èjÏ]Ö(È�ÊLÖ'É»Ì]Ø�u�Î�ÈXÉtË�Î�Ö�w�ÜäÉ»ÊGÌ Í(É»ÙoÉ»ØûÌ�Ó�Ú�Ì]Í(Î�É»Ï]Ê5Ö(Ï Ö'Î�ÈéÐ#Ì9Þ ÈXÊ�È�Ó'Ë]Þ
ÉûÍrÖ(Ó)Ì�Ê3ÍWÚ�È�Ó'Ó'ÈXÕ ÉtÊ¢Ö(Î3È|Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]Ó ú É»Ê3Õ8Ò3Ô�Ö(Ï]Ó�Ô�ÉtÓ)Ô�Ò�ÉtÖ�×3Ì�Ô)ç�Ì�Ê3Õ¢Ú�Ï�ÓWÖ'Î ÉtÊ¢Ö(Î3È|Ì�ØtÖ(ÈXÓ(Ê3Ì�Ö(É»Ê�ËüÚ�Ï]Ó'Ù�Í�Ï�Ú+Ô�Ò�Ó'Ó'È�ÊLÖ
u�çCÉ»Ê�È�Ö'É»ÔrÙ�Ï]Ö(É»Ï]ÊüÏ�Ú¾È�Ø»ÈXÔ�Ö'Ó(Ï�Ê3Í)w�Ì]Ê3Õ!â]Ï]ØtÖ'Ì]Ë]È�u�è:Ï�Ö'È�ÊLÖ(ÉûÌ�Ø>ÈXØtÈEÔ�Ö'Ó(ÉûÔ�È�Ê�ÈXÓ(Ë�Þ8w�á�#ÖäÖ(Î�È�è:ÈXÌ]ç�Î�ÈXÉtË�Î�Ö+Ï]Ú ÈXÌ�Ô)ÎüÍ(Ð+É»Ê�Ë�Ï�ÚãÌoè:È�Ê3Õ�Ò�ØtÒ3ÙüÜ3Ö(Î�ÈrÙ�Ì]Í'Íä×�Ó'ÉtÈ å Þ|ÍWÖ(Ï�è3Í+Ì�Ê3ÕüÍ(Ð+ÉåÖ)Ô)Î�ÈXÍ+Õ8É»Ó'ÈXÔ�Ö'ÉtÏ�Ê3ÍXá
p ÖôÉûÍ�ÌÑÖ�Ö'Î�ÉûÍ�èjÏ�ÉtÊLÖ�Ö'Î3ÌÑÖôè:Ï�Ö'È�ÊLÖ(ÉûÌ�Ø`È�Ê�ÈXÓ(Ë�ÞRu�Î�ÈXÉtË�ÎLÖ)w�ÉûÍôÌÑÖôÌüÙ�Ì]�8É»ÙôÒ�Ù Ì�Ê3Õ¢çCÉ»Ê�È�Ö'É»Ô�ÈXÊ�È�Ó'Ë]Þ5u�Ù�Ï�Ö'ÉtÏ�Êjw�É»Í
ÌÑÖ}ºXÈ�Ó'Ï3á��gÍäÖ(Î�È�Ù�Ì�Í(Í}Í(Ð+É»Ê�Ë�Íä×3Ì�Ô)ç�Ö(Î3È�Ï�Ö'Î�È�Ó+ÐäÌ9Þ]Ü8ÉtÖ}è3Ì]Í'Í(ÈXÍP×LÒ�ÉûÔ)çLØ»Þ�Ö'Î�Ó'Ï]Ò�Ë�ÎüÌ�è:Ï]É»ÊLÖ}Ð+Î�È�Ó'È�Ö(Î�ÈôÍWÖ(Ó'É»Ê�Ë
ÉûÍ�èjÏ�ÉtÊLÖ'ÈXÕGÍdÖ'Ó'Ì]ÉtË�ÎLÖ�Õ8ÏÑÐ+ÊVáf�#Ö�Ö(Î�ÉûÍ�è:Ï]É»Ê�ÖEÜäèjÏ]Ö(È�ÊLÖ'É»Ì]Ø+È�Ê�ÈXÓ(Ë�Þ?u�Î�ÈXÉtË�ÎLÖ)woÉûÍ�ÌÑÖ�º�ÈXÓ(Ï Ì]Ê3ÕRçCÉ»Ê�È�Ö'É»Ô�ÈXÊ�È�Ó'Ë]Þ
u�Ù�Ï]Ö(É»Ï]ÊjwôÉ»Í�Ì�Ö¶Ù�Ì]�8É»ÙôÒ�Ù�á ö>É»ç]È|Ö(Î�È�Ô�É»Ó'Ô�Ò�ÉtÖXÜ`Ì�èjÈXÊ3Õ8Ò�Ø»Ò�Ù�� Ío×3Ì�Ô)ç î Ì]Ê3Õ î Ú�Ï]Ó(Ö(Î Ï�Í'Ô�É»Ø»Ø»Ì�Ö(É»Ï]Ê Ð+É»ØtØ+Ô�Ï]ÊLÖ(É»ÊCÒ�È
Ð+ÉtÖ(Î�Ì�ÍWÖ(ÈEÌ]Õ8É»Ø»ÞüÕ�Ì]Ù�èjÈXÊ�ÈXÕ�Ì]Ù�è�ØtÉtÖ(ÒjÕ8È]ÜjÖ(Î�È¶Ó(ÈEÍWÒ3ØåÖlÏ]Ú`Ì�É»Ó+Ú�Ó'É»Ô�Ö(É»Ï]Ê u�Ó'ÈXÍ(ÉûÍdÖ)Ì�Ê3Ô�ÈEw+Õ8ÉûÍ'ÍWÉ»è3ÌÑÖ'ÉtÊ3Ë�È�Ê�ÈXÓ(Ë�Þ]á®�}ØûÍ(Ï
Ø»Étç�ÈäÖ(Î�È}Ô�ÉtÓ)Ô�Ò�ÉtÖXÜ]Ö(Î�ÈlèjÈXÊ3Õ8Ò�Ø»Ò�Ù�� Í`èjÏLÍWÉtÖ(É»Ï]Ê�Ì]Ê3Õoâ]È�Ø»Ï8Ô�ÉtÖdÞ�Ù�ÈXÌ�ÍWÒ�Ó'È�Ù�ÈXÊ�Ö)ÍãÖ(Ó)Ì]Ô�È�ÖdÐ#Ï�Í(ÉtÊ�È+ÐäÌ9â]ÈEÍäu � órÕ8ÈXË]Ó'È�ÈEÍ
Ï]Ò�Ö}Ï�Ú è3Î3Ì]Í(ÈEw#ÏÑâ�È�Ó�Ö(É»ÙoÈ�ý



êXó ( � ½ �l��¿¾ÿ��sé�þm�}ÿ��'êA	
��	4�¾ÿ

mass

zero potential energy,í
maximum kinetic energy

maximum potential energy,
zero kinetic energyí

potential energy =
kinetic energy =

p Ê è�ÎCÞ8Í(É»ÔXÍ�ÜãÖ(Î3É»ÍoçCÉtÊjÕ Ï�Ú}Ê3Ì�Ö(Ò�Ó)Ì�Ø#ÍWÉ»Ê�È î ÐäÌ9â]È�ÏLÍ(Ô�ÉtØ»Ø»Ì�Ö(É»Ï]Ê Ú�Ï�ÓoÌéÙ�ÈEÔ)Î3Ì�Ê�ÉûÔ�Ì]Ø#Í(Þ8ÍdÖ'È�Ù É»ÍoÔ�Ì]ØtØ»ÈXÕ3î Ýðï º�¼ âñô´?½Dï » ä�ÝßÞ-ò » µ¥Ý » ä u�Ï]Ú Ö(È�Ê Ì�×�×�Ó'È�âCÉûÌÑÖ'ÈXÕ�Ì]Í v qbó
ç v w�á Û Î3È¶Í'Ì�Ù�È�Ò�Ê3Õ8ÈXÓ(Ø»ÞCÉtÊ3Ë�è�Ó'ÉtÊ3Ô�Étè3ØtÈEÍ}Ë]ÏÑâ�È�Ó'Ê!×:Ï�Ö'ÎéÖ(Î3È
Ï�Í'Ô�É»Ø»Ø»Ì�Ö(É»Ï]ÊRÏ]Ú�Ì Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]Ó ú É»Ê3Õ8Ò3Ô�Ö(Ï�ÓoÔ�ÉtÓ)Ô�Ò�ÉtÖ�Ì�Ê3ÕRÖ(Î3È�Ì�Ô�Ö'ÉtÏ�Ê5Ï]Ú�Ì¢èjÈXÊ3Õ8Ò�Ø»Ò�Ù�ÜäÎ�È�ÊjÔ�ÈüÖ(Î�È�Í(É»ÙoÉ»ØûÌ�Ó'ÉåÖdÞ É»Ê
È�>�ÈXÔ�ÖXá p Ö�ÉûÍ#Ì�Ê�É»Ê�Ö'È�Ó'ÈXÍWÖ(É»Ê�Ë�è�Ó'Ï]è:È�Ó(ÖdÞôÏ]ÚVÌ�ÊCÞoèjÈXÊ3Õ8Ò�Ø»Ò�Ù Ö(ÎjÌÑÖ`ÉtÖ'Í�èjÈXÓ(É»Ï8Õ8ÉûÔ+Ö(É»Ù�ÈlÉûÍeË�ÏÑâ]È�Ó'Ê�ÈEÕ¶×CÞ¶Ö(Î�ÈgØtÈXÊ�Ë�Ö'Î
Ï�ÚãÖ(Î3ÈôÍdÖ'Ó(É»Ê�Ë�Î�Ï�Ø»Õ�ÉtÊ�Ë�Ö'Î�È�Ù�Ì]Í'ÍXÜ3Ì�Ê3ÕüÊ�Ï]Ö+Ö(Î�ÈôÐ�ÈXÉtË�Î�Ö}Ï]Ú Ö'Î�È�Ù�Ì]Í'Í+ÉtÖ'Í(È�ØtÚdá Û ÎjÌÑÖ}ÉûÍ+Ð+ÎCÞ!Ì�è:È�Ê3Õ8Ò3ØtÒ�Ù Ð+É»ØtØ
ç]ÈXÈ�èéÍ(Ð+ÉtÊ�Ë�ÉtÊ3Ë�ÌÑÖ+Ö(Î3ÈôÍ(Ì]Ù�ÈrÚ�Ó(ÈÐ×�Ò3È�Ê3Ô�Þ!Ì]Í+Ö(Î�È�ÏLÍ(Ô�ÉtØ»ØûÌÑÖ(É»Ï]ÊjÍ+Õ8ÈXÔ�Ó(ÈEÌ]Í(È�É»Ê�Ì�Ù�è�Ø»ÉtÖ(Ò3Õ8È�á Û Î3È�Ï�Í'Ô�É»ØtØûÌÑÖ'ÉtÏ�ÊüÓ)ÌÑÖ'È
ÉûÍäÉtÊ3Õ�È�è:È�Ê3Õ8ÈXÊLÖlÏ�Ú Ö(Î�È ´?ï » ãbä3µ Ï]Ú È�Ê3È�Ó'Ë]Þ|ÍWÖ(Ï�Ó(ÈEÕ�É»ÊüÉtÖXá

Û Î�È`Í'Ì�Ù�ÈeÉûÍVÖ(Ó'Ò�È	Ú�Ï]ÓVÖ(Î�È#Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]Ó ú É»Ê3Õ8Ò3Ô�Ö(Ï]Ó>Ô�ÉtÓ)Ô�Ò3ÉåÖEá Û Î�È`Ó'Ì�Ö(ÈeÏ]Ú�Ï�Í'Ô�É»ØtØûÌÑÖ'ÉtÏ�Ê�ÉûÍãÍdÖ'Ó(ÉûÔ�Ö'ØtÞrÕ8È�è:È�ÊjÕ8È�ÊLÖ Ï�Ê
Ö(Î3È�Í(ÉtºXÈXÍ�Ï�Ú\Ö'Î�È�ÔXÌ�è3Ì�Ô�ÉtÖ(Ï�Ó`Ì�Ê3Õ|ÉtÊjÕ8Ò3Ô�Ö'Ï]ÓEÜ�Ê3Ï�ÖäÏ]Ê�Ö'Î�ÈgÌ]ÙoÏ�Ò�ÊLÖ�Ï]ÚVâ]Ï�ØåÖ)Ì�Ë]È�u�Ï]ÓäÔ�Ò�Ó'Ó'È�ÊLÖ)w`ÌÑÖ�ÈEÌ]Ô)Î�Ó'ÈXÍ(è:ÈXÔ�Ö'Étâ�È
è:ÈXÌ�çôÉtÊoÖ(Î3È+Ð#Ì9â�ÈXÍXá Û Î�È+Ì�×3ÉtØ»ÉåÖdÞôÚ�Ï]ÓeÍ(Ò3Ô)Î�Ì�Ô�ÉtÓ)Ô�Ò3ÉåÖ	Ö'Ï�ÍdÖ'Ï]Ó'È�ÈXÊ�È�Ó'Ë]Þ�É»ÊoÖ(Î�ÈäÚ�Ï�Ó(ÙTÏ�Ú�Ï�Í'Ô�É»ØtØûÌÑÖ'ÉtÊ�Ë�â]Ï�ØåÖ)Ì�Ë�È#Ì]Ê3Õ
Ô�Ò3Ó(Ó'È�ÊLÖäÎ3Ì]ÍäÈEÌ�Ó'Ê�ÈXÕ|ÉåÖ+Ö'Î�È�Ê3Ì�Ù�È µ ´]äcô�Þ�Ýð½�Þ�ãbÝ µ á p Ö'Íäè�Ó'Ï]è:È�Ó(ÖdÞ�Ï]Ú Ù�Ì�É»ÊLÖ'Ì�É»Ê�É»Ê�Ë�ÌoÍ(É»Ê�Ë]Ø»È]Ü8Ê3Ì�Ö(Ò�Ó)Ì�Ø�Ú�Ó'È�×LÒ�ÈXÊ3Ô�Þ
Ó'È�Ë�Ì]Ó'Õ�ØtÈEÍ(Í+Ï]ÚeÎ�ÏÑÐßÙôÒjÔ)ÎéÏ]Ó�ØtÉtÖWÖ'ØtÈoÈ�Ê�ÈXÓ(Ë�Þ!ÉûÍ�Ì]Ô�Ö'Ò3Ì�Ø»Ø»Þ!×:È�É»Ê�Ë�ÍdÖ'Ï]Ó'ÈXÕ�É»Ê�ÉåÖrË]É»â]ÈEÍ}ÉtÖrÍ(è:ÈXÔ�ÉûÌ�Ø¾Í(ÉtË�Ê�Éåà:Ô�Ì�ÊjÔ�È�É»Ê
È�Ø»ÈXÔ�Ö(Ó'É»ÔrÔ�ÉtÓ)Ô�Ò�ÉtÖlÕ8ÈEÍWÉ»Ë]Ê>á
ó}ÏÑÐ#È�â�È�ÓEÜ#Ö(Î�ÉûÍ!Ö(È�ÊjÕ8È�Ê3Ô�ÞGÖ(Ï5Ï�Í'Ô�É»ØtØûÌÑÖ'È]Ü}Ï�Ó ½�â Ü�» ä�´Ñµ�â Ü�ÌÑÖéÌ è3Ì]ÓWÖ'É»Ô�Ò�Ø»Ì]Ó�Ú�Ó'È�×LÒ�ÈXÊ3Ô�ÞGÉûÍ|Ê�Ï]ÖüØ»É»ÙoÉtÖ(ÈEÕ6Ö'Ï

Ô�É»Ó)Ô�Ò�ÉtÖ'ÍäÈ��8Ô�ØtÒjÍWÉ»â]ÈXØtÞ|Õ�ÈXÍ(ÉtË�Ê�ÈXÕ|Ú�Ï]ÓäÖ'Î3ÌÑÖ}è�Ò3Ó(è:Ï�Í(È]á p ÊüÚ�Ì]Ô�ÖXÜ�Ê3ÈXÌ�Ó'Ø»Þ|Ì�ÊCÞõ���?Ô�É»Ó'Ô�Ò�ÉåÖ}Ð+ÉtÖ(ÎéÌ�Ô�Ï�Ùô×�É»Ê3Ì�Ö(É»Ï]ÊüÏ�Ú
Ô�Ì]è3Ì]Ô�ÉåÖ)Ì�Ê3Ô�ÈlÌ�ÊjÕ�ÉtÊ3Õ�Ò3Ô�Ö)Ì�Ê3Ô�È¶u�Ô�Ï]Ù�Ù�Ï]Ê�Ø»Þ�Ô�Ì�Ø»Ø»ÈXÕ�Ì]Ê v öè�5Ô�ÉtÓ)Ô�Ò�ÉtÖ v w	Ð+É»ØtØjÖ(ÈXÊ3Õ�Ö'ÏôÙ�Ì�Ê�ÉtÚ�ÈXÍWÖ�Ò3ÊLÒjÍWÒ3Ì]Ø3È�>:ÈEÔ�Ö'Í
Ð+Î�ÈXÊ�Ö(Î�Èæ���?è:ÏÑÐ�ÈXÓlÍ(Ï]Ò�Ó)Ô�ÈrÚ�Ó'È�×LÒ�ÈXÊ3Ô�ÞüÌ�è�è�Ó'Ï�Ì�Ô)Î�ÈXÍ#Ö'Î3ÌÑÖgÊ3ÌÑÖ'Ò�Ó'Ì]Ø\Ú�Ó'È�×LÒ�È�ÊjÔ�Þ]á Û Î�ÉûÍ}ÉûÍ+Ö'Ó(Ò�ÈôÓ(ÈXË�Ì�Ó)Õ8Ø»ÈXÍ'Í#Ï�Ú
Ö(Î3È�Ô�É»Ó'Ô�Ò�ÉåÖE� ÍäÉ»ÊLÖ(ÈXÊ3Õ8ÈXÕüè�Ò3Ó(è:Ï�Í(È]á

p Ú>Ö'Î�Èlè:ÏÑÐ�ÈXÓ#Í(Ò�è�è3ØtÞoÚ�Ó'È�×LÒ�È�ÊjÔ�Þ�Ú�Ï]ÓäÌôÔ�ÉtÓ)Ô�Ò3ÉåÖ#È���Ì]Ô�Ö(Ø»ÞoÙ�Ì�Ö'Ô)Î�ÈEÍeÖ'Î�ÈgÊjÌÑÖ(Ò3Ó'Ì]Ø3Ú�Ó'È�×LÒ�ÈXÊ3Ô�Þ�Ï�Ú\Ö'Î�ÈrÔ�É»Ó'Ô�Ò�ÉåÖE� Í
öè� Ô�Ï]Ù¶×�ÉtÊjÌÑÖ(É»Ï]ÊVÜ Ö'Î�È!Ô�ÉtÓ)Ô�Ò3ÉåÖôÉûÍoÍ(Ì]É»Õ¢Ö'Ï�×:È|É»ÊRÌ�ÍWÖ'Ì�Ö(È�Ï]Ú ½�â Ü�» ä:´]ä\Þ�â á Û Î�È|Ò�ÊCÒ3Í(Ò3Ì]Ø`È�>�ÈXÔ�Ö'Í¶Ð+ÉtØ»Ø#Ó(ÈEÌ]Ô)Î
Ù�Ì]�8É»ÙôÒ�Ù É»Ê Ö(Î�ÉûÍ�Ô�Ï�Ê3Õ8ÉtÖ(É»Ï]Ê�Ï]Ú�Ó'ÈXÍ(Ï]Ê3Ì]Ê3Ô�È�á�¸�Ï�ÓgÖ'Î�ÉûÍrÓ(ÈEÌ]Í(Ï]Ê>Ü�Ð#ÈoÊ3È�ÈXÕ�Ö(Ïü×:È�Ì]×�Ø»È¶Ö'Ï!è3Ó(ÈEÕ8É»Ô�Ö�Ð+Î3ÌÑÖrÖ(Î3È
Ó'ÈXÍ(Ï]Ê3Ì]Ê�Ö�Ú�Ó(ÈÐ×LÒ�È�Ê3Ô�Þ�Ð+ÉtØ»Ø\×:ÈgÚ�Ï�Óäâ9Ì]Ó(É»Ï]ÒjÍ�Ô�Ï]Ùô×3ÉtÊ3Ì�Ö(É»Ï]Ê3Í#Ï]Úãö¢Ì�Ê3Õª�gÜ8Ì�Ê3Õ!×jÈ�Ì9ÐäÌ�Ó'È}Ï�ÚãÐ+Î3ÌÑÖ#Ö(Î3È�È�>:ÈEÔ�Ö)ÍäÏ�Ú
Ó'ÈXÍ(Ï]Ê3Ì]Ê3Ô�ÈrÌ�Ó'È]á

�*���
�����
 ¢¡
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� �ÄÔXÌ�è3Ì�Ô�ÉtÖ(Ï]ÓoÌ�Ê3Õ ÉtÊ3Õ�Ò3Ô�Ö'Ï]Ó�Õ8ÉtÓ'ÈXÔ�Ö(Ø»Þ Ô�Ï�Ê�Ê�ÈXÔ�Ö(ÈEÕ Ö(Ï�Ë]È�Ö'Î�È�Ó¶Ú�Ï]Ó'Ù ÍWÏ�Ù�È�Ö(Î3ÉtÊ�Ë¢Ô�Ì]ØtØ»ÈXÕ5Ì µ ´]äcôeÞ�Ýð½�Þ�ãbÝ µ Ü
Ð+Î�É»Ô)ÎüÏ�Í'Ô�É»Ø»Ø»Ì�Ö(ÈXÍ�u�Ï]Ó ½�â Ü�» ä�´Ñµ�â ÜWwäÌÑÖ}Ï�Ê�Èrè3Ì�Ó(Ö(ÉûÔ�Ò3Ø»Ì]ÓäÚ�Ó(ÈÐ×�Ò3È�Ê3Ô�Þ]áK�#Ö+Ö(Î3Ì�Ö+Ú�Ó(ÈÐ×LÒ�È�Ê3Ô�Þ]Ü�ÈXÊ�È�Ó'Ë]Þ�ÉûÍ}Ì]ØåÖ'È�Ó î
Ê3ÌÑÖ'È�Ø»Þ|ÍWÎCÒbú�ÈEÕ!×:È�ÖdÐ#È�ÈXÊüÖ(Î�È�ÔXÌ�è3Ì�Ô�ÉtÖ(Ï]Ó+Ì]Ê3Õ!Ö(Î�È�É»Ê3Õ8Ò3Ô�Ö(Ï�Ó}ÉtÊüÖ'Î�ÈrÚ�Ï]Ó'Ù÷Ï�Ú	Ì�ØtÖ(ÈXÓ(ÊjÌÑÖ(É»Ê�Ë�â]Ï�ØåÖ)Ì�Ë�È�Ì]Ê3Õ
Ô�Ò�Ó'Ó(ÈXÊLÖ � óoÕ�È�Ë]Ó'È�ÈEÍ#Ï]Ò8Ö}Ï]Ú è�Î3Ì�ÍWÈrÐ+ÉtÖ(ÎéÈEÌ]Ô)Î|Ï]Ö(Î�ÈXÓXá

� O Î�È�ÊRÖ(Î�È�è:ÏÑÐ�ÈXÓoÍ(Ò�è�è�Ø»Þ Ú�Ó'È�×LÒ�È�ÊjÔ�Þ¢Ú�Ï]Ó�Ì�Ê���� Ô�É»Ó)Ô�Ò�ÉtÖoÈ���Ì]Ô�Ö'ØtÞ Ù�ÌÑÖ)Ô)Î�ÈXÍ¶Ö'Î3ÌÑÖ�Ô�É»Ó'Ô�Ò�ÉtÖX� Í¶ÊjÌÑÖ(Ò3Ó'Ì]Ø
Ï�Í'Ô�É»ØtØûÌÑÖ'ÉtÏ�Ê�Ú�Ó'È�×LÒ�ÈXÊ3Ô�Þ Ì]Í�Í(È�Ö¶×LÞ�Ö(Î�Èüö6Ì�Ê3Õ*� Ô�Ï]Ù�èjÏ�Ê�È�ÊLÖ)Í�Ü¾Ì�Ô�Ï�Ê3Õ8ÉtÖ(É»Ï]Ê Ï�Ú ½�â Ü�» ä�´]ä�Þ�â Ð+ÉtØ»Ø`Î3Ì9â�È
×jÈXÈ�Ê�Ó(ÈEÌ]Ô)Î�ÈEÕ\á

Ñ=¦Dû {!~�© �é��Ö ����¬	������Öl�/ü)Ùã�+ÔÛý×Ø}~�¬KØ�¨é~�Ù�þÃ¬KÖ}�èÿ-Ô��+ÔÛØ®Ö

�ßÔ�Ï�Ê3Õ8ÉtÖ(É»Ï]Ê�Ï�ÚãÓ(ÈEÍWÏ�Ê3Ì�ÊjÔ�È�Ð+ÉtØ»Ø>×:È�È��8è:È�Ó'ÉtÈXÊ3Ô�ÈEÕ|É»ÊéÌôÖ)Ì�Ê�çüÔ�É»Ó'Ô�Ò�ÉtÖ}Ð+Î�È�ÊüÖ(Î3È�Ó(ÈEÌ]Ô�Ö)Ì�Ê3Ô�ÈXÍ#Ï�ÚãÖ(Î3È�Ô�Ì�èjÌ]Ô�ÉtÖ(Ï�Ó
Ì�ÊjÕrÉtÊ3Õ�Ò3Ô�Ö'Ï]ÓVÌ]Ó(È	ÈÐ×�ÒjÌ�ØÑÖ'Ï}ÈXÌ�Ô)Î�Ï]Ö(Î�ÈXÓXá ² ÈEÔ�Ì]Ò3ÍWÈ	É»Ê3Õ8ÒjÔ�Ö(É»â]È`Ó(ÈEÌ]Ô�Ö)Ì�Ê3Ô�È	ÉtÊjÔ�Ó'ÈXÌ]Í(ÈXÍ�Ð+ÉtÖ(Î�É»Ê3Ô�Ó(ÈEÌ]Í(ÉtÊ�ËäÚ�Ó'È�×LÒ�ÈXÊ3Ô�Þ
Ì�ÊjÕoÔXÌ�è3Ì�Ô�ÉtÖ(É»â]ÈäÓ'ÈXÌ]Ô�Ö'Ì]Ê3Ô�È}Õ8ÈEÔ�Ó'ÈXÌ�ÍWÈEÍ Ð+ÉtÖ(Î�É»Ê3Ô�Ó(ÈEÌ]Í(ÉtÊ�Ë�Ú�Ó'È�×LÒ�ÈXÊ3Ô�Þ�Ü�Ö(Î3È�Ó'È+Ð+ÉtØ»Ø3Ï�Ê�ØtÞ¶×jÈlÏ]Ê�ÈäÚ�Ó'È�×LÒ�ÈXÊ3Ô�Þ¶Ð+Î�È�Ó'È
Ö(Î3ÈXÍ(ÈrÖdÐ�ÏoÓ(ÈEÌ]Ô�Ö'Ì�ÊjÔ�ÈXÍ#Ð+É»ØtØV×jÈ�ÈÐ×�ÒjÌ�ØÝá

10 µF 100 mH

p Ê Ö'Î�È!Ì]×jÏÑâ�È|Ô�É»Ó'Ô�Ò�ÉtÖXÜ¾Ð�È!Î3Ì9â]È!Ì êXó��>¸ßÔXÌ�è3Ì�Ô�ÉtÖ(Ï�ÓôÌ�Ê3ÕRÌ êXó�óéÙ=ó÷É»Ê3Õ8Ò3Ô�Ö(Ï]ÓEá¢q8ÉtÊ3Ô�È|Ð#È|çCÊ�ÏÑÐ Ö(Î3È
È�×LÒ3Ì�Ö(É»Ï]Ê3ÍôÚ�Ï]Ó�Õ8È�Ö(È�Ó'Ù�ÉtÊ3ÉtÊ�Ë�Ö(Î�ÈüÓ'ÈXÌ]Ô�Ö'Ì]Ê3Ô�È�Ï]Ú}ÈXÌ�Ô)ÎRÌÑÖ�Ì�Ë�Étâ�È�Ê Ú�Ó'È�×LÒ�È�ÊjÔ�Þ]ÜeÌ]Ê3Õ Ð#È]� Ó'È�ØtÏCÏ�çLÉ»Ê�Ë�Ú�Ï]Ó¶Ö(Î3Ì�Ö
è:Ï]É»Ê�Ö#Ð+Î�È�Ó'È+Ö'Î�È}ÖdÐ#Ï�Ó'ÈXÌ]Ô�Ö'Ì]Ê3Ô�ÈEÍeÌ�Ó'È+È�×LÒ3Ì]Ø�Ö(Ï¶ÈXÌ�Ô)ÎoÏ]Ö(Î�ÈXÓXÜLÐ#ÈlÔ�Ì]Ê�ÍWÈ�Ö`Ö(Î3È}ÖdÐ#Ï�Ó(ÈEÌ]Ô�Ö'Ì�ÊjÔ�ÈäÚ�Ï]Ó'ÙôÒ3Ø»Ì]È}È�×LÒ3Ì]Ø
Ö(Ï�ÈEÌ]Ô)ÎüÏ�Ö(Î3È�Ó}Ì�ÊjÕüÍ(Ï]Ø»â]ÈgÚ�Ï]ÓäÚ�Ó'È�×LÒ�ÈXÊ3Ô�Þ!Ì�Ø»Ë]È�×3Ó'Ì]É»ÔXÌ�Ø»ØtÞ�ý
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XL = 2πfL XC = 
2πfC

1

. . . setting the two equal to each other,
representing a condition of equal reactance�
(resonance) . . .

2πfL =
1

2πfC

Multiplying both sides by f eliminates the f
term in the denominator of the fraction . . .

2πf2L = 
2πC

1

Dividing both sides by 2πL leaves f2 by itself
on the left-hand side of the equation . . .

f2 =
2π2πLC

1

Taking the square root of both sides of the
equation leaves f by itself on the left side . . .

f =
2π2πLC

1

. . . simplifying . . .

f =
LC2π

1

� ÏrÖ'Î�È�Ó'È+Ð�È+ÎjÌ9â]ÈäÉåÖEýãÌ�Ú�Ï�Ó(Ù¶Ò�ØûÌ�Ö(ÏrÖ(ÈXØtØjÒ3Í¾Ö'Î�È}Ó'ÈXÍ(Ï]Ê3Ì]Ê�Ö¾Ú�Ó'È�×LÒ�ÈXÊ3Ô�Þ¶Ï�Ú>Ì�Ö'Ì]Ê�ç¶Ô�ÉtÓ)Ô�Ò�ÉtÖXÜ�Ë]É»â]ÈXÊ¶Ö'Î�È+âÑÌ�Ø»Ò�ÈXÍ
Ï�Ú�ÉtÊ3Õ�Ò3Ô�Ö)Ì�Ê3Ô�È�� ö��gÉ»Ê�ólÈ�Ê�Ó'Þ8ÍgÌ]Ê3Õ ÔXÌ�è3Ì�Ô�ÉtÖ'Ì]Ê3Ô�È��¥�	�gÉtÊ ¸3Ì]Ó'Ì�Õ�ÍXá�
eØ»Ò�Ë]Ë�ÉtÊ�Ë!ÉtÊ�Ö(Î�È�âÑÌ�Ø»Ò�ÈEÍgÏ]Ú#öJÌ�Ê3Õe�AÉ»Ê
Ï]Ò3Ó+È���Ì�Ù�è�Ø»È�Ô�É»Ó'Ô�Ò�ÉåÖEÜ�Ð#ÈrÌ]Ó(Ó'É»â]ÈgÌ�ÖlÌoÓ(ÈEÍWÏ�Ê3Ì�ÊLÖ#Ú�Ó(ÈÐ×�Ò3È�Ê3Ô�Þ�Ï�Úäê ï � á»ê ï]ï ó}º�á

O Î3Ì�Ö#Î3Ì]è�è:È�Ê3Í+Ì�Ö#Ó'ÈXÍ(Ï]Ê3Ì]Ê3Ô�ÈlÉ»ÍP×LÒ�ÉtÖ(È�ÉtÊLÖ'È�Ó'ÈXÍWÖ(É»Ê�Ë3á O ÉtÖ(Î�Ô�Ì�èjÌ]Ô�ÉtÖ(É»â]È�Ì�Ê3Õ|ÉtÊjÕ8Ò3Ô�Ö'Étâ�ÈrÓ(ÈEÌ]Ô�Ö)Ì�Ê3Ô�ÈXÍ�È�×LÒ3Ì]Ø
Ö(Ï¢ÈXÌ�Ô)ÎRÏ]Ö(Î�ÈXÓXÜ	Ö'Î�ÈüÖ(Ï]Ö'Ì�ØäÉ»Ù�èjÈEÕ�Ì�Ê3Ô�È!É»Ê3Ô�Ó(ÈEÌ]Í(ÈXÍôÖ(Ï¢ÉtÊ8àjÊ�ÉåÖdÞ�Ü�Ù�ÈEÌ�Ê�É»Ê�Ë�Ö'Î3ÌÑÖ�Ö'Î�ÈüÖ'Ì�Ê3ç Ô�É»Ó'Ô�Ò�ÉåÖ�Õ8Ó)Ì9Ð}ÍôÊ3Ï
Ô�Ò3Ó(Ó'È�ÊLÖ|Ú�Ó'Ï]Ù Ö'Î�È���� èjÏÑÐ#È�Ó�ÍWÏ�Ò�Ó)Ô�È]Å O È¢ÔXÌ�Ê?ÔXÌ�ØûÔ�Ò�ØûÌÑÖ'È�Ö(Î3È É»Ê3Õ8É»âCÉ»Õ8ÒjÌ�ØrÉtÙ�è:ÈXÕ�Ì]Ê3Ô�ÈEÍüÏ�Ú�Ö'Î�È5êEó��>¸
Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]ÓãÌ�Ê3Õ�Ö(Î�ÈrêXó�ó+Ù=óJÉtÊ3Õ�Ò3Ô�Ö'Ï]Ó	Ì�Ê3ÕôÐ�Ï�Ó(çgÖ(Î3Ó(Ï�Ò�Ë]Î�Ö'Î�Èäè3Ì�Ó)Ì�Ø»Ø»È�ØLÉtÙ�è:ÈXÕ�Ì]Ê3Ô�È�Ú�Ï]Ó'ÙôÒ�ØûÌ+Ö'Ï�Õ�È�Ù�Ï]Ê3ÍWÖ(Ó)ÌÑÖ'È
Ö(Î3É»Í+Ù�Ì�Ö(Î�ÈXÙ�Ì�Ö(ÉûÔ�Ì]ØtØ»Þ�ý
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XL = 2πfL

XL = (2)(π)(159.155 Hz)(100 mH)

XL = 100 Ω

XC = 
2πfC

1

X



C = 
(2)(π)(159.155 Hz)(10 µF)

1

XC = 100 Ω

�lÍgÞ]Ï�ÒéÙ�ÉtË�Î�Ö�Î3Ì9â]È�Ë�Ò�ÈXÍ'Í(ÈXÕ\Ü��}Ô)Î�Ï�Í(È�Ö'Î�ÈXÍ(È¶Ô�Ï]Ù�èjÏ�Ê�È�ÊLÖlâÑÌ]ØtÒ�ÈEÍ}Ö'Ï|Ë�Étâ�È�Ó(ÈEÍWÏ�Ê3Ì�ÊjÔ�È�É»Ùoè:ÈXÕ3Ì�Ê3Ô�ÈXÍlÖ(Î3Ì�Ö
Ð#È�Ó'È|ÈXÌ�ÍWÞ¢Ö'Ï�Ð#Ï]Ó'ç¢Ð+ÉtÖ(Î��dêEó]ó ë ÈXâ]ÈXÊ���á æ ÏÑÐ�Ü`Ð�È!Ò3ÍWÈ!Ö(Î3È!è3Ì]Ó'Ì]ØtØ»È�Ø�ÉtÙ�è:ÈXÕ�Ì]Ê3Ô�È!Ú�Ï]Ó'ÙôÒ3Ø»Ì�Ö(Ï ÍWÈXÈ|Ð+Î3Ì�Ö
Î3Ì]è�èjÈXÊ3ÍäÖ'Ï¶Ö'Ï�Ö)Ì�Ø �ãý

Z
¥

parallel = 

ZL ZC

11
+�
1

Zparallel = 

100 Ω ∠ 90o 100 Ω ∠ -90o

1 1
+�
1

Z
¥

parallel =
1

+�0.01 
�

∠ -90o 0.01 
�

∠ 90o

Z
¥

parallel =
1

0
� Undefined!

O È�Ô�Ì�ÊV� ÖgÕ�ÉtâCÉûÕ8È�Ì�ÊCÞ|ÊCÒ�Ù¶×jÈXÓ}×CÞ|ºXÈ�Ó'Ï�Ì]Ê3Õ�Ì�Ó'Ó(É»â]È�Ì�ÖlÌ�ÙoÈEÌ�Ê�É»Ê�Ë]Ú�Ò�ØVÓ'ÈXÍ(Ò�ØtÖXÜ�×�Ò�ÖlÐ�È�ÔXÌ�ÊéÍ'Ì9Þ�Ö(Î3Ì�Ö}Ö(Î3È
Ó'ÈXÍ(Ò�ØåÖlÌ]è�è�Ó'Ï�Ì�Ô)Î�ÈXÍ+Ì�âÑÌ�Ø»Ò�È�Ï]Ú Ýðä���ä,Ý µ�� Ì�ÍäÖ(Î�È�ÖdÐ�Ï�è3Ì]Ó'Ì]ØtØ»È�Ø\É»Ù�èjÈEÕ�Ì�ÊjÔ�ÈXÍlË]È�ÖgÔ�Ø»Ï�Í(È�ÓäÖ'Ï�ÈXÌ�Ô)ÎüÏ]Ö(Î�ÈXÓXá O Î3Ì�Ö
Ö(Î3É»Í	Ù�ÈEÌ�Ê3Í	É»Ê�è�Ó)Ì]Ô�Ö'É»ÔXÌ�Ø8Ö'È�Ó'Ù�Í¾É»Í¾Ö'Î3ÌÑÖEÜ]Ö'Î�ÈäÖ(Ï]Ö'Ì]Ø�ÉtÙ�è:ÈXÕ�Ì]Ê3Ô�ÈlÏ�Ú\ÌlÖ)Ì�Ê�çoÔ�É»Ó'Ô�Ò�ÉtÖeÉ»Í	É»Ê8à3Ê3ÉåÖ'È���×:È�Î3Ì9âCÉ»Ê�Ë�Ì]Í	Ì]Ê»�º â�äÛÞ�Ýð½�Þ�ãbÝ µ �`ÌÑÖeÓ'ÈXÍ(Ï]Ê3Ì]Ê3Ô�È�á O ÈlÔ�Ì]Êoè3ØtÏ]Ö	Ö(Î�ÈlÔ�Ï]Ê3Í(È�×LÒ�ÈXÊ3Ô�ÈEÍ	Ï�Ú:Ö(Î3É»Í`ÏÑâ]È�ÓeÌrÐ+ÉûÕ8È}è:ÏÑÐ#È�ÓeÍ(Ò�è�è�Ø»ÞôÚ�Ó'È�×LÒ�ÈXÊ3Ô�Þ
Ó)Ì�Ê�Ë�ÈgÐ+ÉtÖ(ÎéÌ�Í(Î�Ï]Ó(Ö � 
���� ù ÍWÉ»ÙôÒ3Ø»Ì�Ö(É»Ï]Ê>ý
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1

0 0

1 1

2

0 0

10 uFC
�

1 L
�

1 100 mH

R
�

bogus 1 pΩ

i`U)q��/Vc[gZ�Vgh�[ri � Z`Yd�Qh`Y)q\V��XW ��YcY)_j'kXkmlXU�Vnk3Wc[rqV�kXkml}kgl)h
! Z#"%$'&dh�Wf[dWmq`Y�V)Y�WcW?UQZ��.i($XYba�[D|µ[rq�UQibY.UX�,[gZ`Y�V]ita'$�$)_
! "�YQi#��YdY)qfj'k*U)q`�ta�k��)��*�[QV *�+',.-]�d�nV?U)q0/zi1*�U)qb�`adYZ#"%$2&dh\Wtk*oskgYc^�kgoa�k*otl}kglclr|xzU�V.a�[�qÈocl/kgldltocldlx�_,a'$QitU�VX['��j'kQ�xzY)qb�
� Z`YQ� ['�zj'kQ� u�x�kgwdoQ��^dlQv k~x1lclclQ��^Qlcu u�x�kgwco)��^dlcu k~xzlQ��^Qlco^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^p^k~xzldlclQ�b�bldo ��x1wcucoQ��^Qlcu x x x x !
k~xzld{cuQ�b�bldo ��x1{clcwQ��^Qlcu x x x x ! xk~x�krlc{Q�b�bldo y�x�v`{c{Q��^Qlcu x x x x ! xk~x�kr{c�Q�b�bldo w�x�v`yclQ��^Qlcu x x x x ! xk~xzo�kck��b�bldo {�x1{Qv`oQ��^Qlcu x x x x ! xk~xzodwcuQ�b�bldo vFx1wcwcuQ��^Qlcu x x x x ! xk~xzu�kgwQ�b�bldo u�x1�coc�Q��^Qlcu x x x x ! xk~xzudwc�Q�b�bldo u�x1lcucuQ��^Qlcu x x x ! x xk~x�vbo\k��b�bldo o�x1ocy\k���^Qlcu x x x ! x xk~x�vbyQvc�b�bldo k~x1{Qv`lQ��^Qlcu x x x ! x xk~xz{docwQ�b�bldo ��x1ucycuQ��^QlQv
x x ! x x xk~xz{dyc�Q�b�bldo k~x1{c�clQ��^QlQv
x ! x x x xk~xzwducoQ�b�bldo vFx1�cwc�Q��^QlQv
x x ! x x xk~xzwd�Qvc�b�bldo k~x�kgucoQ��^Qlcu x x x ! x xk~xzyducyQ�b�bldo k~x1yQv`�Q��^Qlcu x x x ! x xk~xzyd�c�Q�b�bldo o�x1uc{clQ��^Qlcu x x x ! x xk~xz�)v`oQ�b�bldo o�x1�cuQvc��^Qlcu x x x ! x xk~xz�d�c{Q�b�bldo u�x1{clc{Q��^Qlcu x x x x ! xk~xz�)v`yQ�b�bldo vFx1lcwcuQ��^Qlcu x x x x ! xo�xzldlclQ�b�bldo vFx1wclc�Q��^Qlcu x x x x ! x



é�þ��8þJ�c�10���¡VÿG�8ÿ��®�dÿ#�¯�}ÿ��'êA	
��	4�¾ÿ ê]ê�ê

^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^p^
Û Î�È¢ê!è3É»Ô�Ï î Ï]Î�Ù3�Wêüè ë �ôÓ'ÈXÍ(ÉûÍdÖ'Ï]ÓoÉ»Íoè�ØûÌ]Ô�ÈXÕ É»Ê5Ö(Î�ÉûÍ � 
���� ù Ì�ÊjÌ�Ø»ÞCÍ(ÉûÍ�Ö'Ï¢ÏÑâ�È�Ó)Ô�Ï�ÙoÈ!Ì�Ø»ÉtÙ�ÉtÖ'Ì�Ö(É»Ï]ÊJÏ�Ú

� 
4��� ù ýLÊ3Ì�Ù�È�Ø»Þ]ÜLÖ'Î3ÌÑÖäÉåÖ}ÔXÌ�Ê�Ê�Ï]Ö#Ì]Ê3Ì�Ø»ÞCº�ÈgÌoÔ�É»Ó)Ô�Ò�ÉtÖ#Ô�Ï]ÊLÖ'Ì]ÉtÊ�É»Ê�ËoÌ¶Õ8É»Ó'ÈXÔ�ÖäÉ»Ê3Õ8Ò3Ô�Ö(Ï]Ó î â]Ï]ØtÖ'Ì]Ë]È}Í(Ï]Ò�Ó)Ô�ÈgØtÏCÏ�è>áK�
â]ÈXÓ(Þ�Ø»ÏÑÐ?Ó'ÈXÍ(ÉûÍdÖ)Ì�Ê3Ô�È�âÑÌ]ØtÒ�ÈrÐäÌ]Í+Ô)Î�ÏLÍWÈXÊ!Í(Ï�Ì]Í#Ö(Ï�ÎjÌ9â]È�ÙoÉ»Ê�É»Ù�Ì�Ø>È�>:ÈEÔ�Ö}Ï]Ê�Ô�É»Ó)Ô�Ò�ÉtÖ}×jÈXÎ3Ì9âCÉtÏ�ÓXá

Û Î�ÉûÍ � 
���� ù Í(ÉtÙ¶Ò�ØûÌÑÖ(É»Ï]Êéè3ØtÏ]Ö'Í�Ô�É»Ó'Ô�Ò�ÉåÖrÔ�Ò�Ó'Ó'È�ÊLÖlÏÑâ]ÈXÓlÌ�Ú�Ó'È�×LÒ�ÈXÊ3Ô�ÞüÓ)Ì�Ê�Ë�È�Ï�Ú}êEó]ó�Ö'Ïüò�ó�ó=ó}ºoÉtÊ�ÖdÐ�ÈXÊ�ÖdÞ
È�â�È�Ê ÍWÖ(ÈXè3Í5�WêXó]ó Ì]Ê3Õ ò�ó�óNó}º�É»Ê3Ô�ØtÒ3Í(É»â]È6��ás��Ò�Ó'Ó(ÈXÊ�Ö�Ù�Ì]Ë]Ê�ÉtÖ(Ò3Õ�È�Ï]ÊGÖ'Î�È�Ë�Ó'Ì]è�ÎGÉtÊ3Ô�Ó(ÈEÌ]Í(ÈXÍoÚ�Ó'Ï]Ù ØtÈ�Ú Ö|Ö'Ï
Ó'ÉtË�Î�ÖEÜ�Ð+Î�ÉtØ»ÈoÚ�Ó(ÈÐ×LÒ�È�Ê3Ô�Þ�ÉtÊ3Ô�Ó(ÈEÌ]Í(ÈXÍlÚ�Ó(Ï�Ù Ö(Ï�è�Ö(Ïü×:Ï�ÖWÖ'Ï]Ù�á Û Î�È�Ô�Ò3Ó(Ó'È�ÊLÖrÉtÊ�Ö(Î�ÉûÍrÔ�É»Ó'Ô�Ò�ÉåÖ�Ö'Ì]ç]ÈEÍ�Ì!ÍWÎjÌ�Ó'è Õ8É»è
Ì�Ó'Ï]Ò3Ê3ÕoÖ(Î�ÈrÌ�ÊjÌ�Ø»ÞCÍ(ÉûÍeè:Ï]É»Ê�Ö#Ï�Úeê ï�ð á � ólº]ÜCÐ+Î�ÉûÔ)Î�É»Í`Ö(Î3È�Ô�ØtÏLÍWÈEÍdÖ�Ì]Ê3Ì�Ø»Þ8ÍWÉûÍeè:Ï]É»ÊLÖ�Ö'ÏôÏ�Ò�Ó`è�Ó'ÈXÕ�É»Ô�Ö(ÈXÕ|Ó(ÈEÍWÏ�Ê3Ì�ÊjÔ�È
Ú�Ó'È�×LÒ�È�ÊjÔ�Þ�Ï]Ú#ê ï � á»ê ï�ï ó}º�á���Ö}ÉûÍ+ÌÑÖ+Ö(Î3É»Íäè:Ï]É»ÊLÖ+Ö(Î3Ì�Ö+Ö(Ï�Ö)Ì�Ø>Ô�Ò�Ó(Ó'È�ÊLÖäÚ�Ó'Ï]ÙYÖ'Î�È�èjÏÑÐ#È�Ó}Í(Ï]Ò3Ó'Ô�ÈlÚ�Ì]ØtØûÍäÖ(Ï�ºXÈ�Ó'Ï3á

� Ê3Ô�É»Õ8ÈXÊLÖ'Ì�Ø»Ø»Þ]Ü#Ö(Î�È Ë]Ó)Ì�è�ÎGÏ�Ò8Ö(è�Ò�Ö|è�Ó'ÏCÕ�Ò3Ô�ÈEÕG×LÞ5Ö(Î3É»Í � 
���� ù Ô�Ï]Ù�è�Ò8Ö'È�Ó!Ì]Ê3Ì�Ø»Þ8ÍWÉûÍ�ÉûÍ�Ù�Ï]Ó'È�Ë]ÈXÊ�È�Ó)Ì�Ø»Ø»Þ
çCÊ�ÏÑÐ+Ê�Ì]Í}Ì87
»�9 â º�¼£» µ á � Ò3Ô)Î�Ë]Ó)Ì�è�ÎjÍäè�ØtÏ]ÖlÌ�Ù�è�Ø»ÉåÖ'Ò3Õ8È�Ï�Ó+è�Î3Ì]Í(È�Í(Î�ÉåÚ ÖgÏ]ÊüÏ]Ê�È�Ì?�CÉûÍ+Ì�ÊjÕ|Ú�Ó'È�×LÒ�ÈXÊ3Ô�Þ!Ï]ÊüÖ(Î3È
Ï�Ö'Î�È�ÓEá Û Î�È|ÍWÖ(ÈXÈ�è�Ê3ÈXÍ'Í�Ï�ÚlÌ ² Ï8Õ8È|è�ØtÏ]Ö¶Ô�Ò3Ó(â�È|Ô)Î3Ì�Ó)Ì]Ô�Ö(ÈXÓ(É»º�ÈEÍ�Ì�Ô�É»Ó'Ô�Ò�ÉtÖX� Í�:ÑÚ�Ó'È�×LÒ�ÈXÊ3Ô�Þ Ó(ÈEÍWè:Ï]ÊjÍWÈ�Ü :�Ï�ÓôÎ�ÏÑÐ
Í(È�Ê3Í(ÉåÖ'Étâ�ÈrÉåÖ}ÉûÍäÖ(Ï�Ô)Î3Ì]Ê�Ë]ÈEÍ#ÉtÊüÚ�Ó'È�×LÒ�È�ÊjÔ�Þ]á

�*���
�����
 ¢¡
� �+ÈXÍ(Ï]Ê3Ì]Ê3Ô�È�Ï8Ô�Ô�Ò�Ó'ÍäÐ+Î3È�ÊéÔ�Ì]è3Ì]Ô�ÉåÖ'Étâ�È�Ì]Ê3Õ|É»Ê3Õ8ÒjÔ�Ö(É»â]È�Ó'ÈXÌ�Ô�Ö)Ì�Ê3Ô�ÈXÍäÌ�Ó'ÈrÈ�×LÒ3Ì�Ø�Ö'Ï�ÈXÌ]Ô)ÎüÏ�Ö'Î�È�ÓEá
� ¸�Ï]Ó�ÌRÖ'Ì�Ê3ç Ô�É»Ó'Ô�Ò�ÉåÖ�Ð+ÉtÖ(ÎFÊ�Ï5Ó'ÈXÍ(ÉûÍdÖ)Ì�Ê3Ô�È;���<��Ü+Ó'ÈXÍ(Ï]Ê3Ì]Ê�Ö!Ú�Ó(ÈÐ×LÒ�È�Ê3Ô�Þ Ô�Ì]Ê?×:È¢ÔXÌ�ØûÔ�Ò�ØûÌÑÖ'ÈXÕ Ð+ÉtÖ(ÎHÖ(Î3È
Ú�Ï]Ø»ØtÏÑÐ+É»Ê�Ë¶Ú�Ï]Ó'ÙôÒ�ØûÌ�ý

�
fresonant = 

2
=

π LC
�

1

� Û Î�ÈäÖ(Ï]Ö'Ì�Ø3ÉtÙ�è:ÈXÕ�Ì]Ê3Ô�È+Ï]Ú�Ìrè3Ì]Ó'Ì]ØtØ»È�Ø�ö;� Ô�ÉtÓ)Ô�Ò3ÉåÖ�Ì]è�è�Ó'Ï�Ì�Ô)Î�ÈXÍ ÉtÊ�à3Ê�ÉtÖdÞoÌ�Í¾Ö(Î�È+è:ÏÑÐ#È�ÓeÍ(Ò�è�è�Ø»ÞôÚ�Ó'È�×LÒ�ÈXÊ3Ô�Þ
Ì�è�è�Ó'Ï�Ì�Ô)Î�ÈXÍ�Ó'ÈXÍ(Ï]Ê3Ì]Ê3Ô�È�á

� �>7
»69 â º�¼£» µ É»ÍôÌ|Ë�Ó'Ì]è�Î è3ØtÏ]ÖWÖ(É»Ê�Ë�ÐäÌ9â]È�Ú�Ï�Ó(Ù Ì]Ùoè3ØtÉtÖ(Ò3Õ�È�Ï]Órè�Î3Ì�ÍWÈ�Ï]Ê¢Ï]Ê3È�Ì?�8É»ÍrÌ�ÊjÕ�Ú�Ó'È�×LÒ�ÈXÊ3Ô�ÞéÏ�Ê
Ö(Î�È�Ï]Ö(Î�ÈXÓXá

Ñ=¦@? A)B�©DC�E�ÖGFµÖ�¬�B�ÖHF ¬KÖHFèÿ-Ô�I+ÔÛØ®Ö
� Í(ÉtÙ�É»Ø»Ì]Ó	È�>�ÈXÔ�Ö`Î3Ì�è3èjÈXÊ3Í	É»Ê�ÍWÈXÓ(É»ÈXÍ¾É»Ê3Õ8Ò3Ô�Ö(É»â]È ú Ô�Ì]è3Ì]Ô�ÉåÖ'Étâ�È+Ô�É»Ó'Ô�Ò�ÉåÖ)Í�á O Î�ÈXÊ�Ì�ÍWÖ'Ì�Ö(È+Ï]Ú�Ó'ÈXÍ(Ï]ÊjÌ�Ê3Ô�È�ÉûÍ	Ó'ÈXÌ]Ô)Î3ÈXÕ
��ÔXÌ�è3Ì�Ô�ÉtÖ(É»â]ÈlÌ]Ê3Õ�É»Ê3Õ8Ò3Ô�Ö(É»â]ÈgÓ(ÈEÌ]Ô�Ö)Ì�Ê3Ô�ÈXÍ	ÈÐ×LÒ3Ì�ØJ��Ü�Ö(Î�ÈlÖdÐ�ÏôÉtÙ�è:ÈXÕ�Ì]Ê3Ô�ÈEÍ�ÔXÌ�Ê3Ô�È�Ø3ÈEÌ]Ô)Î�Ï]Ö(Î�ÈXÓ�Ï�Ò8Ö�Ì�ÊjÕ�Ö(Î�ÈlÖ(Ï]Ö'Ì�Ø
É»Ùoè:ÈXÕ3Ì�Ê3Ô�È�Õ8Ó(Ï�è3Í#Ö(ÏLKXÈ�Ó'Ï%M

10 µF

100 mH
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At 159.155
U

 Hz:

Z
V

L = 0 + j100 Ω Z
V

C = 0 - j100 Ω

Z
V

series = ZL + ZC

Z
V

series = (0 + j100 Ω) + (0 - j100 Ω)

Z
V

series = 0 ΩO ÉtÖ(Î�Ö'Î�È}Ö'Ï�Ö)Ì�Ø�ÍWÈXÓ(É»ÈXÍ`ÉtÙ�è:ÈXÕ�Ì]Ê3Ô�È�È�WLÒ3Ì]Ø3Ö'Ï¶ó ë Ì�Ö`Ö'Î�ÈgÓ'ÈXÍ(Ï]ÊjÌ�ÊLÖ	Ú�Ó(È6WLÒ�È�Ê3Ô�Þ�Ï�Úeê ï � á»ê ï�ï óHK]ÜLÖ'Î�ÈlÓ'ÈXÍ(Ò�ØtÖ
ÉûÍgÌÛÜYX�» ½[Z�Þ�Ýð½�Þ�ãbÝJZ Ì]Ô�Ó(ÏLÍ(Í+Ö(Î�È4���HèjÏÑÐ#È�ÓlÍ(Ï]Ò3Ó'Ô�ÈôÌÑÖlÓ'ÈXÍ(Ï]ÊjÌ�Ê3Ô�È]á\� ÊéÖ'Î�È¶Ô�ÉtÓ)Ô�Ò�ÉtÖ�Õ�Ó'Ì9Ð+Ê�Ì]×jÏÑâ�È]Ü8Ö'Î�É»Í�Ð#Ï]Ò�ØûÕ
Ê�Ï]Ö�×jÈ�Ë�ÏLÏ8Õ\á]�[^ Ø»Ø`Ì]Õ�Õ Ì�Í(Ù�Ì]ØtØ`Ó(ÈEÍWÉûÍdÖ'Ï]ÓrÉ»Ê Í(È�Ó'É»ÈXÍ�Ì�Ø»Ï]Ê3ËüÐ+ÉtÖ(Î¢Ö'Î�È�Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]Ó�Ì�Ê3Õ Ö'Î�È�ÉtÊjÕ8Ò3Ô�Ö'Ï]Ó�Ö'Ïéç]ÈXÈ�è
Ö(Î3ÈlÙ�Ì]�8É»ÙôÒ�Ù Ô�É»Ó'Ô�Ò�ÉtÖ�Ô�Ò�Ó'Ó'È�ÊLÖ�Í(Ï]Ù�È�Ð+Î3Ì�Ö`Ø»ÉtÙ�ÉtÖ(ÈXÕ>ÜCÌ]Ê3Õ�è:È�Ó(Ú�Ï]Ó'Ù Ì]Ê�Ï�Ö'Î�È�Ó � 
���� ù Ì]Ê3Ì�Ø»Þ8ÍWÉûÍ	ÏÑâ]ÈXÓ	Ö(Î3ÈgÍ'Ì�Ù�È
Ó)Ì�Ê�Ë�ÈgÏ]Ú Ú�Ó'È�WLÒ�ÈXÊ3Ô�É»ÈXÍXý

1 2

3

0 0

R1

1 V

1 Ω
C
_

1

L1 100 mH

10 µF

W)YQZ�[?Y�W�a`VXVb[gZ�Vrh�[gij'kXkmlXU�Vnk3Wc[rqZ'kXkmo}kV�k*otu}kgl)ha�k*utl}kglclr|xzU�V.a�[�qÈocl/kgldltocldlx�_,a'$QitU�VX['��j'kQ�xzY)qb�
� Z`YQ� ['�zj'kQ� u�x�kgwco)��^dlco k~xzlclcl)��^dl\k u�x�kgwdoQ��^dl\k k~xzl^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^p^k~xzldlclQ�b�bldo k~x1lcuc�Q��^Qlco ! x x x xk~xzld{cuQ�b�bldo k~x�kgycwQ��^Qlco x ! x x x xk~x�krlc{Q�b�bldo k~x1u'`'k���^Qlco x ! x x x xk~x�kr{c�Q�b�bldo k~x1{'``{Q��^Qlco x ! x x x xk~xzo�kck��b�bldo k~x1�cl'`c��^Qlco x ! x x x xk~xzodwcuQ�b�bldo o�x�k�`�`c��^Qlco x ! x x x xk~xzu�kgwQ�b�bldo o�x1w\kck���^Qlco x ! x x x xk~xzudwc�Q�b�bldo u�x1oc�cwQ��^Qlco x x ! x x x
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k~xi`bo\k��b�bldo `Fx1uc�c�Q��^Qlco x x ! x x xk~xi`by'`c�b�bldo w�xj``yc�Q��^Qlco x x ! x x xk~xz{docwQ�b�bldo k~x�kg�cwQ��^Ql\k}x x x ! x xk~xz{dyc�Q�b�bldo {�x1uco'`c��^Ql\k}x x x x ! xk~xzwducoQ�b�bldo k~x1�cycuQ��^Ql\k}x x x ! x xk~xzwd�'`c�b�bldo ��x1yc�cyQ��^Qlco x x ! x x xk~xzyducyQ�b�bldo {�x1yclcyQ��^Qlco x x ! x x xk~xzyd�c�Q�b�bldo `Fx1oc{coQ��^Qlco x x ! x x xk~xz�2``oQ�b�bldo u�xj``lcwQ��^Qlco x x ! x x xk~xz�d�c{Q�b�bldo o�x1�c{coQ��^Qlco x ! x x x xk~xz�2``yQ�b�bldo o�xj``w\k���^Qlco x ! x x x xo�xzldlclQ�b�bldo o�x�kgwc�Q��^Qlco x ! x x x x^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^p^
�lÍl×jÈ�Ú�Ï]Ó'È]Ü:Ô�É»Ó'Ô�Ò�ÉåÖ�Ô�Ò�Ó'Ó(ÈXÊLÖlÌ�Ù�è�Ø»ÉåÖ'Ò3Õ8È�É»Ê3Ô�Ó'ÈXÌ�ÍWÈEÍäÚ�Ó'Ï]ÙíØ»È�Ú ÖgÖ(Ï�Ó'É»Ë]ÎLÖXÜ�Ð+Î3ÉtØ»È�Ú�Ó'È�WLÒ�È�ÊjÔ�ÞüÉtÊ3Ô�Ó(ÈEÌ]Í(ÈXÍ#Ú�Ó'Ï]Ù

Ö(Ï�èéÖ(Ï!×jÏ]ÖWÖ'Ï]Ù�á Û Î3Èôè:ÈXÌ�ç�ÉûÍgÍWÖ(É»Ø»ØãÍ(È�ÈXÊéÖ(Ï!×jÈoÌÑÖlÖ'Î�Èoè�ØtÏ]ÖWÖ'ÈXÕ�Ú�Ó'È�WLÒ�ÈXÊ3Ô�Þ�è:Ï]É»Ê�Ö�Ï�Ú}ê ï�ð á � óHK�Ü:Ö(Î�È�Ô�Ø»Ï�Í(ÈXÍWÖ
Ì�ÊjÌ�Ø»Þ#KXÈXÕôèjÏ�ÉtÊLÖ¾Ö(ÏrÏ]Ò3Óãè3Ó(ÈEÕ8É»Ô�Ö(ÈEÕôÓ'ÈXÍ(Ï]Ê3Ì]Ê3Ô�È�èjÏ�ÉtÊLÖ	Ï�Úãê ï � á»ê ï]ï óHK]á Û Î�ÉûÍ¾Ð�Ï�Ò�ØûÕ¶Í(Ò�Ë]Ë�ÈXÍWÖVÖ'Î3ÌÑÖ	Ï]Ò3Ó	Ó(ÈEÍWÏ�Ê3Ì�ÊLÖ
Ú�Ó'È�WLÒ�È�ÊjÔ�Þ�Ú�Ï�Ó(Ù¶Ò�Ø»ÌgÎ�Ï�Ø»Õ�Í¾Ì�ÍãÖ(Ó'Ò�È#Ú�Ï]Ó	ÍWÉ»Ù�è�Ø»ÈäÍ(È�Ó'É»ÈXÍ¾öè� Ô�É»Ó'Ô�Ò�ÉåÖ)Í	Ì]Í¾ÉtÖeÕ8ÏCÈXÍãÚ�Ï]Ó	Í(ÉtÙ�è�Ø»Èäè3Ì�Ó)Ì�Ø»Ø»È�Ø8öè� Ô�É»Ó'Ô�Ò�ÉåÖ)Í�Ü
Ð+Î�ÉûÔ)Î�É»Í#Ö'Î�È�Ô�Ì�ÍWÈ�ý

f
k

resonant = 
2π LC

1

�GÐ#Ï]Ó)ÕôÏ]Ú:Ô�Ì]Ò8Ö(É»Ï]Ê�ÉûÍ	É»ÊoÏ�Ó'Õ�È�Ó¾Ð+ÉåÖ'Î�ÍWÈXÓ(É»ÈXÍ	ö;� Ó'ÈXÍ(Ï]Ê3Ì]ÊLÖ	Ô�ÉtÓ)Ô�Ò3ÉåÖ)Í�ý ×jÈEÔ�Ì�ÒjÍWÈäÏ�Ú:Ö(Î3È}Î�É»Ë]Î�Ô�Ò�Ó'Ó(ÈXÊLÖ'Í¾Ð+Î�ÉûÔ)Î
Ù�Ì9Þô×:È+è�Ó'ÈXÍ(È�ÊLÖeÉtÊ�Ì�Í(È�Ó'É»ÈXÍ	öè�RÔ�É»Ó)Ô�Ò�ÉtÖ�ÌÑÖeÓ'ÈXÍ(Ï]ÊjÌ�Ê3Ô�È]Ü�ÉtÖeÉ»Í`èjÏLÍ(Í(É»×�ØtÈäÖ'Ï�è�Ó'ÏCÕ�Ò3Ô�È}Õ�Ì]Ê�Ë]ÈXÓ(Ï�Ò3Í(ØtÞ�Î�É»Ë]Î�â�Ï]ØtÖ'Ì]Ë]È
Õ8Ó'Ï]è3Í	Ì�Ô�Ó'Ï�Í'Í Ö(Î�È}ÔXÌ�è3Ì�Ô�ÉtÖ(Ï]Ó	Ì]Ê3Õ¶Ö(Î�È+É»Ê3Õ8Ò3Ô�Ö(Ï�ÓXÜ]Ì�Í¾ÈXÌ�Ô)ÎoÔ�Ï]Ù�èjÏ�Ê�È�ÊLÖeè:Ï�Í'ÍWÈEÍ(Í(ÈXÍ¾Í(ÉtË�Ê�ÉtàjÔ�Ì]Ê�Ö	É»Ù�èjÈEÕ�Ì�Ê3Ô�È]á O È
Ô�Ì]Ê ÈEÕ8ÉtÖ�Ö(Î�È � 
4��� ù Ê3È�Ö(Ø»ÉûÍdÖ�É»Ê Ö'Î�È�Ì�×:ÏÑâ]ÈoÈ���Ì�Ù�è�Ø»ÈoÖ(Ï�É»Ê3Ô�Ø»Ò3Õ8È�Ìüè�Ø»Ï�Ö�Ï�Ú#â]Ï�ØåÖ)Ì�Ë]È�Ì]Ô�Ó(ÏLÍ(ÍlÖ(Î3È�Ô�Ì�èjÌ]Ô�ÉtÖ(Ï�Ó
Ì�ÊjÕ|É»Ê3Õ8Ò3Ô�Ö(Ï�Ó+Ö(Ï�Õ8ÈXÙoÏ�Ê3ÍWÖ(Ó)ÌÑÖ(ÈrÐ+Î3Ì�Ö}Î3Ì�è3èjÈXÊ3Í�ý
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. . .
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... to the rest of
the "oscillator"
�

circuit�
the natural frequency
�
of the "tank circuit" 
helps to stabilize
oscillations
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load

AC source of
mixed frequencies

Tank circuit presents a 
�
high impedance to a narrow
range of frequencies, blocking
them from getting to the load
�
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Ñ=¦[� � ÖHFèÿ-Ô�I+ÔÛØ®Ö�B�Ô�FèÖ�¬�B�ÖQF���C�I�¬wI�E�E�ÖQE.ØHB�¬KØ�¨�B�Ù}F
� Ê�ÍWÉ»Ù�è�ØtÈ�Ó'ÈXÌ]Ô�Ö(É»â]È�Ô�É»Ó'Ô�Ò�ÉåÖ)Í#Ð+ÉåÖ'Î!Ø»ÉåÖ(Ö(Ø»ÈrÏ]ÓäÊ�ÏoÓ(ÈEÍWÉûÍdÖ)Ì�Ê3Ô�È]ÜLÖ(Î3ÈgÈ�>:ÈEÔ�Ö'ÍäÏ]ÚVÓ)Ì]Õ8ÉûÔ�Ì]ØtØ»Þ�Ì�ØtÖ(È�Ó'ÈXÕ|ÉtÙ�è:ÈXÕ�Ì]Ê3Ô�ÈrÐ+É»ØtØ
Ù�Ì�Ê�ÉtÚ�ÈXÍWÖ#Ì�Ö`Ö'Î�ÈgÓ'ÈXÍ(Ï]ÊjÌ�Ê3Ô�ÈäÚ�Ó(È6W�Ò3È�Ê3Ô�Þoè3Ó(ÈEÕ8É»Ô�Ö(ÈEÕ�×CÞ¶Ö'Î�ÈlÈ6WLÒ3ÌÑÖ'ÉtÏ�Ê�Ë]É»â]ÈXÊ�ÈXÌ�Ó'Ø»ÉtÈXÓXá}� Ê|Ì�èjÌ�Ó)Ì�Ø»ØtÈXØ�� Ö)Ì�Ê�ç(�`öè�
Ô�É»Ó)Ô�Ò�ÉtÖXÜCÖ'Î�É»Í#Ù�ÈXÌ]Ê3Í#ÉtÊ�à3Ê�ÉtÖ(ÈrÉtÙ�è:ÈXÕ�Ì]Ê3Ô�ÈrÌÑÖäÓ'ÈXÍ(Ï]Ê3Ì]Ê3Ô�È�á�� Ê�ÌôÍ(È�Ó'ÉtÈEÍäöè�GÔ�ÉtÓ)Ô�Ò�ÉtÖXÜCÉtÖ+ÙoÈEÌ�Ê3ÍgKXÈ�Ó'ÏôÉ»Ùoè:ÈXÕ3Ì�Ê3Ô�È
ÌÑÖ+Ó'ÈXÍ(Ï]Ê3Ì]Ê3Ô�È�ý

f
k

resonant = 
2
=

π LC
�

1

ó}ÏÑÐ#È�â�È�ÓEÜãÌ�Í¶Í(ÏCÏ]ÊRÌ�Í¶Í(É»Ë]Ê�ÉtàjÔ�Ì]ÊLÖ¶Ø»È�â]ÈXØ»Í¶Ï�ÚgÓ(ÈEÍWÉûÍdÖ)Ì�Ê3Ô�È!Ì]Ó(È�É»ÊLÖ(Ó'Ï8Õ8Ò3Ô�ÈEÕ É»ÊLÖ(Ï�Ù�ÏLÍdÖ�öè� Ô�ÉtÓ)Ô�Ò�ÉtÖ'ÍXÜ	Ö'Î�É»Í
Í(ÉtÙ�è�Ø»È�Ô�Ì]Ø»Ô�Ò�ØûÌÑÖ(É»Ï]ÊJÚ�Ï�Ó�Ó(ÈEÍWÏ�Ê3Ì�ÊjÔ�È�×jÈEÔ�Ï�ÙoÈEÍ�É»ÊLâÑÌ]ØtÉûÕ\á O È'^ Ø»ØlÖ)Ì�ç�È�Ì ØtÏCÏ]çJÌÑÖ!Í(È�â�È�Ó)Ì�Ø}ö;�÷Ô�ÉtÓ)Ô�Ò�ÉtÖ'Í|Ð+ÉåÖ'Î
Ì]Õ3Õ8ÈXÕ Ó(ÈEÍWÉûÍWÖ'Ì�ÊjÔ�È]Ü\ÒjÍWÉ»Ê�Ë!Ö(Î�È�Í'Ì�Ù�È�â9Ì]ØtÒ3ÈXÍgÚ�Ï]Ó�ÔXÌ�è3Ì�Ô�ÉtÖ'Ì�ÊjÔ�È¶Ì]Ê3Õ ÉtÊ3Õ�Ò3Ô�Ö)Ì�Ê3Ô�È�Ì�Í�×jÈ�Ú�Ï]Ó'È]ý�êXó)��� Ì�ÊjÕ êXó�ó
Ù=ó�Ü:Ó(ÈEÍWè:ÈXÔ�Ö(É»â]ÈXØtÞ�áF�gÔ�Ô�Ï�Ó'Õ�ÉtÊ�Ë�Ö'Ï�Ï]Ò3ÓlÍWÉ»Ù�è�Ø»ÈôÈ�WLÒ3Ì�Ö(É»Ï]Ê>Ü3Ö(Î�ÈôÓ(ÈEÍWÏ�Ê3Ì�ÊLÖ+Ú�Ó'È�WLÒ�È�ÊjÔ�Þ!Í(Î�Ï�Ò�Ø»Õ�×:È�ê ï � á»ê ï�ï óHK]áO ÌÑÖ'Ô)ÎVÜ8Ö(Î�Ï�Ò�Ë]ÎVÜ8Ð+Î�È�Ó'È�Ô�Ò�Ó'Ó(ÈXÊLÖäÓ'ÈXÌ�Ô)Î�ÈXÍ#Ù�Ì]�8É»ÙôÒ�ÙíÏ]Ó+Ù�ÉtÊ3ÉtÙ¶Ò�ÙíÉ»ÊüÖ(Î�ÈrÚ�Ï�ØtØ»ÏÑÐ+ÉtÊ3Ë � 
���� ù Ì�Ê3Ì]ØtÞ8Í(ÈXÍXý

1

0 0

1 1

2

0 0

V
�

1 1 V

C
_

1 L
�

1

R
�

1 100 Ω

100 mH10 µF

Parallel LC with resistance in series with L

Z`Y�W�$)q�U)qbitVb[gZ�Vgh\[gij'kXkmlXU�Vnk3Wc[rqV�kXkml}kgl)hZ'kXkmo}kglcla�k*otl}kglclr|xzU�V.a�[�qÈocl/kgldltocldlx�_,a'$QitU�VX['��j'kQ�xzY)qb�
� Z`YQ� ['�zj'kQ� y�xzlcyc�)��^dlcu y�xz�'``u)��^dlcu ��xz�\kgu)��^dlcu^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^k~xzldlclQ�b�bldo y�x1uc�cyQ��^Qlcu x x ! x xk~xzld{cuQ�b�bldo y�x1o'``oQ��^Qlcu x x ! x xk~x�krlc{Q�b�bldo y�x�kckg{Q��^Qlcu x x ! x xk~x�kr{c�Q�b�bldo y�x1lclcyQ��^Qlcu x ! x x x
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k~xzo�kck��b�bldo w�x1�co\k���^Qlcu x ! x x xk~xzodwcuQ�b�bldo w�x1�c{c�Q��^Qlcu x ! x x xk~xzu�kgwQ�b�bldo w�x1�cocuQ��^Qlcu x ! x x xk~xzudwc�Q�b�bldo w�x1�\kguQ��^Qlcu x ! x x xk~xi`bo\k��b�bldo w�x1�cuclQ��^Qlcu x ! x x xk~xi`by'`c�b�bldo w�x1�cy'`c��^Qlcu x ! x x xk~xz{docwQ�b�bldo w�x1�'``wQ��^Qlcu x ! x x xk~xz{dyc�Q�b�bldo y�x1l'`�`c��^Qlcu x ! x x xk~xzwducoQ�b�bldo y�x�kgwcyQ��^Qlcu x x ! x xk~xzwd�'`c�b�bldo y�x1u\kg{Q��^Qlcu x x ! x xk~xzyducyQ�b�bldo y�xj``�c{Q��^Qlcu x x ! x xk~xzyd�c�Q�b�bldo y�x1wcycwQ��^Qlcu x x ! x xk~xz�2``oQ�b�bldo y�x1�c�cwQ��^Qlcu x x ! x xk~xz�d�c{Q�b�bldo ��x�kck�`c��^Qlcu x x x ! xk~xz�2``yQ�b�bldo ��x1uc{c�Q��^Qlcu x x x ! xo�xzldlclQ�b�bldo ��x1w\kgwQ��^Qlcu x x x ! x^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^� [rq\[�|�h)|sVghcZcZ`Y)qbi3UQi krucw�xz�f�s�È[rq\Wgi`YcUd��$ � kg{c��xzoc�s�g�

1

0 0

1 1

2

0 0

3

Parallel LC with resistance in series with C

V
�

1 1 V
R
�

1

C
_

1 L
�

1 100 mH

Rbogus
100 Ω

10 µF

ó}ÈXÓ(È�Ü#Ì]ÊGÈ��CÖ(Ó)Ì¢Ó(ÈEÍWÉûÍdÖ'Ï]Ód��|Q� ñ��[��� ��ÉûÍ�Ê�ÈEÔ�ÈXÍ'Í'Ì�Ó'Þ Ö(Ï è�Ó'È�â�È�ÊLÖ � 
���� ù Ú�Ó'Ï]Ù ÈXÊ3Ô�Ï�Ò�ÊLÖ(ÈXÓ(É»Ê�Ë¢Ö(Ó'Ï]Ò�×3ØtÈéÉ»Ê
Ì�ÊjÌ�Ø»ÞCÍ(ÉûÍ�á � 
���� ù ÔXÌ�Ê�^ Ö¶ÎjÌ�Ê3Õ8Ø»È!Ì]ÊRÉ»Ê3Õ8Ò3Ô�Ö(Ï�ÓoÔ�Ï]Ê�Ê�ÈEÔ�Ö'ÈXÕ Õ8É»Ó'ÈXÔ�Ö'ØtÞ É»Ê è3Ì]Ó'Ì]ØtØ»È�Ø�Ð+ÉåÖ'Î5Ì�ÊCÞ â]Ï�ØåÖ)Ì�Ë�È�ÍWÏ�Ò�Ó'Ô�È
Ï]ÓoÌ�ÊCÞ Ï�Ö'Î�È�ÓoÉtÊjÕ8Ò3Ô�Ö'Ï]ÓEÜeÍWÏ�Ö(Î�È�Ì]Õ�Õ�ÉåÖ'ÉtÏ�Ê Ï�ÚlÌ ÍWÈXÓ(É»ÈXÍ¶Ó(ÈEÍWÉûÍWÖ(Ï]ÓôÉ»Í¶Ê�ÈXÔ�ÈXÍ'Í(Ì]Ó(Þ Ö(Ïp:�×�Ó'ÈXÌ]ç Ò3è%:éÖ'Î�È!â�Ï]ØtÖ'Ì]Ë]È
Í(Ï]Ò�Ó)Ô�È ú É»Ê3Õ8Ò3Ô�Ö(Ï]Ó�ØtÏCÏ�è�Ö(Î3Ì�Ö#Ð#Ï]Ò3Ø»Õ�Ï]Ö(Î�ÈXÓ(Ð+ÉûÍ(Èl×:ÈlÚ�Ï�Ó(Ù�ÈXÕ>á Û Î3É»Í�Ó(ÈEÍWÉûÍWÖ(Ï]Ó#ÉûÍ�Ô)Î�ÏLÍWÈXÊ�Ö(Ï¶×jÈrÌ àgâ�½[� Ø»ÏÑÐ6â9Ì]ØtÒ3È
Ú�Ï]Ó+Ù�É»Ê�É»ÙôÒ�ÙÄÉtÙ�è3Ì�Ô�Ö}Ï]Ê!Ö(Î3È�Ô�É»Ó'Ô�Ò�ÉåÖ6^ Í}×jÈXÎ3Ì9âCÉtÏ�ÓXá

Z`Y�W�$)q�U)qbitVb[gZ�Vgh\[gij'kXkmlXU�Vnk3Wc[rqZ'kXkmo}kglclV�k*otl}kgl)hZ#"%$2&dh\Wtk*uskgYc^�kgoa�k*utl}kglclr|
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xzU�V.a�[�qÈocl/kgldl�``ldlx�_,a'$QitU�VX['��j'kQ�xzY)qb�

� Z`YQ� ['�zj'kQ� y�xz�2``uQ��^dldu k~xzlcldlQ��^dlco k~xzoc{d�Q��^dlco^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^p^k~xzldlclQ�b�bldo k~x�kgycwQ��^Qlco x x x ! xk~x�kr{c�Q�b�bldo ��x1wcuc{Q��^Qlcu x x ! x xk~xzu�kgwQ�b�bldo ��x1oc{cyQ��^Qlcu x x ! x xk~xi`by'`c�b�bldo y�xj``uclQ��^Qlcu x ! x x xk~xzwducoQ�b�bldo w�x1�c�c�Q��^Qlcu x ! x x xk~xzyd�c�Q�b�bldo w�x1�cuc{Q��^Qlcu x ! x x xk~xz�2``yQ�b�bldo w�x1�cuc�Q��^Qlcu x ! x x xo�x�krlc{Q�b�bldo w�x1�'`'k���^Qlcu x ! x x xo�xzodwcuQ�b�bldo y�x1lc�cuQ��^Qlcu x ! x x xo�xi`bo\k��b�bldo y�x1ocwc�Q��^Qlcu x ! x x xo�xz{dyc�Q�b�bldo y�xj`�``�Q��^Qlcu x ! x x xo�xzyducyQ�b�bldo y�x1wcocwQ��^Qlcu x ! x x xo�xz�d�c{Q�b�bldo y�x1yc�'`c��^Qlcu x ! x x xu�xzld{cuQ�b�bldo y�x1�c{\k���^Qlcu x ! x xu�xzo�kck��b�bldo ��x1lc�cwQ��^Qlcu x x ! x xu�xzudwc�Q�b�bldo ��x1ocuclQ��^Qlcu x x ! x xu�xz{docwQ�b�bldo ��x1uc{coQ��^Qlcu x x ! x xu�xzwd�'`c�b�bldo ��xj``w'`c��^Qlcu x x ! x xu�xz�2``oQ�b�bldo ��x1{cwcyQ��^Qlcu x x ! x x
`FxzldlclQ�b�bldo ��x1wcwclQ��^Qlcu x x ! x x^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^p^� [rq\[�|�h)|sVghcZcZ`Y)qbi3UQitZs$)hs&#*,a��}kg�clf�s�/[rq\W]i`YdUd��$ � kg{c��x1o1���g�

� Ð+ÉtÖ'Ô)Î�É»Ê�Ë�Ï]Ò3Ó}ÌÑÖWÖ'È�ÊLÖ(É»Ï]ÊüÖ'Ï�ÍWÈXÓ(É»ÈXÍ+ö;� Ô�ÉtÓ)Ô�Ò�ÉtÖ'ÍXÜ8Ð#È�È��8èjÈXÓ(É»Ù�È�ÊLÖ}Ð+ÉtÖ(Î�è�ØûÌ]Ô�É»Ê�Ë�Í(ÉtË�Ê�Éåà:Ô�Ì�ÊLÖ}Ó'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�ÈEÍ
É»ÊüèjÌ�Ó)Ì�Ø»ØtÈXØ\Ð+ÉåÖ'ÎéÈ�ÉtÖ(Î�ÈXÓlö Ï]Ó
�gá(� ÊüÖ'Î�È�Ú�Ï]Ø»Ø»ÏÑÐ+ÉtÊ�Ë�Í(È�Ó'ÉtÈEÍ+Ô�É»Ó'Ô�Ò�ÉtÖ}È���Ì�Ù�è�Ø»ÈXÍXÜ�Ì�ê ë Ó'ÈXÍ(ÉûÍdÖ'Ï]Ó �¡|<¢��#ÉûÍ+è�ØûÌ]Ô�ÈEÕ
É»Ê!Í(È�Ó'ÉtÈEÍ`Ð+ÉtÖ(Î|Ö(Î�ÈrÉ»Ê3Õ8Ò3Ô�Ö(Ï]ÓäÌ�ÊjÕ|Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]Ó`Ö(ÏoØtÉ»Ù�ÉåÖ#Ö(Ï]Ö'Ì�Ø\Ô�Ò�Ó(Ó'È�ÊLÖäÌÑÖäÓ(ÈEÍWÏ�Ê3Ì�Ê3Ô�È]á Û Î�ÈS:]È��CÖ(Ó)Ì2:�Ó(ÈEÍWÉûÍdÖ)Ì�Ê3Ô�È
É»Ê3ÍWÈXÓWÖ'ÈXÕ|Ö(Ï�É»Ê å Ò�ÈXÊ3Ô�È�Ó'ÈXÍ(Ï]ÊjÌ�ÊLÖ�Ú�Ó'È�WLÒ�ÈXÊ3Ô�Þ|È�>�ÈXÔ�Ö)Í+ÉûÍ#Ö(Î�È�êEó]ó ë Ó'ÈXÍ(É»ÍWÖ(Ï�ÓXÜs|H£]ý
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1

0 0

2

3 3

0

Series LC with resistance in parallel with L

V
�

1 1 V

R1

1 Ω

C
_

1 10 µF

L
�

1 100 mH R
�

2 100 Ω

Z`Y�W�$)q�U)qbitVb[gZ�Vgh\[gij'kXkmlXU�Vnk3Wc[rqZ'kXkmo}kV�k*otu}kgl)ha�k*utl}kglclr|Z`oXutl}kglclxzU�V.a�[�qÈocl/kgldl�``ldlx�_,a'$QitU�VX['��j'kQ�xzY)qb�
� Z`YQ� ['�zj'kQ� k~xzldlclQ��^dldo k~xzoc{d�Q��^dlco k~xz{c�d{Q��^dlco^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^p^k~xzldlclQ�b�bldo ��xj``�c�Q��^Qlcu x ! x x xk~x�kr{c�Q�b�bldo k~x1lcu'`c��^Qlco x x ! x xk~xzu�kgwQ�b�bldo k~x1ocl'`c��^Qlco x x ! x xk~xi`by'`c�b�bldo k~x1ucucwQ��^Qlco x x x ! xk~xzwducoQ�b�bldo k~xj`'kg{Q��^Qlco x x x ! xk~xzyd�c�Q�b�bldo k~xj`�``yQ��^Qlco x x x ! xk~xz�2``yQ�b�bldo k~xj`�``{Q��^Qlco x x x ! xo�x�krlc{Q�b�bldo k~xj``o'`c��^Qlco x x x ! xo�xzodwcuQ�b�bldo k~x1uc�cuQ��^Qlco x x x ! xo�xi`bo\k��b�bldo k~x1ucwclQ��^Qlco x x x ! xo�xz{dyc�Q�b�bldo k~x1ucocyQ��^Qlco x x x ! xo�xzyducyQ�b�bldo k~x1oc�cwQ��^Qlco x x x ! xo�xz�d�c{Q�b�bldo k~x1ocwc�Q��^Qlco x x ! xu�xzld{cuQ�b�bldo k~x1o'`�`c��^Qlco x x ! x xu�xzo�kck��b�bldo k~x1ococoQ��^Qlco x x ! x xu�xzudwc�Q�b�bldo k~x1oclcoQ��^Qlco x x ! x xu�xz{docwQ�b�bldo k~x�kg�c{Q��^Qlco x x ! x xu�xzwd�'`c�b�bldo k~x�kgwc�Q��^Qlco x x ! x x
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u�xz�2``oQ�b�bldo k~x�kg{c{Q��^Qlco x x ! x x
`FxzldlclQ�b�bldo k~x�k�``uQ��^Qlco x x ! x x^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^p^� U'o�[�|�h)|sVghcZcZ`Y)qbi3UQitZs$)hs&#*,a��}kgyc��xz�c���}[rq�W]i`YcUd��$ � kg{d��xzoc�s�g�
�}ÊjÕ|àjÊ3Ì�Ø»ØtÞ�Ü�Ì�ÍWÈXÓ(É»ÈXÍ+ö;�6Ô�É»Ó)Ô�Ò�ÉtÖ}Ð+ÉåÖ'ÎüÖ(Î�È�Í(ÉtË�Ê�ÉtàjÔ�Ì]Ê�Ö+Ó'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�È�É»ÊüèjÌ�Ó)Ì�Ø»ØtÈXØ\Ð+ÉåÖ'Î!Ö'Î�È�Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]ÓEý

1

0 0

2

3 3

2

Series LC with resistance in parallel with C

V
�

1 1 V

R
�

1

1 Ω

C
_

1

L
�

1 100 mH

10 µF R2 100 Ω

Z`Y�W�$)q�U)qbitVb[gZ�Vgh\[gij'kXkmlXU�Vnk3Wc[rqZ'kXkmo}kV�k*otu}kgl)hZ`oXotu}kglcla�k*utl}kglclr|xzU�V.a�[�qÈocl/kgldltocldlx�_,a'$QitU�VX['��j'kQ�xzY)qb�
� Z`YQ� ['��j'k)�� Z`YQ� ['�zj'kQ� k~xzoc{c�)��^dlco k~xi`'kgu)��^dlco k~xz{c�c{)��^dlco^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^k~xzldlclQ�b�bldo k~x1ucucwQ��^Qlco x x ! x xk~xzld{cuQ�b�bldo k~x1ucwcuQ��^Qlco x x ! x xk~x�krlc{Q�b�bldo k~x1uc�cyQ��^Qlco x x ! x xk~x�kr{c�Q�b�bldo k~xj``lc�Q��^Qlco x x ! xk~xzo�kck��b�bldo k~xj``ocwQ��^Qlco x x x ! xk~xzodwcuQ�b�bldo k~xj``uc�Q��^Qlco x x x ! xk~xzu�kgwQ�b�bldo k~xj`�``yQ��^Qlco x x x ! xk~xzudwc�Q�b�bldo k~xj``{clQ��^Qlco x x x ! xk~xi`bo\k��b�bldo k~xj`�``yQ��^Qlco x x x ! xk~xi`by'`c�b�bldo k~xj``uc�Q��^Qlco x x x ! x
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k~xz{docwQ�b�bldo k~xj``o'`c��^Qlco x x x ! xk~xz{dyc�Q�b�bldo k~xj``lc{Q��^Qlco x x ! x xk~xzwducoQ�b�bldo k~x1uc�coQ��^Qlco x x ! x xk~xzwd�'`c�b�bldo k~x1uc{c{Q��^Qlco x x ! x xk~xzyducyQ�b�bldo k~x1ucoc{Q��^Qlco x x ! x xk~xzyd�c�Q�b�bldo k~x1oc�cuQ��^Qlco x x ! x xk~xz�2``oQ�b�bldo k~x1oc{c�Q��^Qlco x ! x xk~xz�d�c{Q�b�bldo k~x1ococ{Q��^Qlco x ! x x xk~xz�2``yQ�b�bldo k~x�kg�clQ��^Qlco x ! x x xo�xzldlclQ�b�bldo k~x�kg{c{Q��^Qlco x ! x x x^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^X^� U'o�[�|�h)|sVghcZcZ`Y)qbi3UQi krucw�xz�f�s�È[rq\Wgi`YcUd��$ � kg{c��xzoc�s�g�
Û Î�ÈlÖ(È�ÊjÕ8È�Ê3Ô�Þ�Ú�Ï]ÓäÌ]Õ�Õ�ÈXÕ�Ó'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�ÈlÖ(ÏoÍWç�È�ÐGÖ(Î3Ègè:Ï]É»ÊLÖäÌ�Ö�Ð+Î�ÉûÔ)Î|É»Ù�èjÈEÕ�Ì�Ê3Ô�ÈlÓ'ÈXÌ�Ô)Î�ÈXÍ�ÌôÙ�Ì]�8É»ÙôÒ�Ù Ï�Ó

Ù�ÉtÊ3ÉtÙ¶Ò�Ù É»Ê�Ì�Ê�öè�RÔ�É»Ó)Ô�Ò�ÉtÖ`ÉûÍeÔ�Ì]ØtØ»ÈXÕ�� ä�Z Ýð½�â Ü�» ä � ä�Þ�â á Û Î�ÈlÌ]ÍWÖ(Ò�Ö(È+Ï]×jÍWÈXÓ(â�È�Ó¾Ð+ÉtØ»Ø�Ê�Ï]Ö(ÉûÔ�È}Ìrè3Ì�ÖWÖ'È�Ó'Êo×:È�ÖdÐ#È�ÈXÊ
Ö(Î3È|Ú�Ï�Ò�Ó � 
���� ù È���Ì�Ù�è�Ø»ÈXÍ¶Ë]É»â]È�Ê5Ì�×:ÏÑâ]È]Ü¾É»Ê Ö'È�Ó'Ù�Í¶Ï�ÚgÎ�ÏÑÐYÓ(ÈEÍWÉûÍWÖ'Ì�ÊjÔ�È|Ì?>:ÈEÔ�Ö'ÍôÖ(Î3È!Ó'ÈXÍ(Ï]Ê3Ì]ÊLÖ¶è:ÈXÌ�ç Ï]ÚlÌ
Ô�É»Ó)Ô�Ò�ÉtÖXý

�z¤Q¥s¦�¥(§�§¡¨�§S©«ª.¬�¥(­�®�ª�¯L°	±³²2´¡¦ ²'µ�´¡¬)¡
� |?É»ÊéÍWÈXÓ(É»ÈXÍäÐ+ÉtÖ(Îéöeý8Ó'ÈXÍ(Ï]ÊjÌ�ÊLÖäÚ�Ó(È6W�Ò3È�Ê3Ô�Þ|ÍWÎ3ÉåÚ Ö'ÈXÕ¶9)»�· ä
� |?É»ÊéÍWÈXÓ(É»ÈXÍäÐ+ÉtÖ(ÎM�gý�Ó'ÈXÍ(Ï]Ê3Ì]ÊLÖ�Ú�Ó'È�WLÒ�ÈXÊ3Ô�Þ|Í(Î�ÉtÚ Ö(ÈEÕ ã º

�c¸�¨#¦�´¡¨�¹º°g±»²'´¼¦�²2µ}´¼¬Q¡
� |?É»Ê�è3Ì�Ó)Ì�Ø»ØtÈXØ\Ð+ÉåÖ'Îéöeý8Ó'ÈXÍ(Ï]Ê3Ì]Ê�Ö#Ú�Ó'È�WLÒ�È�ÊjÔ�Þ!Í(Î�ÉtÚ Ö(ÈEÕ ã º
� |?É»Ê�è3Ì�Ó)Ì�Ø»ØtÈXØ\Ð+ÉåÖ'ÎM�gý8Ó(ÈEÍWÏ�Ê3Ì�ÊLÖäÚ�Ó(È6WLÒ�È�Ê3Ô�Þ|Í(Î�ÉåÚ Ö'ÈXÕ¶9)»�· ä
�}ËLÌ�É»Ê>Ü8Ö'Î�É»Í}ÉtØ»ØtÒjÍdÖ'Ó'Ì�Ö(ÈXÍ+Ö(Î�ÈôÔ�Ï]Ù�è�Ø»È�Ù�È�ÊLÖ)Ì�Ó'Þ�Ê3ÌÑÖ'Ò�Ó'È�Ï]ÚeÔ�Ì�èjÌ]Ô�ÉtÖ(Ï�Ó'ÍäÌ]Ê3ÕüÉtÊ3Õ�Ò3Ô�Ö'Ï]Ó)Í�ýeÎ3ÏÑÐHÓ'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�ÈrÉ»Ê

Í(È�Ó'ÉtÈEÍäÐ+ÉåÖ'ÎüÏ�Ê�È�Ô�Ó'ÈXÌ�Ö(ÈXÍäÌ]Ê�Ì]ÊLÖ(É»Ó(ÈEÍWÏ�Ê3Ì�Ê3Ô�ÈlÈ�>:ÈEÔ�Ö}È�WLÒ�É»âÑÌ�Ø»È�ÊLÖ+Ö(Ï�Ó'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�ÈrÉ»Ê�è3Ì�Ó)Ì�Ø»ØtÈXØ�Ð+ÉåÖ'Î!Ö'Î�È�Ï�Ö'Î�È�ÓEáw��Ú
Þ]Ï�Ò�ØtÏCÏ�çôÈ�â�È�Ê�Ô�ØtÏLÍWÈXÓ	Ö(ÏôÖ(Î�È+Ú�Ï�Ò�Ó � 
���� ù È��8Ì]Ù�è�ØtÈEÍeË�Étâ�È�Ê>Ü�Þ]Ï]Ò�^ Ø»ØjÍ(È�È+Ö'Î3ÌÑÖ`Ö(Î�ÈlÚ�Ó(È6W�Ò3È�Ê3Ô�ÉtÈEÍ`Ì�Ó'È}Í(Î�ÉåÚ Ö'ÈXÕ�×CÞ
Ö(Î3È+Üv� ï=â � ï » ãbä�Z ÜCÌ�Ê3ÕoÖ'Î3ÌÑÖ�Ö(Î�È�ÍWÎjÌ�è:È}Ï�Ú�Ö(Î3ÈgÔ�Ï�Ù�è�ØtÈXÙ�È�ÊLÖ'Ì]Ó(ÞoË]Ó)Ì�è�ÎjÍeÌ�Ó'È+Ù�ÉtÓ'Ó(Ï�Ó î É»Ù�Ì]Ë]ÈEÍ¾Ï�Ú\ÈXÌ�Ô)Î�Ï�Ö(Î3È�Ó6M�}ÊLÖ'ÉtÓ'ÈXÍ(Ï]Ê3Ì]Ê3Ô�È¶É»ÍrÌ]Ê È�>:ÈEÔ�ÖrÖ(Î3Ì�Ö�Ó(ÈEÍWÏ�Ê3Ì�ÊLÖ�Ô�ÉtÓ)Ô�Ò3ÉåÖ�Õ8ÈEÍWÉ»Ë]Ê�ÈXÓ'ÍgÙôÒjÍdÖ�×:È�Ì9ÐäÌ�Ó'È�Ï]Údá Û Î�È�È�WLÒ3Ì�Ö(É»Ï]Ê3ÍgÚ�Ï�Ó
Õ8È�Ö(È�Ó'Ù�ÉtÊ3ÉtÊ�Ë�Ì]ÊLÖ(É»Ó(ÈEÍWÏ�Ê3Ì�Ê3Ô�Èg:�ÍWÎ3ÉåÚ Ö@:�Ì�Ó'ÈäÔ�Ï]Ù�è�Ø»È��\Ü]Ì]Ê3ÕoÐ+ÉtØ»Ø3Ê�Ï]Öe×jÈ}Ô�ÏÑâ]ÈXÓ(ÈEÕ�É»Ê�Ö(Î�ÉûÍ	×�Ó'ÉtÈ�Ú:Ø»ÈXÍ'Í(Ï]Ê>á}��Ö`ÍWÎ3Ï]Ò�ØûÕ
Í(Òb°�Ô�È+Ö'Î�Èl×:È�Ë�ÉtÊ�Ê3ÉtÊ�ËoÍdÖ'Ò3Õ8ÈXÊ�Ö#Ï�Ú\È�Ø»ÈXÔ�Ö(Ó'Ï]Ê�ÉûÔ�ÍeÖ(Ï�Ò3Ê3Õ8È�Ó)ÍWÖ'Ì�ÊjÕoÖ(Î3Ì�Ö`Ö(Î3ÈlÈ�>�ÈXÔ�Ö�È��CÉûÍWÖ'ÍXÜLÌ]Ê3Õ�Ð+Î3ÌÑÖ#ÉåÖ)ÍeË�È�Ê�ÈXÓ'Ì]Ø
Ö(ÈXÊ3Õ8ÈXÊ3Ô�É»ÈXÍ}Ì]Ó(È�á�lÕ3Õ8ÈXÕ¢Ó'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�ÈoÉtÊ Ì]Ê¢ö;�ßÔ�É»Ó)Ô�Ò�ÉtÖ�É»ÍrÊ3Ï�Ì�Ô�Ì�Õ8È�Ù�ÉûÔ¶Ù�Ì�ÖWÖ(ÈXÓXá O Î�É»Ø»È�ÉåÖ�ÉûÍrèjÏLÍ(Í(É»×�ØtÈoÖ'ÏéÙ�Ì]ÊCÒ8Ú�Ì]Ô�Ö(Ò�Ó'È
Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]Ó)ÍoÐ+ÉåÖ'ÎJÊ3È�Ë]Ø»É»Ë]É»×�ØtÈ�Ò�ÊCÐäÌ�ÊLÖ(ÈEÕRÓ'ÈXÍ(ÉûÍdÖ)Ì�Ê3Ô�ÈXÍXÜeÉtÊjÕ8Ò3Ô�Ö'Ï]Ó)Í�Ì�Ó'ÈüÖdÞLè3É»ÔXÌ�Ø»ØtÞ è3Ø»Ì]Ë]Ò�ÈEÕRÐ+ÉtÖ(Î6Í(Ò�×3ÍWÖ'Ì�ÊLÖ'É»Ì]Ø
Ì�Ù�Ï�Ò�ÊLÖ'Í#Ï�Ú¾Ó(ÈEÍWÉûÍWÖ'Ì�ÊjÔ�ÈrÕ8Ò�È�Ö(ÏoÖ(Î3È�ØtÏ�Ê�Ë¶Ø»È�Ê3Ë�Ö(ÎjÍäÏ�Ú Ð+É»Ó'È�ÒjÍWÈEÕ|É»ÊüÖ(Î�ÈXÉtÓ}Ô�Ï]Ê3ÍWÖ(Ó'Ò3Ô�Ö'ÉtÏ�Ê>á O Î3ÌÑÖ+ÉûÍäÙ�Ï]Ó'È]ÜCÖ(Î3È
Ó'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�È¶Ï�Ú�Ð+É»Ó'ÈôÖ'È�Ê3Õ�Í�Ö'Ï!É»Ê3Ô�Ó(ÈEÌ]Í(È¶Ì]ÍgÚ�Ó'È�WLÒ�ÈXÊ3Ô�ÞéË�ÏLÈEÍ�Ò�è>ÜVÕ8Ò3È¶Ö'ÏüÌüÍWÖ(Ó)Ì�Ê�Ë�È¶è�Î3È�Ê�Ï�ÙoÈXÊ�Ï]Ê çCÊ�ÏÑÐ+Ê Ì�Í
Ö(Î3È+Ü ô]ÝðäMâ�½�â�ÞvZ Ð+Î�ÈXÓ(È����JÔ�Ò�Ó'Ó'È�ÊLÖeÖ(ÈXÊ3Õ�Í`Ö(Ï¶×jÈ�È���Ô�Ø»Ò3Õ8ÈEÕ�Ú�Ó'Ï]Ù Ö(Ó)Ì9â]ÈXØ8Ö(Î�Ó'Ï]Ò3Ë]Î�Ö'Î�Èlâ�È�Ó'ÞoÔ�È�ÊLÖ(ÈXÓ�Ï]ÚVÌ�Ð+É»Ó(È�Ü
Ö(Î3È�Ó'È�×CÞ|Ó'ÈXÕ8ÒjÔ�É»Ê�ËoÖ(Î�È�Ð+É»Ó'È2^ Í+È�>�ÈXÔ�Ö(É»â]È�Ô�Ó'Ï�Í'Í î Í(ÈXÔ�Ö(É»Ï]Ê3Ì]Ø�Ì]Ó(ÈEÌ�á Û ÎCÒ3ÍXÜ�É»Ê3Õ8Ò3Ô�Ö(Ï�Ó'Í+Ê3Ï�Ö}Ï]Ê3ØtÞ!Î3Ì9â]ÈrÓ'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�È�Ü
×�Ò8Ö Þ X(� ädá)Ýðädá�¾�¿�½�â@À�ã�â�ä\Þt��Á 9 â º â�ä 9 â�ä%Z Ó(ÈEÍWÉûÍdÖ)Ì�Ê3Ô�È�Ì�Ö+Ö(Î3Ì�ÖXá
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�lÍoÉtÚlÖ'Î�È!Ó'ÈXÍ(ÉûÍdÖ)Ì�Ê3Ô�È|Ï�ÚrÌ�Ê5ÉtÊ3Õ�Ò3Ô�Ö'Ï]Ó6^ Í¶Ð+ÉtÓ'ÈüÐ�ÈXÓ(ÈXÊ�^ Ö�È�Ê3Ï]Ò�Ë�Î Ö(Ï Ô�Ì]Ò3Í(È|è�Ó'Ï]×�Ø»È�Ù�ÍXÜeÐ#ÈüÌ]Ø»Í(Ï�Î3Ì9â�È�Ö'Ï

Ô�Ï�ÊLÖ(È�ÊjÕ�Ð+ÉåÖ'Î�Ö(Î�ÈS:]Ô�Ï�Ó(ÈäØ»Ï�Í'ÍWÈEÍY:rÏ]Ú\ÉtÓ'Ï]Ê î Ô�Ï�Ó(ÈäÉ»Ê3Õ8Ò3Ô�Ö(Ï�Ó'ÍXÜ]Ð+Î�ÉûÔ)Î�Ù�Ì�Ê�ÉtÚ�ÈXÍWÖeÖ'Î�È�Ù�Í(È�Ø»â]ÈXÍ�Ì]ÍeÌ�Õ�Õ8ÈEÕ�Ó(ÈEÍWÉûÍdÖ)Ì�Ê3Ô�È
É»Ê�Ö(Î3È#Ô�ÉtÓ)Ô�Ò�ÉtÖXá � É»Ê3Ô�È#ÉtÓ'Ï]Ê�ÉûÍ¾ÌlÔ�Ï]Ê3Õ8ÒjÔ�Ö(Ï�ÓVÏ]Ú3È�Ø»ÈXÔ�Ö(Ó'É»Ô�ÉåÖdÞ�Ì]ÍVÐ�ÈXØtØ8Ì�ÍVÌlÔ�Ï]Ê3Õ�Ò3Ô�Ö'Ï]ÓãÏ�Ú�Ù�Ì�Ë�Ê�È�Ö'É»Ô å Òb�\Ü�Ô)Î3Ì�Ê3Ë]É»Ê�Ëå Òb�oè�Ó'ÏCÕ�Ò3Ô�ÈEÕ¶×CÞoÌ�ØtÖ(È�Ó'Ê3Ì�Ö(É»Ê�Ë�Ô�Ò�Ó'Ó'È�ÊLÖ¾Ö(Î�Ó'Ï]Ò�Ë�ÎoÖ(Î�È}Ô�Ï]É»Ø�Ð+ÉtØ»Ø�Ö'È�Ê3Õ¶Ö'Ï�ÉtÊ3Õ�Ò3Ô�È}ÈXØtÈEÔ�Ö'Ó(ÉûÔ+Ô�Ò�Ó'Ó'È�ÊLÖ'Í¾É»Ê�Ö(Î�È}Ô�Ï]Ó'È
ÉtÖ'Í(È�ØtÚg� â 9'9 ��Þ�ãb½D½�â�ä%Z Ü���á Û Î3É»ÍäÈ�>:ÈEÔ�Ö}Ô�Ì]Ê!×:È�Ö(Î�Ï�Ò�Ë]ÎLÖäÏ�ÚãÌ�Í�Ö(Î�Ï�Ò�Ë]Î|Ö(Î�È�É»Ó(Ï�Ê!Ô�Ï]Ó'ÈlÏ�Ú Ö(Î�È�Ö'Ó'Ì]Ê3ÍdÚ�Ï�Ó(Ù�ÈXÓ�Ð#È�Ó'È
Ì�Í(Ï]Ó(Ö}Ï�ÚeÍWÈEÔ�Ï�Ê3Õ�Ì�Ó'Þ�Ö'Ó'Ì]Ê3ÍdÚ�Ï�Ó(Ù�ÈXÓ}Ô�Ï]É»Ø>è:ÏÑÐ�ÈXÓ(É»Ê�Ë�Ì�Ó'ÈXÍ(É»ÍWÖ(É»â]ÈrØ»Ï�Ì�Õ\ýeÖ'Î�È�Ø»ÈXÍ'Í î Ö(Î3Ì]Ê î èjÈXÓWÚ�ÈEÔ�ÖlÔ�Ï�Ê3Õ8Ò3Ô�Ö(É»âCÉåÖdÞ!Ï�Ú
Ö(Î3È+ÉtÓ'Ï]ÊoÙ�È�Ö'Ì]Ø á Û Î�ÉûÍ	È�>�ÈXÔ�Ö'ÍeÔXÌ�Êo×jÈ+Ù�É»Ê�É»ÙoÉÂK�ÈEÕ�Ð+ÉåÖ'Î�Ø»Ì]ÙoÉ»Ê3Ì�Ö(ÈXÕoÔ�Ï�Ó(ÈEÍ�Ü]Ë]ÏCÏ8Õ¶Ô�Ï]Ó'È#Õ8ÈEÍWÉ»Ë]Ê�Ì�ÊjÕ¶Î3ÉtË�Î î Ë�Ó'Ì�Õ8È
Ù�ÌÑÖ'È�Ó'É»Ì]Ø»ÍXÜ8×�Ò8Ö}Ê�ÈXâ]ÈXÓäÔ�Ï]Ù�è�Ø»È�Ö'È�Ø»Þ|È�Ø»É»ÙoÉ»Ê3Ì�Ö(ÈXÕ>á

õgÊ�È�Ê3Ï�Ö'Ì]×�Ø»È�È���Ô�ÈXè8Ö(É»Ï]Ê�Ö'Ï�Ö(Î3ÈôÓ'Ò�ØtÈôÏ�Ú`Ô�É»Ó)Ô�Ò�ÉtÖlÓ'ÈXÍ(É»ÍWÖ'Ì]Ê3Ô�ÈôÔXÌ�Ò3Í(É»Ê�Ë�Ì�Ó'ÈXÍ(Ï]Ê3Ì]Ê�Ö+Ú�Ó'È�WLÒ�ÈXÊ3Ô�Þ�Í(Î�ÉåÚ Ö�É»ÍlÖ(Î3È
Ô�Ì�ÍWÈgÏ�Ú Í(È�Ó'É»ÈXÍ�Ó(ÈEÍWÉûÍdÖ'Ï]Ó î É»Ê3Õ8ÒjÔ�Ö(Ï�Ó î Ô�Ì]è3Ì]Ô�ÉåÖ'Ï]ÓH��:2|}ö;�g:'�eÔ�ÉtÓ)Ô�Ò3ÉåÖ)Í�á � ÏoØtÏ�Ê�Ë¶Ì�Í �]¼ð¼CÔ�Ï]Ù�è:Ï]Ê�ÈXÊLÖ'Í#Ì�Ó'ÈgÔ�Ï�Ê�Ê�ÈEÔ�Ö(ÈEÕ
É»Ê�Í(È�Ó'É»ÈXÍ#Ð+ÉåÖ'ÎéÈXÌ�Ô)Î|Ï�Ö'Î�È�ÓEÜCÖ(Î3È�Ó(ÈEÍWÏ�Ê3Ì�ÊLÖ#Ú�Ó(È6W�Ò3È�Ê3Ô�Þ|Ï�Ú Ö(Î�È�Ô�ÉtÓ)Ô�Ò3ÉåÖ}Ð+É»ØtØ\×:È�Ò�Ê3Ì?>:ÈEÔ�Ö'ÈXÕü×CÞ�Ö(Î3È�Ó(ÈEÍWÉûÍdÖ)Ì�Ê3Ô�È]ý

1

0 0

2

3

Series LC with resistance in series

V
�

1 1 V

R1

100 Ω

C
_

1 10 µF

L1 100 mH

W)YQZ�[?Y�W¹Z�a`VfVb[rZ�Vgh�[gij'kXkmlXU�Vnk3Wc[rqZ'kXkmo}kglclV�k*otu}kgl)ha�k*utl}kglclr|xzU�V.a�[�qÈocl/kgldltocldlx�_,a'$QitU�VX['��j'kQ�xzY)qb�
� Z`YQ� ['�zj'kQ� y�xz�'``uQ�`^dlcu ��xz�\kguQ�`^dlcu k~x1lclclQ��^Qlco^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^k~xzldlclQ�b�bldo y�x1oclcoQ��^Qlcu ! x x xk~xzld{cuQ�b�bldo y�x1w\kgyQ��^Qlcu x ! x x xk~x�krlc{Q�b�bldo ��x1l\kgyQ��^Qlcu x x ! x xk~x�kr{c�Q�b�bldo ��x1uc�cwQ��^Qlcu x x ! x xk~xzo�kck��b�bldo ��x1y'``yQ��^Qlcu x x ! x xk~xzodwcuQ�b�bldo ��x1lcwcuQ��^Qlcu x x x ! xk~xzu�kgwQ�b�bldo ��x1ucuc�Q��^Qlcu x x x ! x
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k~xzudwc�Q�b�bldo ��x1{cyclQ��^Qlcu x x x ! xk~xi`bo\k��b�bldo ��x1yc{coQ��^Qlcu x x x ! xk~xi`by'`c�b�bldo ��x1�c�cuQ��^Qlcu x x x ! xk~xz{docwQ�b�bldo ��x1�cwc{Q��^Qlcu x x x xk~xz{dyc�Q�b�bldo ��x1�c�c�Q��^Qlcu x x x !
k~xzwducoQ�b�bldo ��x1�c�c�Q��^Qlcu x x x !
k~xzwd�'`c�b�bldo ��x1�cucwQ��^Qlcu x x x ! xk~xzyducyQ�b�bldo ��x1�c{clQ��^Qlcu x x x ! xk~xzyd�c�Q�b�bldo ��x1ycuc{Q��^Qlcu x x x ! xk~xz�2``oQ�b�bldo ��x1{c�c{Q��^Qlcu x x x ! xk~xz�d�c{Q�b�bldo ��xj``ucyQ��^Qlcu x x x ! xk~xz�2``yQ�b�bldo ��x1ocwc{Q��^Qlcu x x x ! xo�xzldlclQ�b�bldo ��x1lc�coQ��^Qlcu x x x ! x^X^t^t^t^X^t^X^X^p^X^t^X^t^X^p^X^X^t^X^t^t^t^X^X^t^X^p^X^t^X^� U'o�[�|�h)|sVghcZcZ`Y)qbi3UQi kr{c��xzof�s�q$)q\V?YXU2&`U,[rq\�

æ Ï]Ö(ÈrÖ'Î3ÌÑÖ}Ö'Î�È�è:ÈXÌ]ç|Ï�ÚãÖ(Î3ÈôÔ�Ò�Ó'Ó'È�ÊLÖ+Ë]Ó)Ì�è�Î�Î3Ì�Í+Ê�Ï�ÖlÔ)ÎjÌ�Ê�Ë�ÈXÕ|Ú�Ó(Ï�ÙíÖ'Î�È�ÈXÌ]Ó(Ø»ÉtÈXÓ}ÍWÈXÓ(É»ÈXÍlöè�?Ô�É»Ó'Ô�Ò�ÉåÖ���Ö(Î�È
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mixed-frequency
AC voltage

AC + DC
voltage

60 Hz
v

90 Hz
w
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1 V (peak) repeating square wave at 50 Hz is equivalent to:

(1 V peak sine wave at 50 Hz)

+ñ 4
ï
πð (1/3 V peak sine wave at 150 Hz)

+ñ 4
ï
πð (1/5 V peak sine wave at 250 Hz)

+ñ 4
ï
πð (1/7 V peak sine wave at 350 Hz)

+ñ 4
ï
πð (1/9 V peak sine wave at 450 Hz)

+ñ . . . ad infinitum . . .
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plot voltage waveform

plot voltage waveform

plot voltage waveform

plot voltage waveform

plot voltage waveform
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ÐºÎYÑ6Ð�ÆÂÆ�ÔãÆ�Í'È(Ö]ÏÜx#Ê%Ð2ÎYÑSÝgÐ ä'ÑX=
³9«�¬ µ ¨ª©X÷ µXø ©ø ¢�¢ù£��N¬ º ³X©21 ² ¢�¢ù£ ü�¢�3 ü�¢�3Í¢�£�3 » £43 �¨!¢�¢ù£û¢�£��ü ¶ �N´¯· ¶ ­ º ·536�H´Q³7�¯¢�£N£¯¢



��É�Ø Z%Ù [>\>]%^`_baLc�dfehgi^SjRÚ7k%_G^il#mn^So ZGp [ Z�q esrto>[<u q
üh´N¨ µ ­�¢�3Í¢ü�� º�¶ ´�´N¨ µ ­ ø 1L¢ � £ �ü¿¹ ¶ ¬H¨�ÄN£ ø 1�¢ � £ �ü ©X­ �
¹ ¶ ¬N¨¯·9©�¨ú® ¶ 36� ¶ ­4©9­H´Q³ ¶ ¹�´N¨ µ ­¯³H·9©9­H´¥¨ª©4³�� ¶ ­¯³X© ø 1�¢ �� ®�® ¶ 36� ¶ ­4©X­H´�� ÿ ü ÿNÿ�ÿ � ² £ ¼
*4µ ¨83 ¶ ­�·�® ¹�¨ª©�«X¬4©X­¯®5° ¹ ¶ ¬H¨¯·5©�¨ ­ ¶ ¨73 µNº ·5¦H© � � *ªµ ³X© ­ ¶ ¨73 µNº ·5¦H© �­ ¶ 1 * ¦ � ® ¶ 36� ¶ ­4©9­H´ ® ¶ 36� ¶ ­4©X­H´ 1 � © &\� � *4µ ³X©21 � © &\�¢ ÄSü £N£�£ � �H£¯¢ ¢ýü »NÆN¼ � �N£N£ ¢ýü¿£N£N£N£N£�£ ² ¢ýü þ £�£ £Sü¿£N£N£» ¢ýü £N£�£ � �H£ » ¢ýü ÿNÿNÿ � ² £ » £Sü¿£¯¢�Ä Æ £ Ã þNÅ ü ¼Nþ�» þNþ üs¢ þN»¼ ¢ýü ÄN£�£ � �H£ » Ã ü »N¼Nþ � ² £¯¢ £Sü ¼N¼N»NþNÿ�Æ ² ÄSü Ã £�£ ² ¼ ü Å £N£Ã » ü £N£�£ � �H£ » ¢ýü ÿNÿNÆ � ² £ » £Sü¿£¯¢�Ä ÅNþ�þ þN» ü ÆNÅXÃ þ�Ã ü¿Ä Å�ÃÄ » ü ÄN£�£ � �H£ » » ü¿Ä ¼NÅ � ² £¯¢ £Süs¢ ÿNÿN» ¢LÄ ² ÿ ü £N£�£ ² Æ ü » £N£Å ¼ ü £N£�£ � �H£ » ¢ýü ÿNÿ�Ã � ² £ » £Sü¿£¯¢�Ä ÅNÅ�¼ ÆNÿ ü�¢ ÃHÅ þ £Sü ÿ�ÃªÅÆ ¼ ü ÄN£�£ � �H£ » ¢ýü þ £ Ã � ² £¯¢ £Süs¢ Ã ¢ ÆN¼�Æ ² ¢ » ü Å £N£ ² ¢�£Sü þ £N£þ Ã ü £N£�£ � �H£ » ¢ýü ÿNþNÿ � ² £ » £Sü¿£¯¢�Ä ÅN»�Æ Æ ÄSü Ä »�ÿ ÆNÆ ü ¼N»Nÿÿ Ã ü ÄN£�£ � �H£ » ¢ýü ¼NÿNÅ � ² £¯¢ £Süs¢�£ ÿNÅNÅ�» ² ¢ Å ü�¢ ÿNÿ ² ¢ Ã ü ¼�ÿNÿ
	 Í2ÌYÇÚËtÑºÙ(Í�ÝáÌÃÙ(ÇÂÏ Ð2È%Ð�ÆÂÔsÏ«ÇÚÏßÏ«Ù%Í�ÝHÏQÆÂÑ�ÏÃÏSÍ�ÓgÐ¸; à�ËvÍ2ÒLÕ�Í'È(ÑvÈ#Ìßä2Í'Æ�Ì@Ð�Ö2ÑºÐ�È%ÉåÆÂÍ�Ý0Ñ�ÎSÐ2ÒºÕ%Æ�Ç�ÌYÊ%É(Ñ�ÏSÓ¼Í2ÎßÑ6Ð2Ë@Ù

Í�ÓwÌÃÙ(ÑºÑvä2Ñ�È�Ù%Ð�ÎÃÒLÍ2È(ÇÚËßÓ¼ÎÃÑ�x#Ê(Ñ�È%ËtÔ�ÏYÇ�È(ÑyÝgÐ ä'Ñ�Ï�Ø�Ð2Æ�Æ Þ Ñ6ËvÐ2Ê%Ï«Ñ�Ý0ÑyÆ�ÑvÌQÌYÙ%ÑºËvÍ2ÒLÕ(ÊsÌÃÑvÎßÏYÐ2ÒºÕ%Æ�Ñ�ÒLÍ'ÎYÑºËtÔsËtÆÂÑ�ÏQÍ�Ó
ÌYÙ%Ñ)Ý	Ð ä2Ñ'×5ÅHÖ#Ð�ÇÂÈ�ØOÌYÙ(Ñ�ÇÂÒºÕ%ÎYÑ6ËtÇÚÏ«ÇÂÍ2È�Í2Ó\ÌYÙ(ÑÁ�%Î@Ï�ÌLÐ�È%Ð2Æ�ÔsÏYÇÂÏ�ÇÂÏyÈ(Í2ÌLÏYÍ5ÒyÊ%Ë@ÙzÐfÐ�Ð Ý ÇÂÈÕCªU / à-ò Ð'Ï�Ç�ÌºÇÚÏºÐ
Ó¼Ê(È%É%Ð�ÒLÑvÈ#ÌÃÐ2Æ�Õ(ÎÃÍ2Õ�ÑvÎYÌ�Ô]Í�ÓOÝgÐ ä'Ñ�ÏgÐ�È%É�Í2Ó}ÏYÇ�Ö'È%Ð�Æ�Ð2È%Ð�ÆÂÔsÏ«ÇÚÏv×

êzëãì<í)îtì<ïñð
ê CHx#Ê%Ð�ÎÃÑ<Ý	Ð ä2Ñ6Ï	Ð�ÎÃÑSÑLx#Ê(Ç�ä�Ð2Æ�Ñ�È'Ì\ÌÃÍ]Ð]Ï«ÇÂÈ(ÑßÝgÐ ä'ÑSÐ�Ì\ÌYÙ(Ñ�ÏÃÐ�ÒLÑ�?JÓ¼Ê%È%É(Ð�ÒLÑ�È'Ì@Ð�ÆÏAgÓ¼ÎÃÑ�x#Ê(ÑvÈ�ËtÔãÐ'É(ÉsÑ�É)ÌÃÍLÐ2È

Ç�ÈH��È(Ç�ÌÃÑ�Ï«Ñ�ÎYÇÂÑ�ÏgÍ2Ó}ÍsÉ(ÉN�jÒ�Ê%Æ�ÌÃÇ�Õ(ÆÂÑ�ÏYÇ�È(Ñ��üÝ	Ð ä2Ñ<Ù%Ð�ÎÃÒLÍ2È(ÇÚËvÏ\Ð�ÌHÉsÑ�ËvÎYÑ6Ð2ÏYÇ�È(ÖLÐ�ÒLÕ(ÆÂÇ�ÌYÊ%ÉsÑ6Ïv×
ê à0Í2ÒLÕ(ÊsÌÃÑvÎ8Ð�ÆÂÖ2Í'ÎYÇ�ÌYÙ%ÒLÏºÑvö�ÇÚÏ«Ì8Ý\Ù(ÇÂË@ÙfÐ�ÎÃÑ�Ð Þ ÆÂÑ�ÌYÍ�ÏÃÐ�ÒLÕ(ÆÂÑ�ÝgÐ ä'Ñ�ÏYÙ%Ð�Õ�Ñ�ÏLÐ�È�É;ÉsÑvÌYÑ�ÎYÒLÇÂÈ(Ñ�ÌYÙ(Ñ�Ç�Î)ËtÍ2Èª�

Ï�ÌÃÇ�ÌÃÊ(ÑvÈ#ÌpÏYÇÂÈ#Ê�Ï«Í'ÇÂÉ(Ð2Æ�ËtÍ'ÒLÕ�Í'È(ÑvÈ#ÌÃÏ�× è	Ù(Ñ�
�ô93 ó 1 øtó9�(ó ��û%úÈ�tô ó2: Ð�ÆÂÖ2Í'ÎYÇ�ÌYÙ(Ò ?¼Õ%Ð2Î«ÌÃÇÂËvÊ(ÆÚÐ�ÎÃÆ�ÔqÌYÙ(Ñ�
ý��ú��
�ô93 ó 1 øtó��(ó ��û(úÈ�tô ó2: Ø%Í'Î:
�
 � A	ÇÚÏQËvÍ2ÒLÒLÍ2È(ÆÂÔãÊ�Ï«Ñ6É)ÇÂÈdËtÍ'ÒLÕ(ÊsÌYÑ�ÎQËtÇÂÎ@ËtÊ(Ç�ÌQÏ«ÇÂÒ�Ê%ÆÂÐ�ÌYÇÂÍ2È�Õ(ÎÃÍ2Ö2Î@Ð�Ò]Ï	ÏYÊ%Ë@Ù
Ð2ÏtCHU / à-òfÐ2È%É�Ç�È�ÑvÆÂÑ�ËtÌYÎÃÍ2È(ÇÚË<ÒºÑvÌYÑ�ÎYÇÂÈ(Ö]Ñ�x#Ê(ÇÂÕ(ÒLÑvÈ#Ì	Ó¼Í2ÎHÉ(ÑtÌYÑ�ÎYÒLÇÂÈ(ÇÂÈ(Ö]Õ�Í�ÝgÑvÎtx#Ê%Ð2Æ�Ç�Ì�Ô2×

����; <Í">=,áG$ â�àtã.á<ä�=,à.?�áGä
ÅQÏ	Ï«ÌYÎ@Ð�È(Ö'ÑQÐ2ÏgÇ�ÌgÒ]Ð Ô]ÏYÑvÑvÒ�Ø!��û�THÎÃÑvÕ�Ñ�Ð�ÌÃÇ�È%Ö%Ø�È(Í2Èª�jÏYÇ�È�Ê%ÏYÍ2ÇÚÉ(Ð2Æ%Ý	Ð ä2ÑtÓ¼Í'ÎYÒ ÇÚÏ0Ð'Ë[ÌYÊ�Ð�ÆÂÆ�ÔLÑ�x#Ê(ÇÂä�Ð�ÆÂÑvÈ#ÌgÌYÍLÐ�ÏYÑvÎÃÇ�Ñ6Ï
Í�ÓOÏ«ÇÂÈ�Ê%ÏYÍ2ÇÚÉ(Ð�Æ.Ý	Ð ä2ÑtÓ¼Í'ÎYÒ]Ï4Í�Ó}É(Ç�é.ÑvÎÃÑvÈ#ÌHÐ�ÒLÕ(ÆÂÇ�ÌÃÊ%ÉsÑ6Ï\Ð�È%ÉãÓ¼ÎYÑLx#Ê(ÑvÈ%ËvÇ�Ñ6Ï	Ð2É(ÉsÑ6É8ÌÃÍ2Ö'ÑtÌYÙ%ÑvÎ6×'Cªx'Ê�Ð�ÎÃÑ<Ý	Ð ä2Ñ6Ï0Ð2ÎYÑSÐ
ä2Ñ�ÎYÔ8ËvÍ2ÒLÒLÍ2È�Ð�È�ÉãÝgÑvÆÂÆ �jÊ(È%É(ÑvÎ@Ï�ÌÃÍ#ÍsÉ�ËvÐ'Ï«Ñ'Ø Þ ÊsÌQÈ(Í2ÌgÌÃÙ(Ñ Í2È%Æ�Ô8Í'È(Ñ2×ò�ÆÂÑ�ËtÌYÎÃÍ2È(ÇÚË	Õ�Í�Ý0Ñ�Î4ËtÍ'È'ÌÃÎYÍ'Æ%ÉsÑ�ä#ÇÚËtÑ6Ï4ÏYÊ%Ë@Ù8Ð2Ï�ÌYÎ@Ð�È%ÏYÇÚÏ�ÌÃÍ2Î@Ï�Ð�È%É]ÏYÇÂÆ�ÇÚËtÍ'ÈH�jËvÍ2È#ÌYÎÃÍ2ÆÂÆÂÑ�ÉºÎYÑ6Ë[ÌÃÇ �%Ñ�ÎÃÏ<?A@CBEDSú A�Í�ÓJÌYÑ�È
Õ(ÎÃÍsÉsÊ%ËtÑãä2Í2Æ�ÌÃÐ2Ö2Ñ8Ð2È%É�ËtÊ%ÎYÎÃÑvÈ#Ì�Ý	Ð ä2ÑvÓ¼Í2ÎÃÒLÏSÌÃÙ%Ð�ÌLÐ�ÎÃÑ8Ñ�ÏÃÏYÑvÈ#ÌYÇÚÐ�ÆÂÆ�ÔÜË@Ù(Í'Õ(Õ�Ñ6ÉN�jÊ(Õ¶ä2Ñ�ÎÃÏYÇ�Í'È%Ï Í2Ó\ÌYÙ(Ñ)Í�ÌYÙ%ÑvÎÃÝ\ÇÂÏYÑF2ËvÆ�Ñ6Ð�È4F�?¼Õ(Ê(ÎÃÑLA�Ï«ÇÂÈ(Ñ��üÝ	Ð ä2Ñ8ÅQà Ó¼ÎÃÍ2ÒuÌYÙ%Ñ)Õ�Í�Ý0Ñ�ÎyÏYÊ(Õ(Õ(ÆÂÔ2×Üè	Ù(Ñ6Ï«Ñ�ÉsÑvä�ÇÚËtÑ�Ï�Ù%Ð ä2Ñ8ÌYÙ(Ñ�Ð Þ ÇÂÆÂÇ�Ì�ÔpÌYÍpÏ«Ê�É(ÉsÑvÈ%Æ�Ô
÷��ª��ûNM ø ÌÃÙ(ÑvÇÂÎ0ÎÃÑ�ÏYÇÚÏ�Ì@Ð�È%ËvÑHÝ\Ç�ÌÃÙ]ÌYÙ%Ñ<Ð�Õ%Õ(Æ�ÇÚËvÐ�ÌYÇÂÍ2È8Í2Ó�Ð�ËtÍ'È#ÌYÎÃÍ2Æ�ÏYÇÂÖ2È%Ð2Æ%ä2Í'Æ�Ì@Ð�Ö'Ñ\Í2Î0ËvÊ(ÎÃÎYÑ�È'Ì6Ø2ÌÃÙ�Ê%Ï`F�ÌYÊ(ÎÃÈ(ÇÂÈ(Ö�Í'È4F
Í2Î>F�ÌYÊ%ÎYÈ(ÇÂÈ(ÖLÍ�é�F]Ð�ÆÂÒLÍ'Ï«ÌHÇ�È�Ï�Ì@Ð�È#ÌÃÐ2È(ÑvÍ'Ê%Ï«ÆÂÔ2Ø%Õ(ÎYÍsÉsÊ�ËtÇÂÈ(Ö8ËtÊ(ÎÃÎÃÑvÈ#Ì\ÝgÐ ä'ÑtÓ¼Í2ÎÃÒ]Ï Þ Ñ6Ð�ÎÃÇ�È(Ö]ÆÂÇ�Ì«ÌYÆÂÑ�ÎÃÑ�ÏYÑvÒ Þ ÆÂÐ2È%ËtÑSÌÃÍ
ÌYÙ%ÑHÏ«Í'Ê(ÎÃËvÑ	ä2Í2Æ�ÌÃÐ2Ö2Ñ	Ý	Ð ä2ÑtÓ¼Í'ÎYÒâÕ�Í�Ý0Ñ�ÎYÇÂÈ(ÖSÌYÙ%ÑHËtÇÂÎÃËvÊ(Ç�Ì6×wè	Ù(Ñ�ÏYÑ\ËtÊ(ÎÃÎYÑ�È#ÌOÝ	Ð ä2ÑvÓ¼Í2ÎÃÒ]Ï�ÌÃÙ(ÑvÈ]Õ%ÎYÍsÉsÊ%ËvÑ\Ë@Ù%Ð�È(Ö'Ñ�ÏOÇÂÈ
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ÌYÙ%Ñ0ä'Í2Æ�ÌÃÐ�Ö'Ñ�Ý	Ð ä2ÑtÓ¼Í'ÎYÒ ÌYÍSÍ�ÌÃÙ(ÑvÎOËtÇÂÎ@ËtÊ(Ç�ÌOËvÍ2ÒLÕ�Í2È(Ñ�È'Ì@ÏvØ�É(Ê(Ñ4ÌÃÍ<ä'Í2Æ�ÌÃÐ2Ö2Ñ4ÉsÎÃÍ2Õ�Ï�ËvÎYÑ6Ð�ÌYÑ6É Þ ÔßÌYÙ(ÑgÈ(Í'ÈH�jÏYÇÂÈ#Ê�Ï«Í'ÇÂÉ(Ð2Æ
ËtÊ%ÎYÎÃÑvÈ#Ì	ÌYÙ(ÎÃÍ2Ê%Ö2Ù�ËtÇÂÎÃËvÊ(Ç�Ì\ÇÂÒLÕ�Ñ6É(Ð�È%ËvÑ�Ï�×

à0ÇÂÎÃËvÊ(Ç�ÌHËvÍ2ÒLÕ�Í'È(ÑvÈ#Ì@ÏgÌYÙ%Ð�Ì\É(ÇÂÏ«ÌYÍ'Î«Ì	ÌYÙ%Ñ È(Í2ÎÃÒ]Ð�Æ�Ï«ÇÂÈ(Ñ��üÝ	Ð ä2ÑßÏ«Ù�Ð�Õ�ÑSÍ2Ó}ÅQà1ä2Í2Æ�ÌÃÐ2Ö2ÑSÍ2ÎHËvÊ(ÎYÎÃÑvÈ#Ì\Ð�ÎÃÑSË�Ð�ÆÂÆ�Ñ6É
û�ô�û ù 1Jû ø � ó × 	 Í2È(ÆÂÇ�È%Ñ�Ð�ÎßËtÍ'ÒLÕ�Í'È(ÑvÈ#ÌÃÏSÏYÊ%Ë@ÙåÐ'ÏiC%à,+QÏ<��È%ÉdÕ�Í2Õ(Ê%ÆÂÐ2ÎSÊ�Ï«ÑyÇ�ÈpÕ�Í�ÝgÑvÎ<ÑvÆÂÑ�ËtÌYÎÃÍ2È(ÇÚËvÏSÉsÊ(ÑyÌYÍ)ÌYÙ(Ñ�Ç�Î
Ð Þ Ç�ÆÂÇ�Ì�ÔyÌYÍyÎYÑ�Ö2Ê(ÆÚÐ�ÌÃÑ\ÆÂÐ2ÎYÖ'ÑQÐ�ÒLÍ'Ê(È#ÌÃÏwÍ2Ó�ÑvÆÂÑ�Ë[ÌÃÎYÇÚËvÐ2Æ%Õ�Í�Ý0Ñ�Î�Ý\Ç�ÌYÙ(Í'ÊsÌgÉsÇÚÏÃÏ«ÇÂÕ%Ð�ÌÃÇ�È%Ö�Ò�Ê%Ë@ÙãÙ(Ñ�Ð�Ì�×OÛ1Ù(ÇÂÆ�ÑQÌYÙ(ÇÚÏ4ÇÚÏ4Ð2È
Ð2É(ä Ð2È#ÌÃÐ�Ö'Ñ�Ó¼ÎÃÍ2Ò ÌYÙ(ÑLÕ�ÑvÎ@Ï«Õ�Ñ�ËtÌYÇÂä2ÑLÍ�ÓgÑvÈ(Ñ�ÎYÖ'Ô�ÑH/8ËtÇÂÑvÈ%ËvÔ2Ø�ÌYÙ(Ñ]Ý	Ð ä2Ñ6Ï«Ù%Ð2Õ�ÑºÉsÇÚÏ�ÌÃÍ2ÎYÌYÇÂÍ2È%Ï<ÌYÙ%ÑvÔ5ÇÂÈ#ÌYÎÃÍsÉsÊ%ËtÑLËvÐ2È
ËvÐ2Ê%ÏYÑSÕ%ÎYÍ Þ Æ�Ñ�Ò]Ïv×

è	Ù(Ñ6Ï«Ñ]È(Í'ÈH�iÏ«ÇÂÈ�Ê%Ï«Í'ÇÂÉ%Ð�Æ�Ý	Ð ä2ÑvÓ¼Í2ÎÃÒLÏ�Ø�ÎÃÑvÖ#Ð�Î@ÉsÆ�Ñ6ÏYÏßÍ2Ó	ÌYÙ(Ñ�Ç�ÎLÐ2ËtÌYÊ%Ð2Æ4Ï«Ù�Ð�Õ�Ñ2ØwÐ�ÎÃÑ]Ñ�x#Ê(ÇÂä�Ð�ÆÂÑvÈ#Ì�ÌYÍåÐdÏ«Ñ�ÎYÇÂÑ�Ï�Í�Ó
ÏYÇ�È�Ê%ÏYÍ2ÇÚÉ(Ð�Æ%ÝgÐ ä'ÑtÓ¼Í2ÎÃÒ]ÏOÍ�Ó�Ù(ÇÂÖ2Ù(Ñ�Î<?¼Ù�Ð�ÎÃÒºÍ'È(ÇÚË�A}Ó¼ÎÃÑ�x#Ê(Ñ�È%ËtÇÂÑ�Ï�× / Ó�È%Í�Ì�Ì@Ð�ç2Ñ�ÈLÇ�È#ÌYÍyËtÍ2È�Ï«ÇÚÉsÑvÎ@Ð�ÌÃÇ�Í'È Þ ÔyÌYÙ%ÑQËtÇÂÎÃËvÊ(Ç�Ì
ÉsÑ6Ï«ÇÂÖ2È(Ñ�Î�Ø�ÌYÙ%Ñ�ÏYÑ�Ù%Ð2ÎYÒLÍ2È%ÇÂË�ÝgÐ ä'ÑtÓ¼Í2ÎÃÒ]ÏHËtÎÃÑ�Ð�ÌYÑ6É Þ Ô�Ñ�Æ�Ñ6Ë[ÌYÎÃÍ2È%ÇÂËyÏ«Ý\Ç�ÌÃË@Ù(ÇÂÈ(ÖãËvÍ2ÒLÕ�Í2È(Ñ�È'Ì@ÏQÒ]Ð Ô�ËvÐ2Ê%ÏYÑ�ÑvÎÃÎÃÐ�ÌYÇÚË
ËtÇÂÎ@ËtÊ(Ç�Ì Þ ÑvÙ%Ð ä�ÇÂÍ2Î6× / Ì)ÇÚÏ Þ Ñ�ËvÍ2ÒLÇ�È%Ö�Ç�È�ËtÎÃÑ�Ð2ÏYÇÂÈ(Ö2ÆÂÔzËtÍ'ÒLÒºÍ'È1Ç�ÈfÌÃÙ(ÑdÑ�Æ�Ñ6Ë[ÌYÎÃÇÚË�Õ�Í�ÝgÑvÎ]ÇÂÈ%ÉsÊ�Ï�ÌÃÎYÔ;ÌYÍ�Í Þ ÏYÑvÎÃä2Ñ
Í�ä2Ñ�ÎYÙ%Ñ�Ð�ÌÃÇ�È%ÖºÍ2ÓOÌYÎ@Ð�È%Ï«Ó¼Í2ÎÃÒLÑvÎ@ÏHÐ�È%É�ÒLÍ2ÌYÍ2Î@ÏHÉsÊ%Ñ ÌYÍãÉ(ÇÂÏ«ÌYÍ'Î«ÌÃÇ�Í'È%ÏHÇÂÈ�ÌYÙ(ÑºÏ«ÇÂÈ(Ñ��üÝ	Ð ä2Ñ ÏYÙ%Ð�Õ�Ñ�Í�ÓOÌÃÙ(ÑyÅQàqÕ�Í�Ý0Ñ�Î
ÆÂÇ�È(Ñ�ä2Í2Æ�ÌÃÐ2Ö2Ñ�Ï«ÌYÑ�ÒºÒLÇÂÈ(Ö]Ó¼ÎÃÍ2Ò F2ÏYÝ\Ç�Ì@Ë@Ù(ÇÂÈ(Ö�FLÆÂÍ'Ð'É(ÏHÏYÊ%Ë@ÙdÐ2ÏHËvÍ2ÒLÕ(ÊsÌÃÑvÎ@ÏQÐ2È%É�Ù(ÇÂÖ2ÙH�jÑH/8ËtÇÂÑvÈ�ËtÔãÆÂÇÂÖ2Ù#ÌÃÏ�×\è	Ù(ÇÂÏQÇÂÏ
È(ÍºÌYÙ%ÑvÍ2ÎÃÑtÌÃÇÂË�Ð�Æ�Ñvö�Ñ�ÎÃËvÇÂÏYÑX=OÇ�ÌHÇÂÏ	ä'ÑvÎÃÔ8ÎÃÑ�Ð�Æ�Ð2È%É�Õ�Í2ÌYÑvÈ#ÌÃÇÂÐ2Æ�ÆÂÔ8ä2Ñ�ÎYÔ8ÌYÎÃÍ2Ê Þ ÆÂÑ�ÏYÍ2ÒLÑ'×/ ÈLÌYÙ%ÇÂÏ0Ï«Ñ6Ë[ÌYÇÂÍ2È�Ø / Ý\Ç�ÆÂÆ%ÇÂÈ�ä2Ñ6Ï�ÌÃÇ�Ö#Ð�ÌYÑHÐSÓ¼Ñ�ÝfÍ�Ó.ÌYÙ(ÑQÒºÍ'ÎYÑHËvÍ2ÒLÒLÍ2È]Ý	Ð ä2Ñ6Ï«Ù%Ð2Õ�Ñ6ÏwÐ�È%ÉLÏYÙ(Í�Ý;ÌYÙ(Ñ�Ç�Î0Ù%Ð�ÎÃÒLÍ2È(ÇÚË
ËtÍ'ÒLÕ�Í'È(ÑvÈ#ÌÃÏ Þ Ô8Ý	Ð Ô8Í2Ó~Ì(Í'Ê(ÎÃÇ�Ñ�ÎHÐ�È%Ð2Æ�ÔsÏYÇÂÏgÊ%ÏYÇ�È%Ö�CªU / à-òH×

õ<È(Ñ	ä2Ñ�ÎYÔyËtÍ2ÒLÒLÍ2ÈºÝ	Ð Ô Ù%Ð�ÎÃÒLÍ2È(ÇÚËvÏwÐ2ÎYÑ	Ö2Ñ�È(ÑvÎ@Ð�ÌÃÑ�É�Ç�È]Ð�È]ÅQà¶Õ�Í�ÝgÑvÎ�ÏYÔsÏ�ÌÃÑvÒ�ÇÚÏwÝ\Ù(Ñ�ÈLÅQà�ÇÚÏwËtÍ2È�ä'ÑvÎYÌYÑ�É�Ø
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The diode only allows electron
flow in a counter-clockwise
direction.
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²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²�² ²£Sü £�£N£ � �H£�£ £Sü¿£N£N£ � �N£N£bü � � ü üÄSü £�£N£ � ² £ Ã » ü þ £ Å � �N£N£bü ü � ü � ü ü¢ýü £�£N£ � ² £ ¼ ÄSü ÃªþN¼ � �N£N£bü ü � � ü ü¢ýü Ä�£N£ � ² £ ¼ Æ ü ÿN»Nÿ � �N£N£bü ü ü � �%ü ü» ü £�£N£ � ² £ ¼ ¢ýü¿£¯¢ ¼ � �N£¯¢ûü ü ü �O� ü» ü Ä�£N£ � ² £ ¼ ¢ýüs¢ ÿNþ � �N£¯¢ûü ü ü ü��7� ü¼ ü £�£N£ � ² £ ¼ ¢ýü ¼N¼Nþ � �N£¯¢ûü ü ü ü � � ü¼ ü Ä�£N£ � ² £ ¼ ¢ýü Ãª¼ Ä � �N£¯¢ûü ü ü ü � � üÃ ü £�£N£ � ² £ ¼ ¢ýü ÃªÆNÅ � �N£¯¢ûü ü ü ü � �`üÃ ü Ä�£N£ � ² £ ¼ ¢ýü ÃªÆ £ � �N£¯¢ûü ü ü ü � �`üÄSü £�£N£ � ² £ ¼ ¢ýü Ã £ Å � �N£¯¢ûü ü ü ü � � üÄSü Ä�£N£ � ² £ ¼ ¢ýü »NÿNÿ � �N£¯¢ûü ü ü ü � � üÅ ü £�£N£ � ² £ ¼ ¢ýüs¢ ¼Nÿ � �N£¯¢ûü ü ü ü�P üÅ ü Ä�£N£ � ² £ ¼ ÿ ü Ã ÄNÄ � �N£N£bü ü ü �Q�%ü üÆ ü £�£N£ � ² £ ¼ Æ üs¢N¢ ¼ � �N£N£bü ü ü � � ü üÆ ü Ä�£N£ � ² £ ¼ Ã ü¿Ä ÿ ¢ � �N£N£bü ü � ü � ü üþ ü £�£N£ � ² £ ¼ ¢ýü þ�Ã ¢ � �N£N£bü ü�� üR� ü üþ ü Ä�£N£ � ² £ ¼ ² ÿ ü�¢ ÆNÆ � ² £Q¢ ü � �~ü ü üÿ ü £�£N£ � ² £ ¼ ² ¼ ü Å�þNÿ � �H£�£Íü � � ü ü üÿ ü Ä�£N£ � ² £ ¼ ² Å ü »�ÿNþ � �H£�£Íü � � ü ü ü¢ýü £�£N£ � ² £ » ² þ ü Æ £¯¢ � �H£�£Íü �O� ü ü ü¢ýü £�ÄN£ � ² £ » ² ¢ýü £ ÆNÿ � �H£Q¢ ü �7� ü ü ü¢ýü�¢L£N£ � ² £ » ² ¢ýü »XÃªÿ � �H£Q¢ ü � � ü ü ü¢ýü�¢LÄN£ � ² £ » ² ¢ýü ¼�ÆNÆ � �H£Q¢ ü�� � ü ü ü¢ýü » £N£ � ² £ » ² ¢ýü Ã Ä ¼ � �H£Q¢ ü�� � ü ü ü¢ýü » ÄN£ � ² £ » ² ¢ýü ÃHþN» � �H£Q¢ ü�� � ü ü ü¢ýü ¼ £N£ � ² £ » ² ¢ýü Ã Ä » � �H£Q¢ ü�� � ü ü ü¢ýü ¼ ÄN£ � ² £ » ² ¢ýü ¼�ÆNþ � �H£Q¢ ü�� � ü ü ü¢ýü Ã £N£ � ² £ » ² ¢ýü »XÃªþ � �H£Q¢ ü � � ü ü ü¢ýü Ã ÄN£ � ² £ » ² ¢ýü £ þ ¢ � �H£Q¢ ü �7� ü ü ü¢ýü Ä�£N£ � ² £ » ² þ ü Å�þ ¢ � �H£�£Íü �O� ü ü ü¢ýü Ä�ÄN£ � ² £ » ² Å ü ¼�» ¢ � �H£�£Íü � � ü ü ü¢ýü Å £N£ � ² £ » ² ¼ ü Å�ÅNÅ � �H£�£Íü � � ü ü ü¢ýü Å ÄN£ � ² £ » ² ÿ ü ÃH¼N» � ² £Q¢ ü ü � �~ü ü ü¢ýü Æ £N£ � ² £ » ¢ýü þNÅ Ä � �N£N£bü ü � üR� ü ü
²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²�² ²

Ì�S$T�UWV!X0Y,ZXÒ [$[EU\ZMZ^]`_8YúCHU /\a òcb7dOb7[fe�|!Z!U,VN]`Z.UW_�g`T�hHZ:Y,b4i�ZHjk_lTNmnX0b�o6g`T\Z^U\S$d6Z^Y,b4i�Z�i�_l[$VNb7p�ZX=
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¹ ¶ ¬N¨¯·9©�¨ú® ¶ 36� ¶ ­4©9­H´Q³ ¶ ¹�´N¨ µ ­¯³H·9©9­H´¥¨ª©4³�� ¶ ­¯³X© ø 1�¢ �� ®�® ¶ 36� ¶ ­4©X­H´�� þ ü £¯¢ Å � ² £ Ã
*4µ ¨83 ¶ ­�·�® ¹�¨H©�«�¬4©X­Q®5° ¹ ¶ ¬H¨¯·9©�¨ ­ ¶ ¨73 µHº ·5¦H© � � *4µ ³X© ­ ¶ ¨73 µHº ·�¦H© �­ ¶ 1 * ¦ � ® ¶ 3`� ¶ ­4©X­N´ ® ¶ 36� ¶ ­ª©X­H´ 1 � © &\� � *ªµ ³X©q1 � © &\�¢ Å ü £N£N£ � �H£¯¢ ¢ýü ÃHþN» � �H£Q¢ ¢ýü £N£�£N£N£N£ ² £Dü £N£NÄ £Sü £�£N£» ¢ýü » £N£ � �H£ » » ü ÃHÿN» � ² £ ¼ £Sü £N£�£¯¢ ÅNþ ² ¢�£ Ã ü ¼�ÃªÆ ² ¢L£ Ã ü ¼�ÃH»¼ ¢ýü þ £N£ � �H£ » Å ü ÃHÅ Ä � ² £ Ã £Sü £N£�£N£ ÃNÃ ² þNÅ ü ÅNÅN¼ ² þNÅ ü Å Ä þÃ » ü Ã £N£ � �H£ » ¢ýü�¢ ¼N» � ² £ ¼ £Sü £N£�£N£ ÆNÅ ² Å ¢!ü ¼N»�Ã ² Å ¢ýü ¼ ¢ ÿÄ ¼ ü £N£N£ � �H£ » ¢ýü�¢ þ Ä � ² £ ¼ £Sü £N£�£N£ þ £ ² Æ £Dü £ ÿ ¢ ² Æ £Sü £ þ�ÅÅ ¼ ü Å £N£ � �H£ » ¢ýü £ ÿN» � ² £ ¼ £Sü £N£�£N£ Æ�Ã ² ÅN¼ ü Å £ Æ ² ÅN¼ ü Å £ »Æ Ã ü » £N£ � �H£ » ¢ýü »�» £ � ² £ ¼ £Sü £N£�£N£ þN» ² Ä Å ü »NþNþ ² Ä Å ü »Nþ�¼þ Ã ü þ £N£ � �H£ » ¢ýü ¼ Ä Ã � ² £ ¼ £Sü £N£�£N£ ÿ ¢ ² Ä Ã ü ÅNÅNÿ ² Ä Ã ü ÅNÅXÃÿ ÄSü Ã £N£ � �H£ » ¢ýü ÃHÅNÆ � ² £ ¼ £Sü £N£�£N£ ÿNÿ ² Ä » ü ÅNÅ £ ² Ä » ü Å Ä�Ä
	 _lV\SrhHZsV\]`Z�ZHtuV\TNZMmvZM[fewUWm�bl[$[C]6b7TNmv_ld`Srhsbld6xf; a hH_lmvoy_ld`Z!dzVNU�_7j>V\]6SfU:UWSfdug6U\_lSrx`b7[CY,b4i�ZHjk_lTNmn{ / x0Z!bl[$[felXV\]6ZMTNZ�Y,_lg`[rx}|yZ�d`_lV\]`Sfd`p
|`g0VsVN]`Z�jkg`d6x`blm~Z!dzVNb7[�jkTNZ�xzg`ZMdOhHe}UW]6_8Y�S$d`pù?k|yZMSfd`p�b�oOZ!TWjkZ�h5VvUWSfd`Z�Y,b4i�ZLA5X�|`g0V_lg6T#Ì6_lg`TNS$Z!T~bld6b7[fe0UWSrUJ�Oplg`TNZ!U~b7TNZMd!Ò V�oyZMT\jkZ!hHV~|yZ!h!b7g6U\ZfCHU /\a ò�x0_uZ!U\d!Ò Vv]6b4i�Z�V\]`Z�[fg0t0g`T\e}_lj�U\blmvo`[$Sfd`p�bY�b4ilZHjk_�T\m�_7j,S$dª�6d`S$V\Z�x0g`T�b8VNS$_�dE{ 	 ZMtuV!XEY,ZXÒ [$[>hM_lmvo6b7TNZ.VN]`SrU�Y�S�VN]�VN]`Z�Ì`_lg6T\SfZMT^b7dOb7[feuU\SrU�_ljKV\]`Zv]6bl[�jÏ��Y�b4ilZF7TNZ!hHV\SË�6Z!x4F�i�_l[$VNblplZ�b�hHTN_�UNU�V\]`Z^[f_�b�x�TNZ!U\SfUWV\_�T�=

¹ ¶ ¬N¨¯·9©�¨ú® ¶ 36� ¶ ­4©9­H´Q³ ¶ ¹�´N¨ µ ­¯³H·9©9­H´¥¨ª©4³�� ¶ ­¯³X© ø 1 » �� ®�® ¶ 36� ¶ ­4©X­H´�� Ã ü Ã Ä Å � �H£N£
*4µ ¨83 ¶ ­�·�® ¹�¨ª©�«X¬4©X­¯®5° ¹ ¶ ¬H¨¯·9©�¨ ­ ¶ ¨73 µHº ·5¦H© � � *4µ ³X© ­ ¶ ¨73 µNº ·5¦H© �­ ¶ 1 * ¦ � ® ¶ 3`� ¶ ­4©X­N´ ® ¶ 36� ¶ ­ª©X­H´ 1 � © &\� � *4µ ³X©21 � © &\�¢ Å ü £N£N£ � �H£¯¢ Æ ü £�£N£ � �H£�£ ¢ýü £N£�£N£N£N£ ² £Dü�¢ ÿ Ä £Sü £�£N£» ¢ýü » £N£ � �H£ » ¼ ü £Q¢ Å � �H£�£ £Sü Ãª¼ £ þ�Ãªÿ ² þNÿ ü ÆNÅ Ä ² þNÿ ü Ä Æ £¼ ¢ýü þ £N£ � �H£ » ¢ýü » £ Å � ² £Q¢ £Sü £¯¢ ÆN»N»N¼ ² ¢ ÅNþ ü £N£NÄ ² ¢ ÅNÆ ü þ ¢L£Ã » ü Ã £N£ � �H£ » ÄSü�¢ Ãªÿ � ² £Q¢ £Sü £ Æ�¼ ÄNÄ Å ² þNÆ ü »Nÿ Ä ² þNÆ ü�¢�£�£Ä ¼ ü £N£N£ � �H£ » Å ü ¼�þN» � ² £ » £Sü £N£ ÿ ¢N¢ Æ ² ¢�Ä » ü ÆNÿ £ ² ¢LÄ » ü Ä ÿ ÄÅ ¼ ü Å £N£ � �H£ » ¢ýü Æ�»NÆ � ² £Q¢ £Sü £ »XÃªÅNÆNÅ ² ÆNÿ ü ¼NÅN» ² ÆNÿ ü�¢ Å�ÆÆ Ã ü » £N£ � �H£ » Ã ü ÃHÿN» � ² £ » £Sü £N£ Å�Ã ¢ Æ ² ¢ ¼N» ü Ãª» £ ² ¢ ¼N» ü »N»XÃþ Ã ü þ £N£ � �H£ » Æ ü ÃHÿN¼ � ² £ » £Sü £¯¢L£ Æ £ ¼ ² Å ¢!ü ÃªÆNÿ ² Å ¢ýü »NþXÃÿ ÄSü Ã £N£ � �H£ » Ã ü £�Ä¯¢ � ² £ » £Sü £N£�Ä ÆNþNÆ ² ¢N¢�ÄDü £ þ Ä ² ¢�¢ Ã ü þNþ�ÿ
	 _lV\SrhHZsV\]`Z~T\Z![fb7V\SfilZ![$en[rb7TNplZ.Z!ilZMdª��m�g`[�VNS$o6[$Z�]6b7TNmv_ld`SrhMU�S$d�V\]`SrU�b7d6bl[$e0U\SfU!{ Ñ e�hMg0VWVNS$d`p�_lg`V�]6bl[�j�_lj�_lg6T� a Y,b4i�ZlX�Y,ZXÒ ilZ~S$dzV\TN_0x0g6hMZ!x
V\]`Z�ZLxzg`S$i8bl[$Z!d�V^_lj�U\ZMi�ZMT�b7[�]`S$p�]`ZMTÜ��jkT\ZLx�g6ZMd6hMe�UWSfdug6UW_�Sfx6b7[G?Lb�h5VNg6b7[f[$e�X�hH_zUWSfd`Z�AY�b4ilZHjk_�T\m�U�SfdzV\_�_lg`T:hHSfTNhMg`S�V:jkTN_lm�V\]`Z�_lTNS$p�S$dOb7[�XOo`g6T\Z~UWSfd`Zs��Y�b4ilZl{���[rUW_�V�b7��Zsd`_lV\Zs_lj>V\]`Z~[rb7TNplZ{; a hH_�m#�oy_ld`Z!d�VL=tÎ6{ Î�WXY�il_�[�V�UM{ Ñ Z�hMblg6UWZs_lg`T:� a il_�[�V�b7plZ^Y�b4ilZMjk_lTNm�]6b�U�|yZMZ!d�FlT\Z�h5V\SË�6Z�xªF�?k_�d`[fenbl[$[f_8Y,Z!x�V\_�o`g6U\]Sfd�_�d`Z^x0SfT\Z�h5V\Sf_ldnblhMT\_zU\U�VN]`Z^[$_zblx�TNb7V\]`Z!T,V\]6bld�|Oblh�����bld6xN��jk_lT\V\]�AHXuS�V�|yZM]6b4i�Z!U�bv[f_7V�mv_lTNZ:[fSf�lZJ; a {
��d6_7V\]6ZMT�mvZHV\]6_ux~_ljy� a P5; a hM_lduilZ!TNU\Sf_ld.SrU>hMbl[$[fZ!xi��3 ùJù ÛAIS�58 ø XlY�]`Srh�]~b�U�el_�gsm�b4e.]6b4i�Z�p�g`Z!UNUWZ�x.g0VNS$[fS¾|MZ!UV\]6Z�jkg6[$[`hMeuhM[$Z,_7j�� a oy_8Y�Z!TCjkTN_lm�VN]`Z�UW_�g`T�hHZlX8TNZMi�ZMT�UWSfd`p�VN]`Z�oO_�[fblT\S$V�e�_7jy]6b7[$j6VN]`Z�� a hHe0hH[fZ�V\_�plZMV�Z![$Z�h5V\TN_ldOUV\_ÁÐ6_8YQVN]`TN_lg`p�]�V\]6Z~[f_�b�xnV\]6ZvUNb7mvZvx0SfT\Z�h5V\Sf_ld�b7[f[�V\]`Z~V\SfmvZl{ / Y�_�d!Ò V�|y_lTNZse�_lg
Y�S�VN]�x0ZMVNblS$[rU:_7j�ZMt`blh5VN[$e]`_8Y�V\]`SrU�SrU�x0_ld`Z�X`|`g0V�Y,Z^hMbld�ZMt0blmvS$d`Z�VN]`Z^Y�b4ilZHjk_�T\mqbld6x�S$VNU�]6b7TNmv_ld`Srh�b7d6bl[$e0U\SfU�V\]6T\_�g`pl]fCHU /\a ò<=
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� ]6b7V�b:x`S���ZMTNZMd6hMZl >��h!hH_�TNx0Sfd`p�V\_{CHU /\a òGÒ U'Ì`_�g`T\SfZMT�VNTNbld6UWjk_lTNm�XlY�Z�]6b4i�Z�bEV7d6x�]6b7TNmv_ld`Srh�hH_lmvoy_ld`Z!dzVV\_�V\]`SrU�Y,b4i�ZHjk_lTNm2VN]6b8VLÒ U�_8ilZ!T<Ø�WvV\Sfm~Z�U�VN]`Zvb7mvo`[fS�VNg6x0Zs_lj>V\]`Z�_lTNS$p�S$dOb7[C� a U\_lg`T�hHZ.jkT\ZLx�g6ZMd6hMey :��]`Z.; ahH_�mvoO_�d`ZMdzV�_lj>V\]`SrU�Y,b4i�ZsUW]6_8Y�U�g`o�b�U�|yZMSfd`p,Ø`{ÖV�Â5Évi�_l[$VNU.?Lb7[fmv_�UWV�V�Y�SrhHZ�Y�]6b8V:SfU�Y,b�U�jk_�T�VN]`Zs]6bl[�jÏ��Y�b4ilZTNZ!h5VNS �OZMT�hHSfTNhMg`S$V�A~Y�]`Sf[$Z�VN]`Z�UWZ�hH_�d6x�]6blT\mv_�d`Sfh�SrU�b7[fmv_�UWV�Y�il_�[�V�U~S$d�b7mvo`[fS$V\g6x0Z�{ 	 _7VNSfhMZwb7[f[�V\]`Zw_lV\]`Z!T]6blT\mv_ld6Sfh!U~jkg`TWVN]`ZMT�_ld�x0_8Y�dcV\]`ZnV�b7|`[fZl{���]6Zw_ux6x�]Ob7TNm~_�d`SrhMU�b7TNZwblhHV\g6bl[$[fe�UWV\TN_ld`p�ZMT�b8V�U\_lmvZw_7j:V\]6Z]`Sfpl]`Z!T�jkT\ZLxzg`ZMd6hMS$Z�U,V\]6bld�V\]`Z!e�b7TNZ^b8V�V\]6Z^[$_8Y,ZMT,jkTNZ�xzg`ZMdOhHSfZ!U!X0Y�]`Sfh�]�SrU�S$dzVNZMTNZ!UWV\Sfd`p6{��U�e�_lgvhMbld~U\ZMZ�X7Y�]6b8VKm�b4e.|yZMp�S$d�b�U>b�d6Z!b8V�XlU\S$mvo`[fZ�� a U\Sfd`Zs��Y,b4i�Z�m�b4e.Z!d6x~g`o�blU>b�hH_�m~o6[$ZMtsmvZ!UNU�_7j]6blT\mv_ld6Sfh!U�b7j�V\ZMT�o6b�U\U\Sfd`p^V\]6T\_�g`pl]s��g6U�V�bsjkZMY�Z![$Z�h5V\TN_ld6Sfh:hH_�m~oy_ld6ZMdzVNU!{ � ]`S$[fZ�V\]`Z^hH_�mvo`[$ZMt�mvb7V\]`Z!m�b8V\SrhMU|yZM]`Sfd6x~b7[f[�VN]`SrU~Ì6_lg`TNSfZMTCV\T�b7d6UWjk_lTNm�b8V\Sf_ld^SrU�d`_7V�d`Z�hHZ!UNUNb7TNe�jk_�T�VN]`Z�|OZ!plSfd`d`Sfd`p�UWV\gOx0ZMdzV>_7j6Z![$Z�h5VNT\Srh�hMS$T�hHg`S$VNUCVN_g`d6x`ZMT�U�V�b7d6x�X8S$V>SfU�_lj`V\]6Z,g`V\mv_�UWV>S$mvoy_lT\VNb7dOhHZ�V\_:T\Z�b7[fSË|!ZKV\]6Z,o6T\Sfd6hHSfo`[fZ!U�b8V>Y,_lTN�^b7d6x.V\_:plT�blU\o^V\]`Z�o`T�blhHV\SrhMbl[
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ZH��Z!hHVNU�VN]6b8V�]6b7TNmv_ld`Srh�UWSfpld6bl[fU�m�b4e�]Ob4ilZ�_ldwhHSfT�hHg`S$VNU!{���]`Z^o`T�blhHV\SrhMbl[�ZH��Z!h5V�U�_7j�]6blT\mv_ld6Sfh�jkTNZ�xzg`ZMdOhHSfZ!U�SfdhHSfT�hHg`S$VNU�Y�Sf[$[�|yZ�ZHt0o`[f_lTNZ!x�S$d�V\]6Z:[rblUWV�UWZ�h5VNS$_�d�_lj�V\]6SfU�h�]6blo0V\Z!T!Xu|`g`V�|OZMjk_lTNZ:Y,Z�x0_~V\]6b7V�Y�Z�Ò [f[yVNb7��Z^b�hM[$_zUWZ!T[f_z_���b8V�Y�b4ilZMjk_lTNmvU�bld6x�VN]`ZMSfT�TNZ!U\oOZ�h5VNS$i�Z�]6blT\mv_�d`Sfh!UM{
���� �¡�¢H �£¥¤
�c¦ û4T�Y,b4i�ZHjk_lTNm�b8V�b7[f[§X4UW_�[f_ld6p�blU�S$V�SrU�T\Z!oOZMV\S$V\SfilZ�X4h!b7d�|yZKT\Z�x0g6hMZ!x�V\_�b�U\ZMTNSfZ!U�_7j`U\S$dug6U\_lSrx`bl[8Y,b4i�ZHjk_lTNm�Ublx`x0Z�x�VN_lp�ZHV\]6ZMT�{%;�S$�yZ!T\Z!d�V�Y�b4ilZ�UW]Ob7oyZ!U,hH_ldOUWSrU�V�_lj�x0S$��ZMTNZMdzV�|`[fZMd6x`U�_lj�U\Sfd`Zs��Y,b4i�Z�]6blT\mv_�d`Sfh!UM{
� +�Z!hHV\SË�OhMb7V\Sf_ld�_7j^� a V\_ê; a SrU�b¨i�ZMTNe�hH_�m~mv_�d�U\_lg6TNhMZ�_lj^]6b7TNmv_ld`SrhMUvY�S$V\]`Sfd�Sfd6x0g6UWV\TNSfbl[�oy_8Y�Z!TUWe0UWV\ZMm�U!{

���W© ª &{$'á�&# ä�?�áG+-"%$D*w« àE ,àEèH¬Oä~æ�ä
a _lmvo`g`V\ZMTNS¾|MZ!xOÌ`_lg6T\SfZMT,b7d6bl[$e0U\SfU!Xlo6blTWVNSfhMg`[rb7TN[$e~S$d�V\]`Z�jk_lTNm­_7j�V\]6Z�
�
 � b7[fpl_lTNS$V\]`mnXzSfU,b^oy_8Y�Z!TWjkg`[OV\_u_�[6jk_�Tjkg`T\V\]`Z!T\Sfd`p._�g`T�g6d6x0ZMT�UWVNb7dOx0S$d6p._7j�Y�b4ilZHjk_�T\m�UKbld6x~V\]6ZMSfT�TNZM[rb8V\Z�x�UWoyZ!hHV\T�b7[yhH_lmvoy_ld`Z!dzVNU!{���]6SfU�U\blm~Z�mvb7V\]H�ZMm�b7V\SrhMb7[OT\_�g0V\Sfd`Z�o`TN_lp�TNblmvm~Z�x~S$dzV\_.V\]`Z>CªU /\a ò}U\S$m�g`[fb7V\_�T�blUKV\]`Z ü¿¹ ¶ ¬H¨Q·9©�¨ _lo`V\Sf_ld�SrU�b7[rU\_^o`T\_�plT�b7mvmvZ!xSfd�VN_�b�i8b7TNSfZHV�e:_7j0ZM[fZ!hHV\TN_ld`Srh�V\Z�U�V�S$dOU�VNT\g`mvZ!d�V�U�VN_�oyZMT\jk_lTNm9TNZ!bl[ ��V\SfmvZSÌ`_�g`T\SfZMTCb7d6bl[$e0U\SfU�_�d.mvZ!b�UWg`TNZ!x�U\S$p�d6b7[rU!{��]`SrU�U\Z!h5VNS$_�d�SrU�x0Z!il_7VNZ!x�V\_vVN]`Z^g6U\Z:_lj�U\g6h�]�V\_u_l[rU�b7dOx�VN]`Z.b7dOb7[feuU\SrU�_lj�U\ZMi�ZMT�b7[�x0S$�yZ!T\Z!d�V�Y�b4ilZMjk_lTNm�UM{Ì�S$T�UWV,Y,Z�]Ob4ilZ�b�U\S$mvo`[fZ^UWSfd`Z:Y,b4i�Z�b7V�bsjkTNZ�xzg`ZMdOhHe�_7j'WXVXÉ`{ÖVXWJz<|l{K��]`SrU,o6b7T\V\SrhHg`[rb7T,jkTNZ�xzg`Z!d6hHe�i8b7[fg`Z:SfUb)F a F�o`S$VNh�]w_ld
b�o`Srb7d`_���ZMeu|y_�b7T�x�X`_�d`Z._0h5V�b4ilZ.bl|O_8i�Z{F7mvSrx`x0[fZ a F`{���h5V\gOb7[f[$e�XOVN]`ZsU\S$p�d6b7[CmvZ!blU\g`TNZ!x�jk_�TV\]6SfU�x0Z!m~_�d6UWV\T�b8V\Sf_ld�Y,b�U�hMT\Z�b8V\Z�x�|ue�b7d�ZM[fZ!h5VNT\_�d`Srh��lZ!eu|O_zb7T�x�UWZMV�VN_�o`TN_0x0g6hMZ�V\]6Z�VN_ld`Z:_7j�b.o6bldHÐ6g0VNZlXuV\]6ZhH[f_�U\Z!UWV^S$dOU�VNT\g`mvZ!d�VEFlil_lSrhHZLF / hH_�g`[fx@�6d6x�TNZ!U\ZMm�|`[$Sfd`pnb�oOZ!TWjkZ�h5VsU\S$d`Z�Y�b4ilZ�{���]`Z�o6[$_lV�|yZM[f_8Y®Y�blU:V�b7��ZMdjkTN_lm�bld�_zU\hMS$[f[f_�UNhH_loyZ�x0SfU\o`[rb4elX`U\]`_8Y�Sfd`p~U\Sfpld6bl[Eb7mvo`[fS�VNg6x0Z)?ki�_l[$VNblplZLA�_8ilZ!T,V\Sfm~Z�=

}�SfZMY,Z!xcY�S$V\]�bldc_zU\hMS$[f[f_�UNhH_loyZlX,b}UWSfd`ZwY�b4ilZn[f_z_��0Uv[$Sf�lZ�b¨Y�b4iue�hHg`TNilZ�VNTNb�hHZ!xc]`_�T\S¾|M_�dzVNb7[f[fe�_ldcV\]6ZUNhHTNZMZMd�{¨��]6Z�]`_�T\S¾|M_�d�V�b7[�b8t0SrUs_lj�V\]`SrU~_�UNhHSf[$[f_�UNhH_�oOZ�x`SfU\o`[rb4e�SrU~m�b7TN�lZ!x�Y�S�VN]�V\]6Z�Y,_lT�xêFl��SfmvZ�F
b7d6x�bld



a�cG¯Hcùd�ÀB_G^�ÀBo q \S^ Z ]%_#mnd [<o<[>u pDq e q ��ÎNW
b7TNTN_8YqoO_�S$dzV\Sfd`p�S$d�V\]6Znx`S$TNZ!hHV\Sf_ldc_7j�VNS$mvZ�Ò Uvo`TN_lp�T\Z�U\U\Sf_ldE{}��]`ZwhHg6T\i�Z�S$VNU\ZM[$j�X�_lj�hH_�g`T�UWZ�XKT\Z!o`TNZ!U\ZMdzVNU�V\]6ZhHe0hM[$Srh:S$d6hMT\Z�blU\Z^b7d6x�x0Z!hMT\Z�blU\Z�_lj�i�_l[$VNblplZ:_8ilZMT,VNS$mvZl{

a [f_�U\Zs_l|OUWZ!T\i8b8VNS$_�dwT\Z!ilZ�b7[rU�Sfm~oyZMT\jkZ!hHV\Sf_ld6U:Sfd�VN]`Z~U\Sfd`Zs��Y,b4i�Z.UW]Ob7oyZl{^��]`SrUMX�g`d`jk_lT\V\g`d6b7V\Z![$e�XySrU�b�TNZ!U\g`[$V_7j�VN]`Z�U\oyZ!hHSË�Oh�Z�xzg`Sfo`mvZMdzV�gOUWZ�x¨V\_�b7d6bl[$eN|MZ�V\]`Z�Y,b4i�ZHjk_lTNmn{ a ]6b7T�blhHV\Z!T\SrU�VNSfh!U^[fS$��Z�V\]6Z!U\Z�x0g`Z�V\_�x�g6S$TN�0U_7j�VN]`Z�VNZ!UWV�Z�xzg`Sfo`mvZMdzV�blT\ZvVNZ!h�]`d6Sfh!b7[f[$e��ud`_8Y�d�blU¸�8°2� 1 �s�l±��¡ú2=vo`]`Z!d`_lmvZMdObwZHt0SrU�VNS$d`p
UW_�[$Z![$e
|OZ�hMb7gOUWZ�_lj�boyZ!hHg6[$Srb7TNS�V�e�S$d�V\]6Z^Z�xzg`Sfo`mvZMdzV�g6U\Z!x�V\_�oyZMT\jk_lTNmqV\]`Z^ZMt0oOZ!T\SfmvZMdzV!{
/ j�Y�Z�iuS$Z!Y�VN]`SfU�U\blm~Z^� a il_�[�V�b7plZ:_ldnbvUWoyZ!hHV\TNg`m²bld6b7[feN|MZ!T!XzV\]6Z^T\Z�UWg`[$V�SfU<x�g6S�VNZ.x0S���ZMTNZMdzVL=

��UKel_lg�h!b7d�UWZ!ZlX�V\]`Z�]`_lTNSË|!_ldzVNbl[`b8t0SrU>_7jyV\]`Z�x0SfU\o`[rb4esSrUKm�b7TN�lZ�xsY�S$V\]vVN]`Z�Y,_lT�x#FXÌ`TNZ�xzg`Z!d6hHe�X F�x0Z!d`_7VNS$d6pV\]6Z�x0_lm�b7Sfd�_7j,V\]`SrU^mvZ!b�UWg`TNZMmvZ!d�V�{���]`Z�UWSfd`p�[$ZvoyZ!b7�
_ld
V\]`Z�hMg`TNilZvT\Z!o`TNZ!U\ZMdzVNU�V\]6Z�o`T\Z�x0_lmvSfd6b7dOhHZv_7j�bU\S$d`p�[$Z�jkTNZ�xzg`Z!d6hHe�Y�S�VN]`SfdnV\]`Z.T�b7d6plZ�_7j�jkTNZ�xzg`ZMdOhHSfZ!U�hM_8ilZMTNZ!x�|ue�VN]`Z.Y�SrxuV\]w_lj�VN]`Z.x0SrUWo6[fb4e�{ / j�V\]`Z�U\h!b7[fZ^_7jV\]6SfU�bld6b7[feN|MZMT,Sfd6U�VNT\g6m~Z!dzV�Y,ZMTNZ:mvblT\��Z!x�Y�S�VN]�dug`m�|OZ!TNU!X0el_�g�Y,_lg`[rx�U\ZMZ:V\]Ob8V�V\]`SrU�oyZ!b7��_uh!hHg`T�U�b8VGWXVXÉ`{ÖVXWzG|�{K��]`Z^]`Z!S$p�]�V�_ljCVN]`Z^oOZ�b7��TNZMo6T\Z�UWZ!d�V�U�V\]`Z.U\S$p�d6b7[Eblmvo`[$S$V\gOx0Z)?ki�_l[$VNb7p�ZLAH{
/ jEY,Z�mvS�t�VN]`TNZMZ�x`S���ZMTNZMdzV,U\Sfd`Zs��Y,b4i�Z�V\_�d`Z!UKV\_�plZHVN]`ZMT,_ld�V\]`Z:ZM[fZ!hHV\TN_ld`Srh��lZ!eu|O_zb7T�xf? a �hò'��³~Xzb a ��m�b8��_�Th�]`_�TNx4A~bld6xcm~Z�blU\g`TNZ�VN]`Z�TNZ!U\g`[$V!X,|O_lV\]�V\]6Zw_�UNhHSf[$[f_�UNhH_�oOZwx0SrUWo6[fb4e�bld6x�V\]`Z�U\oyZ!h5VNT\g6m´b7dOb7[fe�|!ZMT�x0SrU\o`[fb4eTNZsÐ6Z�h5V�V\]`SrU�Sfd6hHTNZ!b�UWZ�x�hM_lmvo`[fZHt0S$V�eQ=
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��]`Z�_�UNhHSf[$[f_�UNhH_�oOZ�x`SfU\o`[rb4eÕ?kV\Sfm~Z���x`_lm�b7Sfd�A�UW]`_8Y�U�b�Y�b4ilZMjk_lTNmµY�S$V\]�m�bldze¨mv_lTNZ�oyZ!bl�0Usb7dOx�i8b7[f[$Z!e0UV\]Ob7d}|yZHjk_lTNZlX>b�x`S$TNZ!hHVsT\Z�UWg6[�Vs_lj�V\]`Z�m~S$t0S$d6p�_7j�V\]6Z!U\Z�V\]6T\Z!Z�jkT\ZLxzg`ZMd6hMS$Z�UM{w��Use�_lg¨Y�S$[f[,d`_7VNSfhMZlX�UW_�m~Z�_7jV\]6Z!U\Z^oOZ�b7�0U�b7TNZ�]`S$p�]`ZMT�V\]6bld�VN]`Z^oyZ!b7�0U�_ljCVN]`Z._lTNSfplSfd6b7[�U\S$d`p�[$Z���o6S�V�h�]�Y�b4ilZMjk_lTNm�XuY�]`Sf[fZ._7VN]`ZMT�U�b7TNZ�[$_8Y,ZMT�{��]`SrU�SrU�bvTNZ!U\g`[�V�_lj�V\]`Z^VN]`TNZMZ.x0S$�yZ!T\Z!dzV�Y,b4i�ZHjk_�T\m�U�b7[$V\Z!T\d6b7V\Z![$e�T\Z!S$d0jk_�TNhMS$d6pvbld6xnhMbld6hHZ![$Sfd`p�Z!b�h�]n_7V\]6ZMT�b�UV\]6ZMSfT�T\Z�UWoyZ!hHV\SfilZ:o`]6b�UWZ^U\]`S�j�V�U�h�]6bld`plZ�Sfd�VNS$mvZ�{

��]`Z.U\oOZ�h5VNT\g`m¶x0SrUWo6[fb4e ?�jkTNZ�xzg`Z!d6hHe��Ax0_lm�b7Sfd�A,SrU�msgOh�]wZ!blU\SfZMT�VN_�S$dzV\Z!T\o6T\ZMV�=�Z�blh�]no`S$VNh�]�SrU�TNZMo`TNZ!U\ZMdzVNZ!x
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|uevS�V�U�_8Y�d�oOZ�b7�v_ld�VN]`Z�hHg`TNilZ�{���]`Z:x0S$�yZ!T\Z!d6hHZ:S$d�]`ZMSfpl]zV�|OZMV�Y�Z!ZMd�VN]`Z!U\Z�VN]`TNZMZ�oyZ!bl�0U�SrU�bld`_7VN]`ZMT�b7T\V\S$jLblhHV_7j:V\]6ZnV\Z!UWV�Z�xzg`Sfo`mvZMdzV�=
b�hM_ld6U\Z�xzg`Z!d6hHZ�_7j�[fS$mvS$VNb8VNS$_�d6U�Y�S$V\]`SfdcV\]`ZwZLxzg`S$o6m~Z!dzV�g6UWZ�x�VN_}plZ!d`ZMT�b8VNZ�bld6xb7dOb7[fe�|!Z�VN]`Z!U\Z^Y�b4ilZHjk_�T\m�U!Xzbld6x�d`_7V�bvd`Z�hHZ�U\UNb7TNe�h�]6b7T�blhHV\Z!T\SrU�VNSfh�_7j�V\]`Z^m�g6U\Sfh!b7[Eh�]`_�TNx�S�V�UWZ![�j�{

��U�Y,b�U�UWVNb7V\Z!xn|yZHjk_�T\Z�X6VN]`Zsx0Z!iuSfhMZsg6U\Z!x�VN_�plZ!d`ZMT�b8VNZ^V\]`Z�UWZsY,b4i�ZHjk_lTNm�U�SfU:b7dwZ![$Z�h5VNT\_�d`Sfh���ZMeu|y_�b7T�x�=,bmsgOUWSrhMbl[0S$d6UWV\TNg`mvZMdzV�x0Z�UWSfpld6Z!xsV\_^mvS$mvSrh,V\]`Z�VN_ld`Z�U�_7j�m�b7duesx0S$�yZ!T\Z!dzV�Sfd6UWV\TNg`mvZMdzVNU!{���]`Z�o6b7dªÐ6g0V\ZGFlil_�SfhMZ�FY�blU,h�]`_�U\ZMd�jk_�T�VN]`Zi�6T�U�V�x0ZMmv_ldOU�VNTNb7V\Sf_ld6U�|OZ�hMblg6UWZ�S�V�mv_�UWV,hM[$_zUWZ![$evTNZ!U\ZMm�|`[$Z�x�bso`g`TNZ:U\S$d6Z�Y�b4ilZ{?§b�U\Sfd`pl[fZjkTNZ�xzg`ZMdOhHe^_ld�V\]6Z�U\oyZ!h5VNT\g6m®b7d6bl[$eN|!ZMT�x0SfU\o`[rb4eªA5{�·�VN]`ZMT�m�g6UWSrhMbl[uS$d6UWV\TNg`mvZMdzVDF7i�_lSrhHZ�UÜF�b7TNZ�d`_lV>b�U�UWSfmvo`[$Z�b�UV\]6SfU�_ld`Z�X7V\]6_lg`p�]E{ / dvjLb�h5V�X7V\]6Z�g`d`S×xzg`Z�V\_�d`Z�o`TN_0x0g6hHZ�x~|zef��û�T�S$d6UWV\TNg`mvZMdzVKSrU�b:jkg`dOh5V\Sf_ld�_ljyS$VNU�Y,b4i�Z!U\]6b7oyZ?k_�T�UWoyZ!hHV\TNg`m�_lj�jkTNZ�xzg`Z!d6hHSfZ!U�A5{DÌ6_lT�ZHt`blm~o6[$Z�X0[$ZMV�Ò U�iuS$Z!Y�V\]6Z.UWSfpld6bl[�jk_lT�b�V\TNg`mvoyZHV�VN_ld`Z�=

��]`Z�jkg`d6x6b7mvZMdzVNbl[�jkT\ZLxzg`ZMd6hMe}_7j�V\]`SrU~V\_�d`ZnSfU~VN]`ZwU\blm~Zwb�U�Sfd�V\]`Z¸�6T�U�V�o6bldHÐ6g0VNZnZHt`b7mvo`[fZX=fWXVXÉ`{ÖVXWzG|�X�_ld`Zn_0h5V�b4ilZwb7|y_8ilZfF7mvSrx`x0[fZ a { F¨��]`ZwY�b4ilZMjk_lTNm¸S�V�UWZ![�j�SrUvjLb7T�jkTN_lm´b¨o`g`TNZnbld6x�UWSfmvo`[fZ�UWSfd`Zs��Y�b4ilZjk_lTNmn{�¹�d`_8Y�Sfd`p�V\]6b7V^blduewT\Z!oOZ�b8V\Sfd`pOX�d`_ldH�AU\S$dug6U\_lSrx`b7[�Y�b4ilZHjk_�T\m¶SrU�Z�xzg`Sfi8b7[fZMdzV�VN_wb�U\ZMTNS$Z�U:_7j�U\S$dug6U\_lSrx`bl[Y�b4ilZHjk_�T\m�U:b8V^x0S$�yZ!T\Z!d�V.blm~o6[$S$V\g6x`Z!U^b7dOx�jkTNZ�xzg`Z!d6hHSfZ!U!XEY,Z~U\]`_lg6[fx
ZHt0oyZ!h5V�VN_nU\ZMZ~msg6[�VNS$o`[fZ�oyZ!b7�0U:_ld
V\]6ZU\oOZ�h5V\TNg`m�b7d6bl[$eN|MZ!T�x0SfU\o`[rb4e¯=



��Î�Ø Z%Ù [>\>]%^`_baLc�dfehgi^SjRÚ7k%_G^il#mn^So ZGp [ Z�q esrto>[<u q

/ d6x0Z!Z!x^Y,Z�x`_6 C��]6ZKjkg`d6x6b7mvZMdzVNbl[ljkTNZ�xzg`Z!d6hHe^hM_lmvoO_�d`ZMdzV�_7j�WXVXÉ`{ÖVXWBz<|�SrUCTNZMo6T\Z�UWZ!d�VNZ!x�|ue�V\]`Z,[$ZMj�V ��mv_�UWVoyZ!b7��XCY�S�VN]}Z!blh�]¨U\g6hMhMZ!UNUWSfilZv]6blT\mv_ld6Sfh~TNZMo`TNZ!U\ZMdzV\Z�x
b�U�S�V�U._8Y�d�oOZ�b7��b7[f_ld`p�V\]6Z�Y�SfxuVN]}_7j,V\]`Z�b7d6bl[$eN|MZ!TUNhHTNZMZMd�{���]`Z
UWZ�hH_ldOx�]Ob7TNm~_�d`SrhnSfU�V�Y�SfhMZwV\]`Z�jkT\ZLx�g6ZMd6hMe�_lj:VN]`Zwjkg`dOx`b7mvZMdzV�b7[.? ��yXÎ�Y`{ÖW�zG|�A5X�VN]`ZwV\]6S$T�x]6blT\mv_ld6SfhsV\]`TNZMZ~VNS$mvZ!U:VN]`Z~jkg`d6x`blmvZMdzVNbl[G?¿�LWXYXé6{ÖÂXW)zG|�A5X�bld6x�UW_�_ldE{v��]`SrU^x0SrUWo`[rb4ew_ld6[$e�U\]`_8Y�U�V\]`Z#�6T�UWVU\S�t�]Ob7TNm~_�d`SrhMU!X0|`g0V�V\]6ZMTNZ�blT\Z�m�b7due�mv_�T\Z^hH_�mvo`T\SrU\S$d`p�V\]6SfU�hM_lmvo`[fZHt�VN_ld`Z�{�CT\euSfd`p~b~x0S$�yZ!T\Z!dzV�S$d6UWV\TNg`mvZMdzV�il_�SfhMZ#?kV\]`Z.b�hMhM_lT�x0S$_�d�A>_�d�VN]`Z^�lZ!eu|O_zb7T�x�X�Y,Z�_l|0V�b7Sfd�bvU\S$mvSf[fblT\[fe�hH_�m#�o`[fZHt�_�UNhHSf[$[f_�UNhH_�oOZ�?�VNS$mvZs�Ax0_�mvblS$dQA�o6[$_lV�b7d6xnU\oOZ�h5V\TNg`m�bld6b7[feN|MZ!TR?kjkT\ZLxzg`ZMd6hMe���x0_�m�b7Sfd�A,x0SfU\o`[rb4e¯=



a�cG¯Hcùd�ÀB_G^�ÀBo q \S^ Z ]%_#mnd [<o<[>u pDq e q ��Î�é

	 _lV\Z�VN]`Z�x0S���ZMTNZMdOhHZ!U�S$d�T\Z![fb7V\SfilZ�]6blT\mv_�d`Sfh�b7mvo`[fS�VNg6x0Z!Ui?koyZ!bl��]6ZMSfpl]zVNU�A>_�d�V\]`Z:UWoyZ!hHV\TNg`mqx0SrUWo`[rb4e0U>jk_�TV\TNg`mvoyZHV�bld6x^blh!hH_�TNx0Sf_ld�{ Ñ _lV\]^Sfd6UWV\TNg`mvZMdzV�VN_ld`Z�U�hH_�dzVNb7Sfd�]6b7TNmv_ld`SrhMU�b7[f[7V\]6Z�Y�b4e�jkTN_lm��!UWVS?�jkg`d6x6b7mvZMdzVNbl[×AV\_�Y8VN]@?Lbld6x�|yZMe�_ld6xE AHXz|6g0V�VN]`Z�o`TN_loy_lT\V\Sf_ld6U�b7TNZMd!Ò V�VN]`Z:UNb7mvZ�{~ò�blh�]�Sfd6UWV\TNg`mvZMdzV,]OblU,b.g`d`S×xzg`Z:]6b7TNmv_ld`SrhFlU\Sfpld6b7V\g`TNZ�F.V\_~S�V�U,V\_ld6Zl{ Ñ Z!blT�Sfd�mvSfd6x�V\]6b7V�b7[f[OVN]`SrU�hH_lmvo`[fZHt0S$V�e�SfU�Sfd�T\ZMjkZMTNZMd6hMZ�VN_,�]ú�1JûNM7ºf» ûy¼9��»,o6[fb4e�Z!xY�S$V\]�V\]6Z!U\ZnV�Y�_¨Sfd6U�VNT\g6m~Z!dzVÁF7i�_lSrhHZ!U!{ F � g6[�VNS$o`[fZ�d`_lV\Z�Uvo`[fb4e�Z!xc_ld�b7d�b�hMhH_�TNx`S$_�dEXKjk_�T�ZHt`b7mvo`[fZlX�Y,_lg`[rxhHTNZ!b7V\Z^b~msg6h�]�mv_lTNZ^hH_lmvo`[fZHt�m~S$tuV\g`TNZ^_7jCjkT\ZLxzg`ZMd6hMS$Z�U,V\]6bldnY�]6b8V�SrU�UWZ!ZMd�]`ZMTNZl{

��]`Z:b7d6bl[$ezV\SrhMbl[6oy_8Y�Z!TK_7j�VN]`Z:_�UNhHSf[$[f_�UNhH_�oOZ�bld6x�U\oOZ�h5V\TNg`mqb7dOb7[fe�|!ZMT�oOZ!T\mvS$V�g6U�V\_~x0ZMTNS$i�Z�plZ!d`ZMT�b7[OT\g6[$Z�Ub7|y_lg`V�Y,b4i�ZHjk_�T\m�U�b7d6x�VN]`ZMSfT�]Ob7TNm~_�d`Srh^UWoyZ!hHV\T�b~jkT\_�m²TNZ!bl[EY,b4i�ZHjk_�T\m2ZMt`b7mvo`[fZ!U!{ � Zsb7[fTNZ!blx`e��ud`_8Y9V\]6b7Vb7due}x0Z!izSrb8VNS$_�d}jkTN_lm½b�o6g`T\Z�UWSfd`Z���Y�b4ilZ�TNZ!U\g`[$VNU�S$d�V\]`Z�Z�xzg`Sfi8b7[fZMdzVv_7j�b
m~S$tuV\g`TNZ�_lj�msg6[�VNS$o`[fZnUWSfd`Zs��Y�b4ilZY�b4ilZHjk_�T\m�U�b7Vnx`S���ZMTNZMdzV�blmvo`[$S$V\gOx0Z!Unb7dOx�jkTNZ�xzg`ZMdOhHSfZ!U!{�z�_8Y�Z!ilZMT�X�hH[f_�U\Z�_�|6UWZ!T\i8b7V\Sf_ld�bl[$[f_8Y�U�g6U�V\_c|yZmv_lTNZ�UWoyZ!hMS �Oh�VN]6b7d�V\]6SfU!{ 	 _lV\ZlX�jk_lT�ZHt`blm~o6[$Z�XEV\]6ZvV\Sfm~Z���b7d6x
jkTNZ�xzg`Z!d6hHe��Ax0_lm�b7Sfd�o6[$_lVNU:jk_lT.b�Y�b4ilZMjk_lTNmb7o6o`T\_4t0Sfm�b8V\Sfd`pvbvUÜxzg6blT\Z:Y,b4i�ZX=



�LWXy Z%Ù [>\>]%^`_baLc�dfehgi^SjRÚ7k%_G^il#mn^So ZGp [ Z�q esrto>[<u q

��h!hH_�TNx0Sfd`p�V\_�V\]`Z�U\oOZ�h5VNT\g`m¾bld6b7[fe0UWSrU!X�V\]`SrU:Y,b4i�ZHjk_lTNm¿hH_�d�V�b7Sfd6Uºûy¼sZMi�ZMd�]Ob7TNm~_�d`SrhMU!X�_ld`[few_0x`x�{���[ �V\]6_lg`p�]�VN]`SrU�x0SrUWo6[fb4e�x0_uZ!U\d!Ò V�U\]`_8Y9jkT\ZLxzg`ZMd6hMS$Z�U�o6b�U�V�VN]`ZsU\S�tuV\]n]6blT\mv_�d`SfhlX0V\]6Z.o6b8V\V\Z!T\dn_7j�_0x`xN��_ld`[fe�]Ob7TÜ�mv_ld`SrhMU�Sfd}x0Z!UNhHZ!d6x0Sfd`p�b7mvo`[fS$V\g6x0Z�hM_ldzV\Sfdug`Z!U�Sfd6x0Z��6d`S$V\Z![$e�{���]`SrU.UW]6_lg`[rx
hM_lmvZ�blU^d6_nU\g`TNo`TNSfU\ZlX�b�U�Y�Z�Ò i�Zb7[fTNZ!blx`e�U\ZMZ!d�Y�S$V\]�CªU /\a ò�VN]6b8V^b�U�xzg6b7TNZsY�b4ilZsSfU:hH_�m~o6T\SrUWZ�xw_7j,b7d�SfdH�6d6S�VNg6x0Z~_7j�_0x`x�]6b7TNmv_ld`SrhMU!{:��]6ZV\TNg`mvoyZHV^b7d6xwb�hMhH_�TNx`S$_�d�VN_ld`Z�UMXy]`_8Y,ZMi�ZMT�X6hH_�d�V�b7Sfd`Z!x Ô ¼9�Ï��ZMi�ZMd�b7dOxn_ux6xw]6b7TNmv_ld`SrhMU!{���]`SrU�x`S���ZMTNZMd6hMZsSfd]6blT\mv_ld6Sfh�hH_�dzV\ZMdzVKSrU>d`_lV\ZMY,_lT\V\]ue�{CÀEZMV�Ò UKhH_�dzV\Sfdzg6Z�_lg`T>SfduilZ!UWV\Sfp�b7V\Sf_ld�Y�S�VN]�b7d�b7d6bl[$e0U\SfU�_lj�b�VNT\Srb7d`p�[$Z�Y�b4ilZ�=



a�cG¯Hcùd�ÀB_G^�ÀBo q \S^ Z ]%_#mnd [<o<[>u pDq e q �LWª�

/ d�V\]`SrU>Y�b4ilZHjk_�T\m�VN]`ZMTNZ�b7TNZ,o6TNb�h5V\SrhMbl[$[fe^d`_�ZMi�ZMd~]6b7TNmv_ld`SrhMU�=�VN]`Z�_ld`[fesU\S$p�d`SË�OhMbld�V�jkTNZ�xzg`Z!d6hHe^oyZ!bl�uU�_�dV\]6Z,U\oOZ�h5VNT\g`mÁbld6b7[feN|MZ!T�x0SrUWo`[rb4e�|OZ![$_�d`p�VN_�_0x`xH��dug`m�|OZ!T\Z�x^msg`[$V\Sfo`[fZ!UC_7j`VN]`Z�jkg`d6x`blm~Z!dzVNb7[�jkTNZ�xzg`ZMdOhHel{���S$dueoyZ!b7�0U�hMbld�|yZvU\ZMZ!d�jk_�T�VN]`Z�UWZ�hH_ldOx�Xyjk_lg`T\V\]EXEbld6x�U\S$tzVN]�]6blT\mv_�d`Sfh!UMX�|`g`V:VN]`SrU�SrU�x0g`Z~V\_�Sfm~oyZMT\jkZ!hHV\Sf_ld6U:SfdV\]6SfU�o6b7T\V\SrhHg6[fblT>V\TNSfbld`pl[fZ�Y�b4ilZ!U\]6bloOZE?L_ld6hMZ�b7pzb7SfdEX�blTWVNS�jLb�h5VNU�_7j�V\]6Z�V\Z�U�V,Z�xzg`Sfo`mvZMdzV�g6U\Z!x�S$dvVN]`SfU,b7dOb7[feuU\SrU�AH{��oyZMT\jkZ!hHV�VNT\Srb7d`p�[$Z�Y,b4i�Z!U\]6b7oyZ�o`TN_ux`g6hHZ�UKd`_�ZMilZ!d�]6b7TNmv_ld`SrhMU!X!��g6U�V,[$Sf�lZ:b^oyZMT\jkZ!h5V�UÜxzg6blT\Z�Y,b4i�Zl{ / V�UW]6_lg`[rx|yZ._l|uiuS$_�g6U�jkTN_lm²S$d6U\oyZ!h5VNS$_�dnV\]6b7V�V\]6Z.]6b7TNmv_ld`Srh^U\oOZ�h5V\TNg`m�_7j�V\]`Z.V\TNSfbld`pl[fZ^Y,b4i�Z�SfU�d`_7V�Srx0Z!d�VNSfh!b7[�VN_�V\]6Z



�LW�V Z%Ù [>\>]%^`_baLc�dfehgi^SjRÚ7k%_G^il#mn^So ZGp [ Z�q esrto>[<u q
U\oOZ�h5V\TNg`m�_7j>VN]`ZsU�x�gOb7TNZ^Y,b4i�ZX=KVN]`Z.TNZ!U\oOZ�h5VNS$i�Z.]6b7TNmv_ld`Srh�oyZ!b7�0U�b7TNZ^_7jKx0S$�yZ!T\Z!d�V:]`ZMSfpl]zV�UM{tz�_8Y,ZMi�ZMT�X0V\]6ZV�Y,_vx`S���ZMTNZMdzV�Y�b4ilZHjk_�T\m�U,b7TNZ:hM_lmvmv_ld�S$d�VN]`ZMSfT�[rblh���_ljCZMi�ZMd�]6b7TNmv_ld`SrhMU!{

ÀEZMV�Ò U�ZHt`b7mvSfd`Z�b7d`_lV\]`Z!T,Y�b4ilZMjk_lTNmnX�VN]`SrU�_ld`Z�ilZ!T\e�U\Sfm~Sf[rb7T,V\_~V\]6Z�V\TNSfbld`pl[fZ�Y�b4ilZ�X�ZMt`hHZMo`V,VN]6b8V�S$VNU�TNSrUWZ��V\SfmvZ�SrU:d`_7V:V\]6ZvUNb7mvZ~blU�S�V�U�jLbl[$[Ë��V\Sfm~Z�{s¹�d`_8Y�d�b�U�b5ú��8I'�A¼!¼9�Ï�
IS�984»MXES$VNU:_�UNhHSf[f[$_zU\hM_loyZso`[f_7V�T\Z!ilZ�b7[rU�S$V�VN_|yZ.b7o0VN[$e�dOb7mvZ!x�=

� ]`Z!d�VN]`Z�UWoyZ!hHV\TNg`m¾b7d6bl[$e0U\SfU:_ljKV\]`SrU�Y�b4ilZHjk_�T\m�SrU�o`[$_lVWVNZ!x�XEY,ZvUWZ!Z~b�TNZ!U\g`[�V:V\]Ob8V^SfURxzg`S$V\Z�x0S$�yZ!T\Z!dzVjkTN_lmÂV\]6b7V�_lj�V\]`Z:T\Z!plg`[rb7TKV\TNSfbld`pl[fZ�Y�b4ilZlXljk_lT�V\]`SrU,b7d6bl[$e0U\SfU�UW]`_8Y�UKV\]`Z:U�VNT\_�d`p.o`TNZ!U\ZMdOhHZ�_ljEZMilZ!dH��dzg6ms|yZMTNZ!x]6blT\mv_ld6Sfh!Ui?§UWZ�hH_�d6xnb7d6x�jk_lg`T\V\]QA2=



a�cG¯Hcùd�ÀB_G^�ÀBo q \S^ Z ]%_#mnd [<o<[>u pDq e q �LWXÉ

��]`Z�x0SrU�VNS$d6hHV\Sf_ld�|OZMV�Y�Z!ZMdnbsY�b4ilZMjk_lTNm­]6b4iuS$d`p~ZMi�ZMd�]6b7TNmv_ld`SrhMU�ilZ!TNU\g6U,d`_~ZMilZ!d�]Ob7TNm~_�d`SrhMU�T\Z�UWSrx0Z!U,SfdV\]6Z�x0S���ZMTNZMdOhHZ�|yZHV�Y,ZMZMd�b�V\TNSrb7d`p�[$Z�Y�b4ilZ!U\]6bloOZ�b7d6xvb�UNb4Y�V\_u_7VN]�Y�b4ilZ�UW]6bloOZ�{C��]6b7VKx0S���ZMTNZMdOhHZ�SrU	ú2T :.: »s��°2Tb7|y_8ilZ.bld6x�|OZ![$_8Y�VN]`Z.]`_�T\S¾|M_�d�V�b7[�hMZMdzV\Z!T\[fSfd`Z^_7j�V\]6ZsY�b4ilZl{,�QY�b4ilZHjk_�T\m2V\]6b7V�SrU�UWeumvmvZHVNT\SrhMbl[Cb7|y_8ilZ^bld6x|yZM[f_8Y²S$VNU�hHZMdzVNZMTN[$Sfd`Zê?�VN]`Z�U\]6b7oyZw_ld�|y_7VN]�UWSrx0Z!U�m~SfTNT\_�T�Z!blh�]�_lV\]`Z!T�o`TNZ!hHSrU\ZM[feHA~Y�Sf[f[�hH_�d�V�b7Sfdâûy¼nZ!ilZMdª�dug`ms|yZMTNZ!x�]6blT\mv_ld6Sfh!UM{

These waveforms are
composed exclusively
of odd harmonics

Pure sine wave =
1st harmonic only

CHxzg6blT\Z�Y�b4ilZ!U!XuV\TNSrb7d`p�[$Z^Y�b4ilZ�UMX`bld6x�o`g`TNZ.UWSfd`Z.Y�b4ilZ�U,bl[$[�ZHt0]`Sf|`S�V�V\]`SrU�U\eum~mvZMV\TNelXObld6xnb7[f[�b7TNZ.x0Z!il_lSrx_7j,ZMi�ZMd�]6b7TNmv_ld`SrhMU!{ � b4ilZMjk_lTNmvU�[fS$��Z�VN]`Z~V\TNg`mvoOZMV^V\_�d`ZlX�VN]`Z�blh!hH_�TNx0Sf_ld�V\_ld6ZlX�bld6x�VN]`Z�UNb4Y�V\_u_7VN]�Y�b4ilZ



�LW9Î Z%Ù [>\>]%^`_baLc�dfehgi^SjRÚ7k%_G^il#mn^So ZGp [ Z�q esrto>[<u q
b7TNZ�g`d6U\eum~mvZMV\TNSfh!b7[Eb7TN_lg6d6x�VN]`ZMSfT�hHZ!dzV\ZMTN[fS$d`Z�U�b7d6x�V\]6ZMTNZHjk_lTNZ)6l¼�hM_ldzVNblS$d�ZMi�ZMd�]6b7TNmv_ld`SrhMU!{

These waveforms contain
even harmonics

��]`SrU^o`TNS$dOhHSfo`[$Z�_lj�hMZMdzV\Z!T\[fSfd`Z�UWeumvmvZHVNT\e�UW]`_�g`[rx
d6_7Vs|yZ�hH_�d0jkg6U\Z!x�Y�S$V\]�U\ezmvmvZHVNT\e�b7TN_lg`dOx�VN]`Z�#�»H°N¼[fS$d`Z�{ / d�V\]6Z.ZHt`b7mvo`[fZ!U�U\]`_8Y�dEX`V\]`Z.]6_lTNSË|!_ldzVNbl[�hMZMdzV\Z!T\[fSfd`Z^_7j�V\]`ZsY,b4i�ZHjk_lTNmq]6blo`oOZ!d6U�VN_�|OZE|!ZMTN_vil_l[$VNU�_�dV\]6Z�VNS$mvZ���x0_�m�b7Sfd�plT�b7o6]EX�|`g0V:V\]`SrU�]6blU:d`_lV\]`Sfd`p�V\_nx0_�Y�S�VN]�]6blT\mv_ld6Sfh~hH_�d�VNZMdzV!{.��]6SfU:TNg`[$Z~_7j�]6b7TNmv_ld`SrhhH_�dzV\ZMdzVJ?kZ!ilZMd�]6b7TNmv_ld`SrhMU�_ld6[$e�Y�S$V\]�g`d6U\eum~mvZMV\TNSfh!b7[�Y,b4i�ZHjk_�T\m�U�A>b7o`o6[$SfZ!U,Y�]`ZMV\]`Z!T�_lT,d`_7V,V\]`Z�Y�b4ilZMjk_lTNmSrU:U\]`S$j�V\Z�x�bl|O_8i�Zs_�T�|yZM[f_8Yû|!ZMTN_�il_�[�V�U:Y�S�VN]�b¸FX; a hH_�mvoO_�d`ZMdzV!{ F¸Ì`_lT:jkg`T\V\]6ZMT^hH[rb7TNS �yhMb8VNS$_�dEX / Y�Sf[$[KU\]`_8YV\]6Z�UNb7mvZ�U\ZHV�Us_lj�Y,b4i�ZHjk_lTNm�UMX�U\]`S�j�VNZ!x�Y�S�VN]ù; a il_l[$VNblplZ�X�bld6x}d`_lV\Z�V\]6b7VsV\]6ZMSfT�]6blT\mv_�d`Sfh�hH_�d�VNZMdzVNU�b7TNZg`d6h�]Ob7d`p�Z!x�{

These waveforms are
composed exclusively
of odd harmonics

Pure sine wave =
1st harmonic only
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��pzb7SfdEX�V\]`Z�b7mv_lg6d�V,_7jn; a i�_l[$VNb7p�Z�o`TNZ!U\ZMdzV�Sfd�bsY,b4i�ZHjk_�T\mÂ]6blU�d`_lV\]`Sfd`p.VN_~x`_sY�S$V\]�VN]6b8V�Y�b4ilZHjk_�T\m,Ò U]6blT\mv_ld6Sfh�jkTNZ�xzg`ZMdOhHe�hM_ldzV\Z!d�V�{

These waveforms contain
even harmonics

� ]ue�SrU�VN]`SrU�]6b7TNmv_ld`Srh�T\g`[fZs��_7jÏ��V\]ug`m�|�bld�Sfm~oy_lT\VNbldzV�TNg`[fZ:V\_~�zd6_8Y�Ä / V�hMb7d�]`ZM[fo�g6U�hH_�m~o6T\Z!]`ZMd6x�V\]6ZTNZM[rb8V\Sf_ldOUW]`Sfon|OZMV�Y�Z!ZMdw]6blT\mv_�d`Sfh!U�S$d�� a hMS$T�hHg`S$VNU�b7d6xwU\oOZ�hHSË�Oh.hMS$T�hHg`S$V�hH_�mvoO_�d`ZMdzVNU!{tCuS$dOhHZ.mv_�UWV�U\_lg`T�hHZ�U_7j.U\S$d6Zs��Y,b4i�Znx`SfUWV\_�TWVNS$_�dcSfd�� a oO_8Y,ZMT�hHSfTNhMg`S�V�U�VNZMd6xcVN_�|OZ
UWeumvmvZHV\TNSrhMb7[�X�ZMi�ZMdH��dug`ms|yZMTNZ!xc]6blT\mv_ld6Sfh!Ub7TNZsT�b7TNZM[fewUWZ!ZMd
S$d
V\]`_zUWZvb7o6o`[$SrhMb7V\Sf_ld6U!{.��]`SrU:SfU:pl_u_0xwVN_��ud`_8Y®S�j,el_lgýÒ TNZ�b�oO_8Y,ZMT�U\euUWV\Z!m¾x0Z!U\Sfpld`Z!T:bld6xb7TNZ.o`[rb7d6d`S$d6p�b7]6Z!blx�jk_�T�]Ob7TNm~_�d`Srh^T\Z�x0g6hHV\Sf_ld!=�el_�g�_ld6[$e�]6b4ilZ.V\_�hM_ld6hMZMTNdwel_�g`TNU\ZM[$j>Y�S�VN]�mvS$V\Sfp�b8VNS$d6p�V\]6Z_0x`x�]Ob7TNm~_�d`Srh�jkTNZ�xzg`ZMdOhHSfZ!U!X>ZMilZ!d�]6blT\mv_�d`Sfh!U.|yZMSfd`p�o`TNb�h5VNSfh!b7[f[$e¨d`_�d`ZHt0SrU�VNZMdzV!{}��[rU\_6XKS$j�el_�g�]6blo`oOZ!d�VN_mvZ!b�UWg`TNZ.Z!ilZMd�]6b7TNmv_ld`SrhMU�S$d�bld�� a hHSfT�hHg`S$V�Y�S$V\]�b�UWoyZ!hHV\TNg`m¿b7d6bl[$eN|!ZMT�_�T�jkTNZ�xzg`Z!d6hHenmvZHVNZMT�Xye�_lgw�ud`_8YV\]Ob8V�UW_�mvZHV\]6S$d`p~Sfd�VN]6b8V�hHSfT�hHg`S$V,m�g6UWV�|yZ�3sû(ú2T :#: »��§°21L±��7º�º T:x`SfUWV\_�TWVNS$d`p�V\]6Z�U\Sfd`Zs��Y,b4i�Z�il_�[�V�b7p�Z�_lT�hMg`T\TNZMdzV�Xb7dOxvV\]6b7V,hM[$g`Z�m�b4e~|yZ�]6ZM[fo0jkg`[�S$d�[$_0hMb7V\Sfd`p.VN]`Z�U\_lg6TNhMZ�_7j�b^o6T\_�|`[$Z!m ?k[f_z_��sjk_�T,hM_lmvoy_ld`Z!d�V�UK_�T,hM_ld6x0S$V\Sf_ldOUmv_lTNZ�[$Sf�lZ![$e�VN_�x0SfUWV\_�TWV�_�d`Z�]6b7[$jÏ�AhHe0hH[fZ�_7j�VN]`Z.� a Y,b4i�ZHjk_lTNm­mv_lTNZ�VN]6b7d�VN]`Z^_7VN]`ZMT2A5{	 _8Y­VN]6b8V�Y,Z�]Ob4ilZ�VN]`SrU�TNg`[fZ�VN_
p�g`Srx0Z�_�g`TvS$dzVNZMTNo`T\ZMVNb7V\Sf_ld�_lj�d`_ldOUWSfdug6UW_�Sfx6b7[,Y,b4i�ZHjk_lTNm�UMX�S$V�mvbl�lZ�Umv_lTNZ�U\ZMd6U\Z�V\]Ob8V�b^Y,b4i�ZHjk_�T\m�[$Sf�lZ�V\]6b7V�o`TN_0x0g6hHZ�xv|uevb.T\Z�h5V\SË�6Z!T,hMS$T�hHg`S$V�U\]`_lg6[fx�hM_ldzVNblS$d�U\g6h�]�UWV\TN_ld6p.ZMi�ZMd]6blT\mv_ld6Sfh!UMXzV\]6ZMTNZ^|OZ!S$d`p�d6_vU\eumvm~ZMV\TNe�b8V�bl[$[�bl|O_8i�Z:bld6x�|OZ![$_8Y�hHZ!d�VNZMT�{
���� �¡�¢H �£¥¤
� � b4i�ZHjk_lTNm�U�V\]6b7V�b7TNZ�UWeumvmvZHVNT\SrhMbl[6b7|y_8ilZ�bld6x~|OZ![$_8YcV\]6ZMSfTK]`_lTNS¾|M_ldzV�b7[`hHZ!dzV\ZMTN[fS$d`Z�UKhH_�dzVNb7Sfdvd`_.Z!ilZMdª�dzg6ms|yZMTNZ!x�]6b7TNmv_ld`SrhMU!{
� ��]`Z^b7mv_lg`dzV�_7j%; a F7|6Sfb�UÜF�il_�[�V�b7plZ:o`TNZ!U\ZMdzVE?Lb~Y�b4ilZHjk_�T\m,Ò U`F�; a hH_�mvoO_�d`ZMdzV�F�A�]6blU�d`_vSfmvo6blhHV�_�dV\]6b7V�Y�b4ilZ�Ò U,]6blT\mv_�d`Sfh�jkTNZ�xzg`Z!d6hHe�hM_ldzV\Z!dzV!{

���5Å Æ æs$'+G*fæ�" á�Ç áG+-"~ä
��]`Z�o`TNSfd6hHSfo`[fZ�_7j�d6_ldH�AUWSfdug6U\_lSrx`b7[�XETNZMoyZ!b8VNS$d6p�Y�b4ilZMjk_lTNm�U�|yZMSfd`pwZ�xzg`Sfi8b7[fZMdzV^V\_�bnU\ZMTNS$Z�U�_7j�UWSfd`ZvY�b4ilZ!U�b7Vx0S$�yZ!T\Z!dzV�jkTNZ�xzg`Z!d6hHSfZ!U�SfU,b^jkg6d6x`b7mvZ!d�V�b7[�o`TN_loyZMT\V�e�_lj�Y�b4ilZ!UKS$d�plZMd6ZMT�b7[Obld6x�S$V,]OblU�plTNZ!b8V,o`T�blh5VNSfh!b7[OS$mvoy_lT\V



�LWXY Z%Ù [>\>]%^`_baLc�dfehgi^SjRÚ7k%_G^il#mn^So ZGp [ Z�q esrto>[<u q
Sfd�V\]6Z~UWV\g6x`e�_7j�� a hMS$T�hHg6S�V�UM{ / V�mvZ!b7dOU�VN]6b8V^b7due�V\SfmvZ�Y,Z~]6b4ilZ~b�Y�b4ilZHjk_�T\m²V\]Ob8V�SfU\d!Ò V:oyZMT\jkZ!hHV\[fe�UWSfd`Zs�Y�b4ilZs�AU\]6b7oyZ!x�XzVN]`ZshHSfT�hHg`S$V�S$dfxzg`Z�U�VNS$_�d�Y�Sf[f[ET\Z�blhHV�blU,V\]6_lg`p�]�S$V�Ò U�]6b4iuSfd`p�b7dnb7TNT�b4e�_7j>x0S���ZMTNZMdzV�jkTNZ�xzg`Z!d6hHeil_�[�V�b7p�Z!U,S$mvoy_�U\Z!x�_ldnS$V�b8V�_ld6hMZl{
� ]`Z!d�b7d�� a hHSfT�hHg`S$V�SrU�U\g`|0��Z!hHV\Z�xnV\_�b�UW_�g`TNhMZ^il_�[�V�b7plZ.hM_ld6U\SrU�VNS$d`p�_lj�b�mvS�tuVNg`T\Zs_7j�jkT\ZLxzg`ZMd6hMS$Z�UMXOV\]6ZhH_�mvoO_�d`ZMdzVNU�Sfd�VN]6b8V^hHSfTNhMg`S$V:TNZ!U\oO_�d6xnVN_�Z�blh�]�hM_ld6UWV\S$V\g`Z!dzV�jkTNZ�xzg`Z!d6hHenSfd
b�x0S���ZMTNZMdzV�Y,b4e�{^��duenT\Z�blh5VNS$i�ZhH_�mvoO_�d`ZMdzVwUWg6h�]�blU�b�h!b7o6b�hHS$V\_�T�_�T�bld�Sfd6x0g6hHV\_lTnY�Sf[$[^U\S$m�g`[$VNb7d6ZM_lgOUW[fe�o`TNZ!U\ZMdzV�b�g`d`S×xzg`Z�blmv_lg`dzVn_7jSfm~oyZ!x6b7d6hMZ�V\_�Z!blh�]�bld6xvZMi�ZMTNe.jkTNZ�xzg`ZMdOhHe~o`T\Z�UWZ!dzV�S$d�bshHSfTNhMg`S�V�{>��]6b7d`�zjkg`[f[felX�V\]`Z�bld6b7[fe0UWSrU>_lj�U\g6h�]�hMS$T�hHg`S$VNUSrUsm�blx`Z�TNZM[rb8V\SfilZ![$e�Z!b�UWe¨|ue}b7o`o6[$euSfd`p�VN]`Z�@Q3LK`»M° K`¼�ú21Ï�Ó1L¼�û � �6»�¼8°\» : X�T\Z!p�b7T�x0Sfd`pwVN]`Z�m�g`[�VNS$o6[$Z��§jkTNZ�xzg`Z!d6hHeU\_lg`T�hHZ^blU�b�U\ZHV�_lj�U\Sfd`pl[fZs��jkT\ZLxzg`ZMd6hMe�il_�[�V�b7plZ^U\_lg`T�hHZ�U�hH_ld6d`Z!hHV\Z!x�Sfd�UWZ!T\SfZ!U!X`b7dOx�bld6b7[feN|MSfd`p�V\]`ZshMS$T�hHg6S�V�jk_�T_ld6Z�U\_lg6TNhMZ�b7V�bsVNS$mvZ�X6UWg6m~mvSfd`pvV\]6Z^T\Z�UWg`[$VNU�b7V�V\]`Z^Z!d6x�V\_�x0ZMV\ZMTNmvS$d6Z�VN]`Z.b7p�plTNZMpzb8V\Z�V\_lVNb7[ =

60 Hz
v

90 Hz
w

5 V
È

5 V
È

R

2.2 kΩ

C
É

1 µF

��dOb7[fe�|!S$d6pvhMS$T�hHg6S�V�jk_lTGY�y�zG|.U\_lg`T�hHZ�b7[f_ld`Z�=

5 V
È

60 Hz
v

R

C
É

1 µF

2.2 k
Ê

Ω

X
Ë

C = 2.653 kΩ
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E

I

Volts

Amps

OhmsZ

R TotalC

2.2k + j0

2.2k ∠ 0o

0 - j2.653k

2.653k ∠ -90o

2.2k - j2.653k

3.446k ∠ -50.328o

5 + j0

5 ∠ 0o

926.22µ + j1.1168m

1.4509m ∠ 50.328o

926.22µ + j1.1168m

1.4509m ∠ 50.328o

926.22µ + j1.1168m

1.4509m ∠ 50.328o

2.0377 + j2.4569 2.9623 - j2.4569

3.8486 ∠ -39.6716o3.1919 ∠ 50.328o

��dOb7[fe�|!S$d6p�VN]`Z.hHSfT�hHg`S$V�jk_lTGéXy�z<|.UW_�g`TNhMZ:bl[$_�d`ZX=

5 V
È

90 Hz
w

R

C
É

1 µF

2.2 k
Ê

Ω

X
Ë

C = 1.768 kΩ

E

I

Volts

Amps

OhmsZ

R TotalC

2.2k + j0

2.2k ∠ 0o

5 + j0

5 ∠ 0o

0 - j1.768k

1.768k ∠ -90o

2.2k - j1.768k

2.823k ∠ -38.793o

1.3807m + j1.1098m

1.7714m ∠ 38.793o

1.3807m + j1.1098m

1.7714m ∠ 38.793o

1.3807m + j1.1098m

1.7714m ∠ 38.793o

3.0375 + j2.4415

3.8971 ∠ 38.793o

1.9625 - j2.4415

3.1325 ∠ -51.207o

Cug`oyZMTNSfm~oy_�U\Sfd`p~V\]`Z^i�_l[$VNb7p�Z:x`T\_�o6U�blhMT\_zU\U,+�b7d6x a X`Y,Z:p�ZHVL=
ER = [3.1919 V ∠ 50.328o (60 Hz)] + [3.8971 V ∠ 38.793o (90 Hz)]

EC = [3.8486 V ∠ -39.6716o (60 Hz)] + [3.1325 V ∠ -51.207o (90 Hz)]Ñ Z!h!b7g6U\Z�VN]`Z�V�Y�_�il_�[�V�b7plZ�U�b�hHTN_�UNUsZ�blh�]�hM_lmvoy_ld`Z!d�V�blT\Znb8V�x0S$�yZ!T\Z!d�VvjkTNZ�xzg`Z!d6hHSfZ!U!XKY,Znh!b7d`d6_7V�hH_ldª�U\_l[fSfx`b7V\Z�VN]`ZMm¥SfdzV\_
b�UWSfd`pl[fZ�i�_l[$VNb7p�Z��6plg6T\Z�b�U.Y,Z�hH_�g`[rx¨S�j�Y,Z�Y,ZMTNZ�blx6x0S$d6pwV\_�plZHVN]`ZMT.V�Y�_�i�_l[$VNblplZ!U._7jx0S$�yZ!T\Z!dzV^blmvo`[$S$V\gOx0Z�b7d6xQP4_lT�o`]OblU\Z~bld`pl[fZ�b8V�V\]`Z�UNb7mvZ~jkT\ZLxzg`ZMd6hMel{ a _lmvo`[fZHt�dug`m�|OZ!T^d`_7V�b8VNS$_�d
p�S$i�Z�g6UV\]6Z�b7|6S$[fS�V�e�VN_�TNZMo`TNZ!U\ZMdzV�Y�b4ilZMjk_lTNm²b7mvo`[fS$V\g6x0Z¸?koy_l[rb7T:m�b7pld6S�VNg6x0ZLA�b7d6x�o`]6blU\Z�bld`pl[fZO?LoO_�[fblT�b7d6pl[fZLA5Xy|`g0Vd`_lV�jkT\ZLx�g6ZMd6hMel{
� ]6b7V�Y,Z,h!b7dsV\ZM[f[ujkTN_lm�V\]6SfU>blo`o`[fSfh!b8V\Sf_ld�_7j`VN]`Z�UWg6oOZ!T\oy_�U\S�VNS$_�d.VN]`ZM_�T\Z!mQSfUCV\]Ob8V�V\]`Z!T\Z,Y�Sf[$[0|yZ�b�p�T\Z�b8V\Z!TYXy�z<|.il_�[�V�b7p�Z.x0T\_�o`oyZ!xnblhMT\_zU\U,VN]`Z�h!b7o6b�hHS$V\_lT�VN]6b7d�bOéXy�zG|sil_l[$VNblplZ�{,Ì�g6UWV�V\]`Z�_lo`oy_�U\S�VNZ^SfU�V\TNg`Z^jk_�T�V\]6Z



�LWXØ Z%Ù [>\>]%^`_baLc�dfehgi^SjRÚ7k%_G^il#mn^So ZGp [ Z�q esrto>[<u q
TNZ!U\SfUWV\_�T�Ò U:il_l[$VNblplZ�x0TN_loE{���]`SfU.SfUsY�_�TWVN]zenVN_�d`_lV\ZlXCZ!U\oOZ�hHSrb7[f[$e
S$d¨[fS$p�]zV._7j�V\]`ZvjLb�h5V.VN]6b8V^VN]`Z�V�Y,_wUW_�g`TNhMZil_�[�V�b7p�Z!U�blT\ZsZ�xzg6b7[�{ / V:SrU�VN]`SrU��uSfd6xw_lj�g`d`ZLx�gOb7[�hHSfTNhMg`S�V:T\Z�UWoy_ldOUWZsV\_�U\Sfpld6bl[fU�_7j�x0S$��ZMTNS$d`p�jkT\ZLxzg`ZMd6hMe�V\]6b7VY�Sf[$[E|yZ^_lg6T�UWoyZ!hMS �Oh�jk_0hHgOU�S$d�VN]`Z^d`ZHtuV�h�]6blo0V\Z!T!{
� Znh!b7d�b7[rUW_¨b7o6o`[$e�V\]`ZwU\g`oyZMTNoO_zUWS$V\Sf_ld�V\]`Z!_lTNZMm¸VN_�V\]`Z�bld6b7[fe0UWSrU~_7j:b¨hMS$T�hHg`S$V�oO_8Y,ZMTNZ!x�|ue�b�d`_ldª�U\S$dug6U\_lSrx`b7[�il_l[$VNblplZ�X`UWg6h�]�b�U�b�U�x�gOb7TNZ^Y,b4i�Zl{ / j>Y,Z.�ud`_8Y9V\]`Z{Ì6_lg`TNSfZMT�U\ZMTNS$Z�UE?km�g`[$V\Sfo`[$Z�UWSfd`Z�P7hH_zUWSfd`Z^Y�b4ilZZ�xzg`Sfi8b7[fZMdzV�A�_7j�V\]Ob8V�Y�b4ilZ�X6Y,ZshMbldwT\Z!p�blTNx�S$V:blU�_lTNS$p�S$dOb8V\Sfd`pvjkTN_lm¿b�U\ZMTNS$Z�U¿�AhH_�d`d`Z�h5V\Z�xnU�VNT\Sfd`p�_ljKmsg`[$V\Sfo`[fZU\S$dug6U\_lSrx`b7[�il_�[�V�b7plZ�UW_�g`TNhMZ!U�b8VsVN]`Znb7o`o`TN_lo6T\Srb8VNZ�b7mvo`[fS�VNg6x0Z!U!X>jkTNZ�xzg`Z!d6hHSfZ!U!XKb7d6x�o`]6blU\Z�U\]`S$j�VNU!{ 	 ZMZ�x0[$Z�U\UV\_�U\b4e�X6VN]`SrU:h!b7d�|yZ�b�[fbl|O_�T\Sf_lgOU�VNb�UW��jk_�T�U\_lmvZsY�b4ilZMjk_lTNmvU{?Lb7d
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|yZ~oy_�UNU\S$|`[fZ~V\_whH_�d6UWV\TNg6h5V.bÁ�6[$V\ZMT.hMS$T�hHg6S�V^VN]6b8V^_ld6[$e�bl[$[f_8Y�U�V\]`Zvjkg6d6x`b7mvZ!d�V�b7[>Y�b4ilZMjk_lTNmjkTNZ�xzg`ZMdOhHe�VN_�o6blUNU�V\]`TN_lg`p�]EX0|`[f_0h��zSfd`p�b7[f[Kìk]6S$p�]`ZMTÜ�§jkTNZ�xzg`Z!d6hHe`í�]6blT\mv_ld6Sfh!UM{� Z^Y�S$[f[�|yZ.U�VNg6x0euSfd`pvV\]`Z�x0Z!U\S$p�dn_7j>UWZ!ilZMT�b7[�Z![$Z!mvZMdzVNblT\e��O[�VNZMT�hMS$T�hHg`S$VNU�S$d�V\]6SfU�[$Z�U\U\_ldE{���_�TNZ!x0gOhHZ�V\]6Z[f_�blx�_7j�m�b8VN]�_�d�V\]6Z�TNZ!b�x0ZMT�X å Y�S$[f[�mvbl�lZ�ZHtuV\Z!d6UWSfilZ�g6U\Z�_lj�ð0ñ å\a ò�blU,b7d�b7d6bl[$e0U\SfUKV\_u_l[�X`x0SrUWo`[rb4euS$d6p Ñ _ux`Zo`[f_7V�U:ì§b7mvo`[fS�VNg6x0Z�ilZ!TNU\g6U�jkT\ZLxzg`ZMd6hMe`í>jk_�T�VN]`Z�i8b7TNS$_�g6U��uSfd6x`U,_7jn�6[$V\ZMT�U!{ Ñ Z�b7T,S$d�mvS$d6xEXuV\]`_�g`pl]EXzVN]6b8V�V\]6Z!U\ZhHSfT�hHg`S$VNU�hMb7d�|OZ~b7d6bl[$eN|MZ�x�_8ilZMT�UWZ!ilZMT�b7[�oO_�S$dzVNU�_7j�jkTNZ�xzg`Z!d6hHen|ue�TNZMoyZ!b7V\Z�xwUWZ!T\SfZ!U ��oOb7T�b7[f[$Z![Eb7d6bl[$e0U\SfU!X6m�g6h�][fS$��Z.V\]6Zso`TNZMiuSf_lg6U�ZHt`b7mvo`[fZ.Y�S$V\]�V�Y,_�U\_lg`T�hHZ�U.ìLò�y�bld6xféXyÁzG|�íHX�S�j>VN]`Z�UWV\g6x`ZMdzV:SrU�Y�S$[f[$Sfd`p�VN_�SfduilZ!UWV:b�[$_lV_7j�V\SfmvZ^Y�_�T\�uSfd`pvb7d6x�T\Z���Y,_lTN�uS$d6p�hHSfT�hHg`S$V�hMb7[rhHg6[fb7V\Sf_ld6U,jk_�T�Z!blh�]�jkTNZ�xzg`ZMdOhHel{
���� �¡�¢H �£¥¤
� �}ÍKº �A»H°CSfU�b7dv� a hMS$T�hHg`S$V�V\]6b7V�UWZ!o6b7T�b8VNZ!U�U\_lmvZ,jkT\ZLx�g6ZMd6hMS$Z�U�jkT\_�m®_7VN]`ZMT�U�S$dvY�S$V\]`Sfd�mvS�t0Z�xN�§jkTNZ�xzg`Z!d6hHeUWSfpld6bl[fU!{
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Ñ e~x`Zs�6d`S$V\Sf_ld�Xub.[$_8YB��o6blUNU~�6[$V\Z!T�SrU�b.hMS$T�hHg6S�V�_l�yZ!T\Sfd`p.Z�blU\eso6b�U\UNb7p�Z�V\_.[f_8YB��jkT\ZLx�g6ZMd6hMe�U\S$p�d6b7[rUKb7dOx�x0S�/�hMg`[�Vo6b�U\UNb7p�ZsVN_�]`Sfpl]H��jkT\ZLxzg`ZMd6hMe�U\S$p�d6b7[rUM{���]`ZMTNZ�b7TNZvV�Y�_n|6b�UWSrhv�uS$d6x6U^_7j�hHSfTNhMg`S$VNU.h!b7o6bl|`[$Z�_lj�b�hMhM_lmvo`[fSfU\]`Sfd`pV\]6SfU�_�|0��Z!hHV\SfilZ�X`b7d6x�m�b7due�i8b7TNSfb7V\Sf_ld6U,_lj�Z�blh�]�_ld`Z��
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Inductive low-pass filter
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��]`Z�S$d6x`g6h5VN_lTLÒ U�S$mvoyZ!x`bld6hHZ�S$dOhHTNZ!blU\Z!UsY�S�VN]�Sfd6hHTNZ!b�UWSfd`pnjkTNZ�xzg`Z!d6hHe�{���]`SrU�]`S$p�]�Sfm~oyZ!x6b7d6hMZ�Sfd�U\ZMTNS$Z�UV\Z!d6x`U�VN_w|`[f_uh���]`S$p�]H��jkT\ZLx�g6ZMd6hMe�UWSfpldOb7[rU�jkTN_lmµplZHV\V\Sfd`pnV\_nVN]`Z�[f_�blxE{v��]6SfU.h!b7d�|OZ�x`ZMmv_ld6UWV\T�b8VNZ!x
Y�S�VN]}bð0ñ å\a òcbld6b7[fe0UWSrU	�
·L­ � ¬¯®5´¯· ø © º�¶ ÷u� µ ³N³�¹Q· º ´ª©�¨ø ¢�¢ù£ µ ®ú¢ó³N·L­º ¢�¢ »�¼¨ º�¶�µd� » £û¢!�ü µ ® º ·�­ » £ ¢ » £N£ü�� º�¶ ´ µ ® ø 1 » �ü ©X­ �
¹�¨ª©�« ø 1 » � £Dü » Ä¯¢ » £Sü ¼Nÿ�þ ¢ £Sü ÅN¼ ¢ ¢
²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²¢ýü £�£N£ � �H£�£ ÿ ü ÿNÿNþ � ² £¯¢ûü ü ü �¢ýü�¢ ÃªÆ � �H£Q¢ ÿ ü ÆNÆ�Ã � ² £¯¢ûü ü ü �%ü» ü�¢ ÿ Ä � �H£Q¢ ÿ ü »�Ã £ � ² £¯¢ûü ü ü �bü¼ ü »XÃª» � �H£Q¢ þ ü¿Ä ¼N¼ � ² £¯¢ûü ü ü � üÃ ü »�þNÿ � �H£Q¢ Æ ü ÆNÆNÅ � ² £¯¢ûü ü ü � üÄSü ¼�¼NÆ � �H£Q¢ Æ ü¿£NÄN£ � ² £¯¢ûü ü ü � üÅ ü ¼�þ�Ã � �H£Q¢ Å ü ¼Nÿ ¢ � ² £¯¢ûü ü � üÆ ü ÃH¼N» � �H£Q¢ ÄSü þ ¢�£ � ² £¯¢ûü ü � ü üþ ü ÃHÆNÿ � �H£Q¢ ÄSü ¼ £ Ã � ² £¯¢ûü ü � ü üÿ ü Ä »NÅ � �H£Q¢ Ã ü þNÅ Ä � ² £¯¢ûü ü � ü ü
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¢ýü £�Ä Æ � �H£ » Ã ü Ãªþ Ä � ² £¯¢ûü ü � ü ü¢ýü�¢ ÅN» � �H£ » Ã üs¢�Ä ¼ � ² £¯¢ûü ü�� ü ü¢ýü »�ÅNÆ � �H£ » ¼ ü þNÅN¼ � ² £¯¢ûü �~ü ü ü¢ýü ¼�ÆN» � �H£ » ¼ ü Å £ Æ � ² £¯¢ûü � ü ü ü¢ýü ÃHÆNÅ � �H£ » ¼ ü ¼NþN» � ² £¯¢ûü � ü ü ü¢ýü Ä þ ¢ � �H£ » ¼ üs¢ þ ¢ � ² £¯¢ûü � ü ü ü¢ýü Å�þNÅ � �H£ » ¼ ü¿£N£ » � ² £¯¢ûü � ü ü ü¢ýü Æ�ÿ ¢ � �H£ » » ü þ�Ã ¢ � ² £¯¢ûü � ü ü ü¢ýü þ�ÿ Ä � �H£ » » ü ÅNÿNÅ � ² £¯¢ûü�� ü ü ü» ü £�£N£ � �H£ » » ü¿Ä Å�Ã � ² £¯¢ûü�� ü ü ü
²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²

 ¶NµQ��øH¶Hº ´ µ�� © � ©4®5¨ª© µ ³X©4³�÷�·�´
�û·L­¯®�¨ª© µ ³H·�­ � ¹�¨ª©�«�¬4©X­¯®�°
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Capacitive low-pass filter
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��]`Zsh!b7o6b�hHS$V\_�T�Ò U�S$mvoyZ!x`bld6hHZ�x0Z!hMT\Z�blU\Z!U�Y�S$V\]wSfd6hHTNZ!b�UWSfd`pvjkTNZ�xzg`Z!d6hHe�{���]6SfU�[$_8Y�Sfm~oyZ!x6b7d6hMZ.S$dwoOb7T�b7[f[$Z![Y�S$V\]�VN]`Z�[f_�b�x�TNZ!U\SrU�V�b7d6hMZ�V\ZMdOx`UKVN_sU\]`_lT\V�_lg`V�]`Sfpl]H��jkT\ZLxzg`ZMd6hMe�U\S$p�d6b7[rU!X�x0TN_lo`o6S$d`psm~_zU�V�_7j�V\]`Z�il_�[�V�b7plZ�p�ZHV�UblhMT\_zU\U�U\ZMTNS$Z�U,T\Z�UWSrU�VN_lT�+��8{
® µ � µ ®H·�´¯· ø © º�¶ ÷u� µ ³N³�¹�· º ´ª©�¨ø ¢�¢ù£ µ ®ú¢ó³N·L­¨!¢�¢ » ÄN£N£®4¢ » £ Æ ¬¨ º�¶�µd� » £û¢!�ü µ ® º ·�­ » £ ¼ £û¢�ÄN£ü�� º�¶ ´ µ ® ø 1 » �ü ©X­ �
¹�¨ª©�« ø 1 » � £Sü ¼ ¢ Å�» £Sü ¼Nÿ�þ ¢ £Sü ÄN£Q¢ » £Sü ÅN¼ ¢
²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²¼ ü £�£N£ � �H£Q¢ Å üs¢�£ » � ² £¯¢ûü ü ü ü �%ü¼ ü Å�¼N» � �H£Q¢ ÄSü þNþ Ä � ² £¯¢ûü ü ü ü � üÃ ü »�ÅN¼ � �H£Q¢ ÄSü Å Ä ¼ � ² £¯¢ûü ü ü ü � üÃ ü þ�ÿ Ä � �H£Q¢ ÄSü Ã ¢ Å � ² £¯¢ûü ü ü ü�� üÄSü Ä »NÅ � �H£Q¢ ÄSüs¢ þ £ � ² £¯¢ûü ü ü ü�� üÅ ü�¢LÄ þ � �H£Q¢ Ã ü ÿ�Ãªþ � ² £¯¢ûü ü ü �%ü üÅ ü Æ�þNÿ � �H£Q¢ Ã ü ÆN» Ä � ² £¯¢ûü ü ü � ü ü



�!òXÎ ô%Ù�õ \i]%^�öQ÷0ø�ù�ú�û!]%^�ö�ü
Æ ü ÃH» ¢ � �H£Q¢ Ã ü¿Ä¯¢N¢ � ² £¯¢ûü ü ü � ü üþ ü £�Ä ¼ � �H£Q¢ Ã ü ¼ £ ÿ � ² £¯¢ûü ü ü
� ü üþ ü Å�þ�Ã � �H£Q¢ Ã üs¢N¢ þ � ² £¯¢ûü ü üN� ü üÿ ü ¼ ¢ Å � �H£Q¢ ¼ ü ÿN¼Nþ � ² £¯¢ûü ü �%ü ü üÿ ü ÿXÃªÆ � �H£Q¢ ¼ ü ÆNÆ £ � ² £¯¢ûü ü � ü ü ü¢ýü £�Ä þ � �H£ » ¼ ü Å ¢ ¼ � ² £¯¢ûü ü � ü ü ü¢ýü�¢ » ¢ � �H£ » ¼ ü ÃªÅ Ä � ² £¯¢ûü ü � ü ü ü¢ýü�¢ þ�Ã � �H£ » ¼ ü ¼N»NÆ � ² £¯¢ûü üN� ü ü ü¢ýü »XÃªÆ � �H£ » ¼ üs¢ ÿNÿ � ² £¯¢ûü � ü ü ü¢ýü ¼ ¢N¢ � �H£ » ¼ ü¿£ ÆNþ � ² £¯¢ûü � ü ü ü ü¢ýü ¼�Æ�Ã � �H£ » » ü ÿNÅ Ä � ² £¯¢ûü � ü ü ü ü¢ýü ÃH¼NÆ � �H£ » » ü þ Ä ÿ � ² £¯¢ûü�� ü ü ü ü¢ýü Ä�£N£ � �H£ » » ü ÆNÅ £ � ² £¯¢ûü�� ü ü ü ü
²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²

 ¶NµQ��øH¶Hº ´ µ�� © � ©4®5¨ª© µ ³X©4³�÷�·�´
�û·L­¯®�¨ª© µ ³H·�­ � ¹�¨ª©�«�¬4©X­¯®�°
��]`Z�S$d6x`g6h5VNS$i�Zs[f_8YB��o6b�U\Ut�6[�VNZMT:SfU�V\]6Zso`Sfd`d6b�hH[fZs_7j�U\Sfm~o6[$SrhHS$V�elX�Y�S$V\]�_�d`[$en_�d`Z�hM_lmvoO_�d`ZMdzV�hM_lmvo`TNSfU\Sfd`pV\]6ZE�6[$V\Z!T!{���]6ZshMblo6blhMS�VNS$i�Z.ilZ!TNU\S$_�dn_7j�V\]`SrU<�6[�VNZMT:SfU�d`_7V�V\]6b7V�m�g6h�]wmv_lTNZshH_�m~o6[$ZMt�XOY�S�VN]�_ld6[$ewb�TNZ!U\SfUWV\_�Tb7dOx�h!b7o6b�hHS$V\_�T^d`ZMZ�x0Z!x
jk_lTs_loyZMT�b8V\Sf_ld�{)z�_8Y,ZMilZ!T!XCx0Z!U\o`S$V\Z�VN]`ZMSfT.Sfd6hHTNZ!b�UWZ�x
hM_lmvo`[fZHt0S�V�e�XCh!b7o6b�hHS$V\SfilZ#�6[$V\ZMTx0Z�UWSfpld6U:b7TNZ.p�ZMd`Z!TNbl[$[fe�o6T\ZMjkZMTNT\Z�xw_8ilZ!T�S$dOx0g6h5VNS$i�Z�|yZ!h!b7g6U\Z�h!b7o6b�hHS$V\_�TNU�V\ZMdOxwV\_�|OZvï7o6g`T\Z!TNï�T\Z�blh5VNS$i�ZshH_�m#�oy_ld`Z!d�V�U>VN]6b7d�Sfd6x0g6hHV\_�TNUKbld6x�V\]`Z!T\ZMjk_lTNZ�b7TNZ�mv_lTNZ�o`T\Z�x0Srh5VNbl|`[fZ�S$dvVN]`ZMSfT�|yZM]6b4iuSf_lT�{ Ñ evï7o`g`TNZ!ï å mvZ!bldvV\]6b7VhMblo6blhMS�VN_lT�U,ZHt0]`Sf|`S�V�[$S$VWVN[$Z.TNZ!U\SrU�VNS$i�Z:ZM�yZ�h5V�U�V\]6bldnS$d6x`g6h5VN_lT�UMX`m�bl�zSfd`pvVN]`ZMm�b7[fm~_zU�VE�LyXy��ÂT\Z�blhHV\SfilZl{ å dOx0g6h2�V\_�TNU!X�_ld¨V\]6Z�_7VN]`ZMT�]6b7dOx�X�V�ezo6Sfh!b7[f[$e�ZHt0]`Sf|`S$V�UWSfpld6S �Oh!b7dzV�x0SrUNUWSfo6b8VNS$i�Z�ìkTNZ!U\SfUWV\_�T ��[fS$��Z�í:ZH��Z!hHVNU!X�|O_lV\]�Sfd}V\]6Z[f_ld`p�[$Z!d`p7VN]6U,_7jEY�SfT\Z:g6U\Z!x�VN_sm�b7��Z�VN]`ZMmnX`b7dOx�Sfd�V\]6Z�m�b7p�d`ZHVNSfh�[$_zU\U\Z!U�_7j�V\]`Z�hH_�T\Z�m�b7V\ZMTNSrb7[�{ a blo6blhMS�VN_lT�Ub7[rU\_�VNZMd6x�V\_no6blTWVNSfhMS$o6b7V\Z~[$Z�U\U�Sfd¨ïlhH_�g`o`[fS$d6p�ï�ZH��Z!h5V�U�Y�S�VN]
_lV\]`Z!T.hH_�m~oy_ld6ZMdzVNUvìkp�ZMd`Z!TNb7V\Zvb7d6x��4_lT:TNZ!hHZ!S$i�ZSfd�VNZMT\jkZMTNZMd6hMZ�jkT\_�m²_lV\]`Z!T�hM_lmvoO_�d`ZMdzV�U�iuSfb�m�g0V\gOb7[�Z![$Z�h5VNT\Srh^_lT�mvblpld`ZMV\Srhi�6ZM[rx`U�í�VN]6b7dwSfd6x0g6hHV\_�TNU!XObld6xwb7TNZ[fZ!UNU�ZHt0oOZ!d6U\S$i�Zl{z�_8Y,ZMi�ZMT�XyV\]`Z�Sfd6x0g6hHV\SfilZv[f_8YB��o6b�U\U>�6[$V\Z!T^SfU�_lj�V\Z!d
o`TNZHjkZ!T\TNZ!x
Sfd�� a ��� a oO_8Y,ZMT^U\g`o`o`[fSfZ!U�VN_Á�O[�VNZMT^_lg`VV\]6Z.� a ïlT\Sfo`o`[fZ!ï�Y,b4i�ZHjk_�T\m2hMT\Z�b8V\Z�x�Y�]6ZMdn� a SrU�hH_�duilZMT\V\Z�x�ìLT\Z�h5V\SË�6Z�x6í,S$dzVN_�� a X6oOblUNUWSfd`p~_ld`[fe�V\]6Z^o`g`TNZ

� a hM_lmvoy_ld`Z!d�V�{���]6Z�o`T\Sfm�b7TNe.TNZ!blU\_ld�jk_lT�VN]`SrUKSrU�V\]`Z�TNZ�xzg`SfTNZMmvZMdzVK_7j�[f_8Yê�6[$V\Z!TKT\Z�UWSrUWVNb7dOhHZ,jk_lT>VN]`Z�_�g0V\o`g`V_7j,UWg6h�]�b�oy_8Y,ZMT�U\g`o`o6[$e�{s�­hMb7oOblhHS$V\SfilZ�[$_8YB��o6b�U\UG�6[�VNZMT�TNZ�xzg`SfT\Z�U�bld�ZHtuV\T�b�T\Z�UWSrU�V�b7d6hMZsSfd
U\ZMTNS$Z�U�Y�S$V\]
V\]6ZU\_lg`T�hHZ�XEY�]`ZMTNZ!b�U�V\]`Z�Sfd6x0g6hHV\SfilZ�[f_8YB��oOblUNU<�O[�VNZMTsx0_uZ�U�d`_7V�{ å d
VN]`Z�x0Z�UWSfpld¨_7j�b�]`S$p�]H�AhHg`TNT\Z!dzV^hMS$T�hHg6S�V^[fS$��Zb�� a oy_8Y�Z!T�UWg6o`o`[fe�Y�]`Z!T\Z^blx6x0S�VNS$_�d6b7[EU\ZMTNSfZ!U�TNZ!U\SfUWVNbld6hHZ�SrU�g`d6x0Z�UWSfT�b7|`[fZlXuVN]`Z^S$dOx0g6h5VNS$i�Z^[$_8YB��o6b�U\U`�6[$V\Z!T�SfUV\]6Z�|OZMVWV\Z!Tsx0Z�UWSfpld¨h�]`_lSrhHZ�{�·�d
VN]`Z�_7VN]`ZMT^]Ob7d6x�XCS�j�[f_8Y®Y,ZMSfpl]zV.b7d6x�hH_�m~oOblh5V.U\SË|!Z�b7TNZ�]6S$p�]`ZMT^o`TNSf_lTNS�VNS$Z�UV\]Ob7d}[f_8Y®Sfd�VNZMTNd6b7[�UWg`o6o`[$e�TNZ!U\SfUWVNbld6hHZvSfd�bnoO_8Y,ZMT.U\g`o`o`[fe
x`Z!U\S$p�dEX�VN]`Z�h!b7o6b�hHS$V\SfilZv[$_8YB��o6b�U\Ui�6[$V\Z!T.mvS$p�]zVm�b7��Z:mv_�T\Z^U\ZMd6U\Zl{��[f[�[$_8YB��o6b�U\U<�6[$V\ZMT�U�b7TNZ�T�b8VNZ!x
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U\S$m�g`[fb7V\Sf_ldEX4Y,Z,U\ZMZ�V\]`Z,[f_�blx�i�_l[$VNblplZKY,ZM[f[�|yZM[f_8YÕÂ9y`{ Â���_7j0V\]6Z,U\_lg`T�hHZ�il_�[�V�b7plZ�ì ��i�_l[$V�íEZMilZ!dsb8V�b�jkTNZ�xzg`Z!d6hHeblU:[f_8Y�b�UiÉ�yÁz<|lXC|OZ![$_8YQVN]`Z�hMbl[fhMg`[rb8V\Z�x�hMg0V\_l��oO_�S$dzV�{ � ]6b7V�Ò U�Y�T\_�d`pzÄ9��]`Zvo`TN_l|`[fZMmµ]`ZMTNZ�SrU:V\]Ob8V^V\]6Z[f_�blxnTNZ!U\SrU�V�b7d6hMZ._7j<�s�! �b7�yZ�h5V�U�VN]`ZsjkTNZ�xzg`Z!d6hHenTNZ!U\oO_�d6U\Z._7j>VN]`Z{�O[�VNZMT�XyU\�lZ!Y�S$d`p�S�V^x0_8Y�dwjkTN_lm¶Y�]6b7V�V\]6Zjk_lTNmsg6[fb�V\_�[fx
g6U^S$V.Y,_lg`[rx�|yZl{ � S$V\]6_lg0V.VN]6b8V^[f_�b�x�TNZ!U\SfUWVNbld6hHZvSfd
o6[fb�hHZlX�ð0ñ å\a ò�o`TN_0x0g6hMZ!U^b Ñ _ux`Z~o6[$_lVY�]`_zUWZ�dug`ms|yZMT�U�m�b7��Z:mv_�T\Z^U\ZMd6U\Z��
® µ � µ ®H·�´¯· ø © º�¶ ÷u� µ ³N³�¹�· º ´ª©�¨ø ¢�¢ù£ µ ®ú¢ó³N·L­¨!¢�¢ » ÄN£N£®4¢ » £ Æ ¬��­ ¶ ´ª©S§)­ ¶�º�¶�µd� ¨ª©4³H·�³�´ ¶ ¨#"ü µ ® º ·�­ » £ Ã £�ÄN£ü�� º�¶ ´ µ ® ø 1 » �ü ©X­ �
¹�¨ª©�« ø 1 » � £Dü ÅNÅ £ Æ £Sü ÅNÿ ¢ þ £Dü ÆN»�ÃNÃ £Sü Æ Ä þNÅ
²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²Ã ü £�£N£ � �H£Q¢ Æ ü¿ÄN£ þ � ² £¯¢ûü ü ü � üÃ ü £�Ä ¼ � �H£Q¢ Æ ü ÃªÅ Ä � ² £¯¢ûü ü ü � üÃ ü�¢L£NÄ � �H£Q¢ Æ ü Ãª»N¼ � ² £¯¢ûü ü ü � üÃ ü�¢LÄ þ � �H£Q¢ Æ ü ¼Nþ £ � ² £¯¢ûü ü ü � üÃ ü » ¢N¢ � �H£Q¢ Æ ü ¼N¼Nþ � ² £¯¢ûü ü ü � üÃ ü »�ÅN¼ � �H£Q¢ Æ ü »Nÿ Ä � ² £¯¢ûü ü ü�� üÃ ü ¼ ¢ Å � �H£Q¢ Æ ü » Ä ¼ � ² £¯¢ûü ü � üÃ ü ¼�ÅNþ � �H£Q¢ Æ ü » ¢N¢ � ² £¯¢ûü ü �%ü üÃ ü ÃH» ¢ � �H£Q¢ Æ üs¢ Æ £ � ² £¯¢ûü ü � ü üÃ ü ÃHÆ�Ã � �H£Q¢ Æ üs¢ »Nÿ � ² £¯¢ûü ü � ü üÃ ü Ä »NÅ � �H£Q¢ Æ ü¿£ þNÆ � ² £¯¢ûü ü � ü üÃ ü Ä ÆNÿ � �H£Q¢ Æ ü¿£ ÃªÅ � ² £¯¢ûü ü � ü üÃ ü Å�¼N» � �H£Q¢ Æ ü¿£N£ Å � ² £¯¢ûü ü � ü üÃ ü Å�þ�Ã � �H£Q¢ Å ü ÿNÅ Ä � ² £¯¢ûü ü
� ü üÃ ü Æ�¼NÆ � �H£Q¢ Å ü ÿN» Ä � ² £¯¢ûü � ü üÃ ü Æ�þNÿ � �H£Q¢ Å ü þNþ Ä � ² £¯¢ûü �%ü ü üÃ ü þXÃª» � �H£Q¢ Å ü þ�ÃªÅ � ² £¯¢ûü � ü ü üÃ ü þ�ÿ Ä � �H£Q¢ Å ü þ £ Å � ² £¯¢ûü � ü ü üÃ ü ÿXÃªÆ � �H£Q¢ Å ü ÆNÅNÆ � ² £¯¢ûü � ü ü üÄSü £�£N£ � �H£Q¢ Å ü ÆN»Nþ � ² £¯¢ûü � ü ü ü
²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²�N´ Ã ÄSü »�Å ¤H¦ � ´
�4© ¶ ¬H´z��¬H´ øª¶Hº ´ µ�� © ·�³ µ ö ¶�ø © Æ £Sü Æ �4©�¨�®X©X­H´%$�N´ Ã ÄSü Æ�ÿ ¤H¦ � ´
�4© ¶ ¬H´z��¬H´ øª¶Hº ´ µ�� © ·�³�ö4© º�¶ ÷ Æ £Sü Æ �4©�¨�®X©X­H´%$
- ´ ³�� ¶ ¬ ºQ� ö4©�©�P µ ®5´ º ° Æ £Sü Æ
& µ ´ Ã ÄSü ÃªÆN¼ ¤N¦'"
� ]`Z!d�x0Z�b7[fS$d6p�Y�S$V\]��6[$V\ZMT.hMS$T�hHg6S�V�UMXES$V^SfU^bl[$Y�b4e0U�SfmvoO_�TWV�b7dzV�V\_nd`_7VNZsVN]6b8V�VN]`ZvT\Z�UWoy_ld6U\Z~_7j�VN]`Z#�6[$V\ZMTx0Z!oOZ!d6x`U�_ldcV\]`Z@�6[$V\ZMTLÒ U�hH_�mvoO_�d`ZMdzV�i8b7[fg`Z�U���û�þ�V\]6Z�Sfm~oyZ!x6b7d6hMZ�_7j�V\]6Z�[f_�blxE{ å j.b�hMg0V\_l�9jkTNZ�xzg`Z!d6hHeZ�xzg6b7V\Sf_ld�jLblS$[rU�VN_�plSfilZ�hM_ld6U\Sfx`ZMT�b8V\Sf_ldcVN_�[$_zblxcSfm~oyZ!x6b7d6hMZlX�S$V�blUNU\g`mvZ!U�d6_�[$_zblx�b7dOx�Y�S$[f[�jLblS$[�V\_�p�S$i�Zblh!hHg`T�b8VNZ�TNZ!U\g`[$VNU,jk_�T�bvT\Z�b7[Ë��[fS�jkZ>�6[$V\Z!T�hH_�d6x0g6hHV\Sfd`pvoO_8Y,ZMT�VN_vb~[f_�b�x�{
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Capacitive high-pass filter
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��]`Z�hMblo6blhMS�VN_lTLÒ U�Sfm~oyZ!x6b7d6hMZ~Sfd6hMT\Z�blU\Z!U:Y�S�VN]�x`Z!hHTNZ!b�UWSfd`p�jkT\ZLxzg`ZMd6hMel{v��]`SrU�]`S$p�]
SfmvoOZ�x`b7dOhHZvS$d¨U\ZMTNS$Z�UV\Z!d6x`U�VN_v|`[$_0h���[f_8YB��jkT\ZLx�g6ZMd6hMe�UWSfpld6bl[fU,jkTN_lm�plZHV\V\Sfd`p~V\_�[f_�b�x�{
® µ � µ ®H·�´¯· ø ©���· � �u� µ ³�³�¹Q· º ´ª©X¨ø ¢�¢ù£ µ ®ú¢ó³N·L­®4¢�¢ » £Sü Ä9¬¨ º�¶�µd� » £û¢!�ü µ ® º ·�­ » £ ¢ » £N£ü�� º�¶ ´ µ ® ø 1 » �ü ©X­ �
¹�¨ª©�« ø 1 » � ¢ýü £N£�£ � ² £ ¼ ¢ýü £N£�£ � ² £ » ¢ýü £N£�£ � ² £¯¢ ¢ýü £N£�£ � �H£N£²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²�² ²¢ýü £�£N£ � �H£�£ ¼ üs¢ Ãª» � ² £ ¼ ü � ü ü ü¢ýü�¢ ÃªÆ � �H£Q¢ ¼ ü Å £ » � ² £ » ü ü � ü ü
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» ü�¢ ÿ Ä � �H£Q¢ Å ü þNÆNÿ � ² £ » ü ü �bü ü¼ ü »XÃª» � �H£Q¢ ¢ýü¿£¯¢ ¼ � ² £¯¢ûü ü � üÃ ü »�þNÿ � �H£Q¢ ¢ýü ¼N¼NÅ � ² £¯¢ûü ü ü
� üÄSü ¼�¼NÆ � �H£Q¢ ¢ýü Å Ä Ã � ² £¯¢ûü ü ü � üÅ ü ¼�þ�Ã � �H£Q¢ ¢ýü ÿNÅNÅ � ² £¯¢ûü ü ü � üÆ ü ÃH¼N» � �H£Q¢ » ü »NÆ�Ã � ² £¯¢ûü ü ü � üþ ü ÃHÆNÿ � �H£Q¢ » ü¿Ä Æ�Ã � ² £¯¢ûü ü ü � üÿ ü Ä »NÅ � �H£Q¢ » ü þNÅNÆ � ² £¯¢ûü ü ü � ü¢ýü £�Ä Æ � �H£ » ¼ üs¢�Ä » � ² £¯¢ûü ü ü � ü¢ýü�¢ ÅN» � �H£ » ¼ ü Ãª»Nÿ � ² £¯¢ûü ü ü � ü¢ýü »�ÅNÆ � �H£ » ¼ ü ÅNÿNþ � ² £¯¢ûü ü ü � ü¢ýü ¼�ÆN» � �H£ » ¼ ü ÿ Ä Æ � ² £¯¢ûü ü ü � ü¢ýü ÃHÆNÅ � �H£ » Ã ü » £ Æ � ² £¯¢ûü ü ü � ü¢ýü Ä þ ¢ � �H£ » Ã ü ÃNÃªþ � ² £¯¢ûü ü ü � ü¢ýü Å�þNÅ � �H£ » Ã ü ÅNþ £ � ² £¯¢ûü ü ü � ü¢ýü Æ�ÿ ¢ � �H£ » Ã ü ÿ £ ¼ � ² £¯¢ûü ü ü � ü¢ýü þ�ÿ Ä � �H£ » ÄSüs¢N¢ Å � ² £¯¢ûü ü ü � ü» ü £�£N£ � �H£ » ÄSü ¼N» £ � ² £¯¢ûü ü ü � ü
²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²�²�² ²

 ¶NµQ��øH¶Hº ´ µ�� © ·L­¯®5¨ª© µ ³X©4³�÷�·�´
�û·L­¯®�¨ª© µ ³H·�­ � ¹�¨ª©�«�¬4©X­¯®�°
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Inductive high-pass filter
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��]`Z�S$d6x`g6h5VN_lTLÒ U�S$mvoyZ!x`bld6hHZvx0Z!hMT\Z�blU\Z!U�Y�S$V\]�x0Z!hMT\Z�blU\S$d6p�jkT\ZLxzg`ZMd6hMel{:��]`SfU�[f_8Y�SfmvoOZ�x`b7dOhHZ~S$d�oOb7T�b7[f[$Z![V\Z!d6x`U�V\_�UW]`_�TWV�_�g0V�[f_8YB��jkT\ZLx�g6ZMd6hMe�U\S$p�d6b7[rU�jkTN_lm�plZMVWV\Sfd`p�V\_�VN]`Zs[f_�b�xnT\Z�UWSrU�VN_lT�{���U:b�hH_�d6U\Z�xzg`ZMdOhHZlXOmv_�UWV_7j�V\]6Z^il_l[$VNblplZ:plZMVNU�x0TN_lo`oyZ!x�blhMT\_zU\U�U\ZMTNS$Z�U,T\Z�UWSrU�VN_lT�+��8{
·L­ � ¬¯®5´¯· ø ©.��· � �z� µ ³N³ê¹�· º ´ª©�¨ø ¢�¢ù£ µ ®ú¢ó³N·L­¨!¢�¢ »�» £N£º ¢ » £û¢�£N£�3¨ º�¶�µd� » £û¢!�ü µ ® º ·�­ » £ ¢ » £N£ü�� º�¶ ´ µ ® ø 1 » �ü ©X­ �
¹�¨ª©�« ø 1 » � ¢ýü £�£N£ � ² £ ¼ ¢ýü¿£N£N£ � ² £ » ¢ýü £N£N£ � ² £¯¢ ¢ýü¿£N£N£ � �N£N£
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²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²¢ýü £�£N£ � �H£�£ ¼ üs¢ Ãª» � ² £ ¼ ü�� ü ü ü¢ýü�¢ ÃªÆ � �H£Q¢ ¼ ü Å £¯¢ � ² £ » ü ü � ü ü» ü�¢ ÿ Ä � �H£Q¢ Å ü þNÆ ¢ � ² £ » ü ü �bü ü¼ ü »XÃª» � �H£Q¢ ¢ýü¿£¯¢N¢ � ² £¯¢ûü ü � üÃ ü »�þNÿ � �H£Q¢ ¢ýü ¼N¼ £ � ² £¯¢ûü ü ü�� üÄSü ¼�¼NÆ � �H£Q¢ ¢ýü Å�ÃNÃ � ² £¯¢ûü ü ü�� üÅ ü ¼�þ�Ã � �H£Q¢ ¢ýü ÿ ÄN£ � ² £¯¢ûü ü ü � üÆ ü ÃH¼N» � �H£Q¢ » ü »�Ãªþ � ² £¯¢ûü ü ü � üþ ü ÃHÆNÿ � �H£Q¢ » ü¿Ä ¼NÆ � ² £¯¢ûü ü ü � üÿ ü Ä »NÅ � �H£Q¢ » ü þ ¢ Æ � ² £¯¢ûü ü ü � ü¢ýü £�Ä Æ � �H£ » ¼ ü¿£ þNÅ � ² £¯¢ûü ü ü � ü¢ýü�¢ ÅN» � �H£ » ¼ ü ¼�ÃNÃ � ² £¯¢ûü ü ü � ü¢ýü »�ÅNÆ � �H£ » ¼ ü¿Ä ÿ ¢ � ² £¯¢ûü ü ü � ü¢ýü ¼�ÆN» � �H£ » ¼ ü þN»Nþ � ² £¯¢ûü ü ü � ü¢ýü ÃHÆNÅ � �H£ » Ã ü¿£NÄ ¼ � ² £¯¢ûü ü ü � ü¢ýü Ä þ ¢ � �H£ » Ã ü »NÅNÆ � ² £¯¢ûü ü ü � ü¢ýü Å�þNÅ � �H£ » Ã ü ÃªÆ £ � ² £¯¢ûü ü ü � ü¢ýü Æ�ÿ ¢ � �H£ » Ã ü ÅNÅN» � ² £¯¢ûü ü ü � ü¢ýü þ�ÿ Ä � �H£ » Ã ü þ�Ã Ä � ² £¯¢ûü ü ü � ü» ü £�£N£ � �H£ » ÄSü¿£¯¢ Æ � ² £¯¢ûü ü ü � ü
²�²�²�²�²�²�²�²�² ²�²�²�²�²�² ²�²�²�²�²�²�²�²�²�²�²�² ²�²�²

 ¶NµQ��øH¶Hº ´ µ�� © ·L­¯®5¨ª© µ ³X©4³�÷�·�´
�û·L­¯®�¨ª© µ ³H·�­ � ¹�¨ª©�«�¬4©X­¯®�°
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V\]6Z�hMblU\Z~_7j�VN]`Z�hMblo6blhMS�VNS$i�Z�[f_8YB��o6blUNU�6[$V\Z!T�hHSfTNhMg`S$V!XuV\]6Z.hMb7oOblhHS$V\SfilZ�]`Sfpl]ª��o6b�U\U`�6[$V\Z!T�Ò U�hHg`V\_7��jkT\ZLx�g6ZMd6hMe�hMbld�|yZ^jk_lg6d6x�Y�S$V\]nVN]`Z.UNb7mvZ:jk_lTNmsg`[rb0�

fcutoff = 
2πRC

1

å d�VN]`Z�ZMt`b7mvo`[fZ�hHSfT�hHg`S$V!XzV\]6ZMTNZ�SrU�d`_�T\Z�UWSrUWVNb7dOhHZ�_lV\]`Z!T�VN]6b7d�VN]`Z:[$_zblx�TNZ!U\SfUWV\_�T!XzUW_sV\]6b7V�SrU�V\]`Z�i4bl[$g6Z�jk_�T+�S$d�VN]`Z�jk_lTNmsg`[rb`{
-�U\Sfd`p�bnUWV\Z!T\Z!_�U\euUWV\Z!mµblU�b�o`T�blhHV\SrhMb7[�ZHt`blm~o6[$Z�X�b�h!b7o6b�hHS$V\_�T�hM_ld`d6Z!h5VNZ!x�S$d¨UWZ!T\SfZ!U:Y�S$V\]�V\]6Z�V�Y,ZMZMV\Z!Tì�VNT\Z!|`[fZ�í^U\oOZ�b7��ZMT�Y�S$[f[�U\ZMTNilZvblUsb�]6S$p�]H��oOblUNUi�6[�VNZMT�XCSfmvoO_zUWSfd`pwbn]`Sfpl]¨Sfm~oyZ!x6b7d6hMZvV\_w[f_8YB�§jkTNZ�xzg`Z!d6hHe�|OblUNUU\S$p�d6b7[rUMXEV\]`Z!T\Z!|ze�o`T\Z!ilZ!d�VNS$d6p�VN]6b8V.oy_8Y�Z!T:jkT\_�m¾|OZ!S$d6pwY,b�U�VNZ!x
_ld¨b�U\oyZ!b7��ZMT�Sfd`ZH/�hHSfZMdzV^jk_�T^T\Z!o`T\_0x0gOhHSfd`pU\g6h�]�UW_�g`d6x`U!{ å d�[fS$��Z�jLblU\]`Sf_ldEX>bld}S$d6x`g6h5VN_lT�hM_ld`d6Z!h5VNZ!x}Sfd�U\ZMTNS$Z�U^Y�S$V\]}VN]`Z�Y,_u_7jkZMT�ìk|6b�U\U�í.U\oOZ�b7��ZMT.Y�Sf[$[U\ZMTNilZ�b�U�bs[$_8YB��o6blUNU'�O[�VNZMT,jk_lT�V\]`Z:[f_8Y�jkTNZ�xzg`Z!d6hHSfZ!U�V\]Ob8V�o6b7T\V\SrhHg`[rb7T,UWoyZ!bl�lZ!T�SrU�x`Z!U\S$p�d`Z!xvVN_�TNZMo6T\_0x0g6hMZl{ å dV\]6SfU.U\Sfm~o6[$ZvZHt`blm~o6[$Z�hHSfT�hHg`S$V!X�VN]`Z�mvSfx`TNbld`plZvUWoyZ!bl�lZ!T:SrU.U\g`|0��Z�h5V\Z�x�VN_�V\]`Zvjkg`[f[�U\oOZ�h5VNT\g`mµ_7j,jkT\ZLx�g6ZMd6hMS$Z�UjkTN_lm¶V\]6ZvUWV\Z!T\Z!_4Ò U�_�g0V\o6g0V!{ � _lTNZsZ![fbl|O_�TNb7V\ZE�O[�VNZMT^d`ZMV�Y�_�T\�0U�blT\ZvU\_lmvZHVNS$mvZ!U:g6U\Z!xEX�|`g0V�V\]`SrU^U\]`_lg`[rx�p�S$i�Zel_�g�V\]6Z�p�ZMd`Z!TNbl[6Srx0Z!b6{���[fU\_s|yZ!blT�Sfd�mvSfd6x�VN]6b8V å Ò mq_�d`[fevU\]`_8Y�Sfd`p.e�_lg�_�d`Z�h�]6bld`d`Z![�ìLZMS$V\]`Z!T,[fZHj�V�_lT,TNS$p�]�V5í_ld~VN]`SfU�U�VNZMTNZM_^UWe0UWV\Z!m�{���TNZ!b7[`UWV\Z!T\Z!_�Y�_�g`[fx~]6b4i�Z�UWS$t�U\oOZ�b7�lZ!TNU	�Có:Y,_u_7jkZMT�U!Xló:m~Srx0T�b7d`p�Z!U!Xlb7dOx~ó�V�Y,ZMZMV\ZMT�U!{
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Stereo Midrange

Woofer

Tweeter
6

low-pass

high-pass

7 _�T�|yZHV\V\ZMT:oyZMT\jk_lTNmvbld6hHZ^e�ZHV�XOY,Z.mvS$p�]zV�[fS$��Z^V\_�]6b4ilZ.U\_lmvZ.�uSfd6xw_7j98O[�VNZMT�hMS$T�hHg6S�V�hMb7oOb7|`[fZ._7j>o6b�U\U\Sfd`pjkTNZ	:zg`ZMdOhHSfZ!U�V\]6b7V:b7TNZ.|yZHV�Y,ZMZ!d�[$_8Y2ìL|6blUNU�í�b7dOxn]`S$p�]�ì�VNT\Z!|`[fZ�í�V\_�VN]`Z~m~Srx0T�b7d`p�ZsU\oOZ�b7�lZ!T�U\_�V\]Ob8V�d6_ld`Z�_7jV\]6Zs[f_8Y#;�_lT�]`Sfpl]!;�jkT\Z*:zg`ZMd6hMe�U\S$p�d6b7[CoO_8Y,ZMT�SfU�Y,b�U�VNZ!xn_�d�b�U\oOZ�b7�lZ!T�Sfd6hMblo6b7|`[fZ._ljKZ-<�hHSfZMdzV\[fe�T\Z!o`T\_0x0gOhHSfd`pV\]6_�U\ZvU\_lg6d6x`U!{ � ]6b7V�Y,ZvY�_�g`[rx�|yZ~[f_u_l�uSfd`p�jk_�T^SfU�h!b7[f[$Z�x
b>=@?�ûyþBAfÿ0?�ú@ú486[$V\Z!T!XEY�]6Sfh�]�SfU:VN]`Z~V\_�o`Sfh~_lj�V\]6Zd`ZMtzV�U\Z!hHV\Sf_ldE{
���� �¡�¢H �£¥¤
� ��]6S$p�]!;�oOblUNU48O[�VNZMTsbl[$[f_8Y�U�jk_lT^Z!b�UWewoOblUNU\blplZ~_7j�]6S$p�]!;§jkTNZ	:zg`Z!d6hHe
UWSfpld6bl[fU�jkTN_lmµU\_lg6TNhMZsVN_�[f_�b�x�X�bld6xx0SC<�hMg`[�V�oOblUNU\blplZ:_7jC[f_8Y#;�jkT\Z*:�g6ZMd6hMe�UWSfpld6bl[fU!{
� a b7o6b�hHS$V\SfilZ,]`S$p�]!;�o6blUNUD86[$V\ZMT�U>Sfd6U\ZMT\V�b:h!b7o6b�hHS$V\_�T>S$d�U\ZMTNS$Z�U�Y�S�VN]�VN]`Z�[f_�b�xFElSfd6x0g6hHV\SfilZ�]`Sfpl]0;�o6b�U\UG86[$V\Z!TNUS$d6U\ZMT\V^b�TNZ!U\SfUWV\_�T�Sfd¨UWZ!T\SfZ!U�b7dOx�b7d�Sfd6x0g6hHV\_lT�Sfd
oOb7T�b7[f[$Z![�Y�S$V\]
V\]6Z~[f_�b�x�{s��]`Z~jk_�T\mvZMTH86[$V\Z!T.x0Z!U\SfpldV\TNS$Z�U,V\_�ï7|`[f_0h��0ï.VN]`Z^g`duY,bldzV\Z!x�jkTNZ	:zg`ZMdOhHe�U\S$p�d6b7[�Y�]6S$[fZ�V\]`Z^[rb8V\V\Z!T�V\TNS$Z�U,V\_�U\]`_lT\V�S�V�_�g0V!{
� ��]`Z~±Mç!I�¼/�KJ�°N»MLMç6»vûy±���jk_lT�b.]`Sfpl]0;�o6b�U\UN86[$V\ZMT�SrUKVN]6b8V,jkTNZ	:zg`ZMdOhHe�b8V,Y�]`Sfh�]�V\]`Z�_lg0VNo`g0V^ìk[f_�b�x6íKi�_l[$VNblplZZ	:zg6b7[rU�OBP`{QO��Â_lj�VN]`Z.Sfd`o`g0VvìLU\_lg`T�hHZ4í,il_�[�V�b7plZ�{���|y_8ilZ.V\]`ZshMg0V\_l��jkTNZ	:zg`Z!d6hHe�X`V\]6Z._lg0VNo`g0V�i�_l[$VNblplZ�SfUplTNZ!b8VNZMT�V\]6bldROSP`{QO��­_7j�VN]`Z^Sfd`o`g0V�XOb7dOx�iuSrU\bB;�i�ZMT�U\b6{

Ü�Ý © TVUXWZY[��\ZU^]D]²áR_�àD`�ã9]
��]`Z!T\Zvb7TNZ~blo`o`[fSfh!b8VNS$_�d6U:Y�]`ZMTNZ~b�o6blTWVNSfhMg`[fblT�|Ob7d6x�X�_lT^UWo6T\Z�blx�X�_�T�jkTNZ	:zg`Z!d6hHSfZ!U:d`Z!Z!x�V\_n|OZa86[$V\Z!T\Z�xwjkTN_lmb�Y�Srx0Z!T�T�b7d`p�Z._7jKmvS$tuZ�x�U\S$p�d6b7[rUM{ 7 Sf[$V\ZMT�hHSfT�hHg`S$VNU:hMbldw|OZvx0Z!U\Sfpld`Z�x�V\_�b�hMhM_lmvo`[fSfU\]nV\]`SrU�VNb�UW��|uenhM_lm�|`S$d0;Sfd`p�VN]`Z�o6T\_�oOZ!TWVNS$Z�Us_lj�[$_8Y#;�o6blUNUsbld6x}]`Sfpl]0;�o6b�U\U�Sfd�VN_
b
UWSfd`pl[fZb8O[�VNZMT�{¨��]6Z�TNZ!U\g`[�VvSrU�h!b7[f[$Z�x�b2=@?�û�þSAfÿc? ú@ú
86[$V\Z!T!{ a TNZ!b7V\Sfd`p�b~|6b7d6x`o6blUNU#86[$V\Z!T�jkT\_�m�bv[f_8Y#;�o6b�U\U�bld6x�]`S$p�]!;�o6blUNUd86[�VNZMT�h!b7dn|yZ^S$[f[$gOU�VNTNb7V\Z!x�g6U\Sfd`p�|`[f_uh��x0Srb7p�TNblmvU	�

Low-pass filter High-pass filterSignal
input

Signal
outpute

blocks frequencies
that are too high
f blocks frequencies

that are too low
f



g OBP ôih�õ \i]%^�öQ÷0ø�ù�ú�û!]%^�ö�ü
� ]6b7V�ZMmvZ!T\p�Z!U�jkTN_lm�V\]6Z�U\ZMTNS$Z�U�hH_�ms|`Sfd6b7V\Sf_ldw_7j>VN]`Z!U\Z.V�Y,_j86[$V\Z!T:hMS$T�hHg6S�V�U�SrU�b�hHSfTNhMg`S�V�V\]6b7V�Y�Sf[$[�_ld6[$eb7[f[f_8Y®o6b�U\UNb7p�Z�_lj,VN]`_�U\Z~jkT\Z*:zg`ZMd6hMS$Z�U�V\]Ob8V�blT\Zvd`Z!S�VN]`ZMT^VN_u_w]`S$p�]¨d`_lT�VN_z_w[f_8Y^{)k�UWSfd`pwTNZ!b7[�hH_lmvoy_ld`Z!dzVNU!X]`Z!T\Z�SrU�Y�]6b8V�b�V�euo`SrhMb7[EUNh�]`Z!mvb7V\Srh:m~Sfpl]zV�[f_u_l��[fS$��Z��

Source Low-pass
filter section
l High-pass

filter section
l

1

0

2 3

0 0

Capacitive band-pass filter

V
m

1 1 V

R
n

1

200 
o

Ω

C
p

1 2.5 
o

µF

C
p

2

1 µF

R
n

load 1 kΩ
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�%���*�����!�!�
� �%���������c���v��� � �@� �
�%�/�������!�!�
� �%���� ����c���v��� � �i� �
�%�/�
�����!�!�
� �%���0 ����c���v��� � � � �
�%�/�
�����!�!�
� �%���� ����c���v��� � � � �
�%�/���0���!�!�
� �%���������c���v��� � � � �
�'���*�� ��!�!�
� �%�-�������c���v��� � � � �
�'�/�
�� ��!�!�
� �%���������c���v��� �@� � �
�'�/�
�����!�!�
� �'�����v�	�c���v��� �i� � �
�'�/�
 ����!�!�
� �'�� ��0���c���v��� � � � �
�%�/�
�����!�!�
� �'���������c���v��� � � � �
���������������������������������������������������������������

 ��rQ�¥w!�!}�u0r��!x2scx�r���{§¦vt�u � t*z�z0r�~�~0��¦�|�~0x
���cxBzvqS¨�~0rBz!�0x

©#ªB«c¬ ;®­ ª�¯°¯ 8c±³²°´	µ ¯·¶	ªB«¸ª ± ¯°¹aº ´ ¶-¹�«c¯ ²°µM» ¶ ²M´ ¬ » ¯/¼½«0¾j¼½«c¬ » ¶ ² ¹ µ ¯	¿!º »!² ª�¯#À ´ « ² ¼½¹�« ´ ¬Áº ´�Â ¹ µM´ ¿ ²°Ãc´^µ°´ ª�¶ ² ¼³Ä ´ïB­c»0µ ¼ ²�Å0ï ¹ Â ¶	ª ­ ª�¶-¼ ² ¹ µ ¯·¾�¼³Ä ´ ¯ ²°Ã0´ ÀÆª)¬ ´ ¯/¼½¾�«Rª�¬!ÄSªB« ² ª�¾ ´�Ç å ÂNÈd´ÉÈd´	µ°´X² ¹[¬ ´ ¯°¼³¾�«Rªbºcª�«c¬ ­ ª�¯°¯ 8c±³²°´�µH» ¯°¼³«c¾
¼½«c¬ » ¶ ² ¹ µ ¯	¿!¼ ² À�¼½¾ Ã
²Ê± ¹�¹�Ë)¯/¹�À ´-²°Ã ¼³«0¾ ± ¼³Ë ´H²°Ã ¼Ì¯ �

Source Low-pass
filter section
l High-pass

filter section
l

Inductive band-pass filter

R
n

1 L
�

2

L
�

1 R
n

load

Í Ã0´ÉÂ ª�¶ ²H²MÃ ª ²¤²MÃ0´�Ã ¼³¾ Ã!;�­ ª�¯M¯�¯ ´ ¶ ² ¼½¹�«Î¶-¹�À ´ ¯ ïB8cµ ¯ ²�ï ¼½« ²MÃ ¼½¯^¬ ´ ¯°¼³¾�«R¼½«c¯ ²M´ ª�¬Ï¹ Âd²°Ã0´�± ¹ È#;®­ ª�¯M¯4¯ ´ ¶ ² ¼³¹�«
ÀjªBË ´ ¯N«c¹a¬!¼³Ð ´�µM´ «c¶ ´ ¼½«)¼ ² ¯'¹SÄ ´	µ ª ±³± ¹ ­�´	µ ª ² ¼½¹�« Ç å ²#È ¼ ±½± ¯ ² ¼ ±½±�8c±C²M´�µ ¹ »!² ª ±½±�ÂÑµ°´*:�»c´ «c¶�¼ ´ ¯ ² ¹
¹ Ã ¼½¾ Ã ¹ µN² ¹
¹ ± ¹ È^Ç

Ò Ã ¼ ±³´¤²MÃ0´ ¾ ´ « ´�µ ª ± ¼Ì¬ ´ ªa¹ Â ¶-¹�ÀÓº0¼½«0¼½«0¾ ± ¹ È#;�­ ª�¯°¯#ªB«�¬ Ã ¼½¾ Ã0;®­ ª�¯°¯ 8c±³²°´	µ ¯ ² ¹�¾ ´-²°Ãc´�µ#² ¹�ÀjªBË ´ ªÉº�ªB«c¬ ­ ª�¯M¯
8c±³²°´	µ ¼Ì¯�¯°¹ » «�¬F¿�¼ ² ¼Ì¯Ê«c¹ ²�È ¼ ²°Ã ¹ »!² ¶ ´�µ°² ª�¼³« ± ¼³À�¼ ² ª ² ¼½¹�«c¯ Ç © ´ ¶	ª » ¯ ´^²°Ã ¼½¯ ²�Å
­�´ ¹ Â ºcªB«�¬ ;®­ ª�¯M¯ 8c±³²°´�µHÈ ¹ µ Ë�¯#º Å
µM´�±½Å ¼½«0¾K¹�« ´ ¼ ²MÃ0´�µ ¯ ´ ¶ ² ¼³¹�« ² ¹ =�Ô³Õ*ÖNê)» « È ªB« ²°´ ¬ ÂÑµM´	:
»0´ «�¶-¼ ´ ¯	¿9¼ ² ¶�ª�«.º ´ ¬!¼ < ¶ »0±³²�² ¹>¬ ´ ¯°¼½¾�«.¯ » ¶ Ã ª 8c±³²°´�µ
² ¹Zª ±½± ¹ È�» « Ã ¼½«c¬ ´	µ°´ ¬ ­ ª�¯°¯MªB¾ ´XÈ ¼ ²MÃ ¼½« ²MÃ0´ ¬ ´ ¯°¼ µM´ ¬ ÂÑµ°´*:�»c´ «c¶ Å¸µ ª�«0¾ ´�Ç ©'¹ ²°ÃÏ²MÃ0´a± ¹ È#;�­ ª�¯M¯4ª�«c¬ Ã ¼³¾ Ã!;®­ ª�¯M¯
¯ ´ ¶ ² ¼³¹�«c¯ È ¼ ±³± ª ±³È ª Å ¯aº ´ º ± ¹!¶@Ë�¼³«0¾§¯°¼³¾�«cª ± ¯ ² ¹§¯°¹�À ´¸´-×�²M´ « ² ¿#ªB«c¬ ²MÃ0´ ¼ µ ¶-¹�ÀÓº0¼½« ´ ¬ ´ Ð�¹ µ/² ÀjªBË ´ ¯ Â ¹ µ ª�«
ª ²°²°´ « » ª ²°´ ¬ ìÑµM´ ¬ » ¶ ´ ¬�ªBÀ ­0± ¼ ²°» ¬ ´4í ¯°¼³¾�«cª ± ª ² º ´ ¯ ² ¿ ´ Ä ´ «jª ²9²°Ã0´Ê­�´ ª�ËÓ¹ Â�²MÃ0´�ïB­ ª�¯M¯ ; ºcªB«�¬ ïÊÂÑµM´	:
»0´ «c¶ ÅÓµ ª�«0¾ ´�Ç
ØÊ¹ ² ¼Ì¶ ´)²°Ã0´ ¶ »0µ Ä ´b­�´ ª�ËK¹�« ²°Ãc´)­0µM´ Ä�¼½¹ » ¯ ð0ñ å°Ù'Ú�ª�«cª ±½Å ¯/¼Ì¯ �Ó²MÃ0´)± ¹�ª�¬>Ä�¹ ±³² ª�¾ ´ ¹ Â·²°Ã ¼Ì¯ 8�±C²M´�µ « ´ Ä ´�µÓµ ¼Ì¯ ´ ¯
ªBº�¹SÄ ´aP0Ç¢�BÛ Ä�¹ ±³² ¯	¿Fª ±³²°Ã ¹ » ¾ ÃÏ²°Ã0´ ¯°¹ »0µ ¶ ´ Ä�¹ ±³² ª�¾ ´ ¼Ì¯¤ª ÂÑ»c±³± Ä�¹ ±³²	Ç Í Ã ¼Ì¯¤¯/¼½¾�«cª ± ª ²/²M´ « » ª ² ¼³¹�«Rº ´ ¶�¹�À ´ ¯HÀ�¹ µM´
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­0µ ¹�«0¹ » «c¶ ´ ¬¸¼ Â%²MÃ0´Ó8�±C²M´�µ ¼½¯¤¬ ´ ¯/¼½¾�« ´ ¬ ² ¹[º ´ Àa¹ µ°´ ¯ ´�±½´ ¶ ² ¼³Ä ´�ì ¯ ²M´�´�­�´�µ ¶ »0µ Ä ´ ¿v«cª µ°µ ¹ Èd´	µ ºcª�«c¬Ï¹ Â%­ ª�¯M¯MªBº ±½´
ÂÑµM´	:
»0´ «�¶-¼ ´ ¯ íÜÇ

Í Ã0´	µ°´ ª µ°´ ¹ ²°Ã0´	µ À ´-²MÃ ¹!¬0¯ ² ¹4ª�¶ Ã ¼ ´ Ä ´ º�ªB«c¬ ;�­ ª�¯°¯F¹ ­�´	µ ª ² ¼½¹�« È ¼ ²°Ã ¹ »!² ¯Mª�¶ µ ¼ 8 ¶-¼½«0¾4¯°¼½¾�«cª ± ¯ ²Mµ°´ «0¾ ²MÃ^È ¼ ²MÃ ¼½«
²°Ãc´^­ ª�¯M¯ ; ºcª�«c¬ Ç Ò ´^È ¼ ±½± ¬!¼½¯M¶ » ¯°¯ ²MÃ ¹�¯ ´ À ´-²°Ã ¹�¬c¯Êª ± ¼ ²/²M±³´^± ª ²M´�µ ¼½« ²MÃ ¼Ì¯Ê¶ Ã ª ­0²°´�µ*Ç

Ý.Þ)ß�à[á-ß�âäã
Ý.å =@?�ûyþBAfÿ0?Sæ@æH8�±C²M´�µXÈ ¹ µ Ë!¯ ² ¹Ï¯M¶ µM´�´ «§¹ »!²^ÂÑµM´	:
»0´ «c¶-¼ ´ ¯ ²°Ã ª ² ª µM´�² ¹�¹ ± ¹ È ¹ µ^² ¹�¹ Ã ¼½¾ Ã ¿D¾�¼³Ä�¼½«0¾ ´ ª�¯ Å
­ ª�¯M¯°ª�¾ ´ ¹�« ±½Åj² ¹ ÂÑµM´	:
»0´ «c¶-¼ ´ ¯ È ¼ ²°Ã ¼³«¸ª�¶ ´	µ/² ªB¼½« µ ªB«0¾ ´�Ç

Ý ©'ª�«c¬ ;�­ ª�¯M¯ 8c±C²M´�µ ¯Ê¶�ª�«[º ´ Àjª�¬ ´ º Å ¯ ² ª�¶@Ë
¼½«0¾�ª ± ¹ È#;�­ ª�¯M¯ 8c±C²M´�µ ¹�« ²MÃ0´¤´ «c¬Á¹ Â ª Ã ¼½¾ Ã!;�­ ª�¯M¯ 8c±³²°´	µ ¿!¹ µ
Ä
¼Ì¯Mª ; Ä ´�µ ¯Mª Ç

Ý ï å ²/²M´ « » ª ²°´!ï À ´ ªB«�¯ ² ¹ µ°´ ¬ » ¶ ´ ¹ µ ¬!¼½À�¼³«c¼½¯ Ã ¼³«�ªBÀ ­0± ¼ ²M» ¬ ´�Ç Ò Ã0´ « Å ¹ ».²°»0µ «2¬!¹ È « ²°Ãc´ Ä�¹ ±½» À ´
¶-¹�« ²Mµ ¹ ± ¹�« Å ¹ »0µ ¯ ²°´	µ°´ ¹c¿ Å ¹ » ª µ°´�ï ª ²/²M´ « » ª ² ¼³«c¾ ïÉ²°Ã0´ ¯°¼½¾�«cª ± º ´ ¼½«0¾b¯ ´ « ²#² ¹ ²MÃ0´ ¯ ­�´ ª�Ë ´	µ ¯ Ç

Ü�ÝÜç TVUXWZY[��]�àD�a\ áR_�ài`�ã9]
å ± ¯°¹R¶�ª ±³±½´ ¬ =@?�û�þSA/è�Ôèæêé~æJû�?SI�æëÕ�û ¿ =@?�û�þSA�ì°èëí�è@Ö-I ¿i¹ µ)û�ÕSI�Ö@îÁ8c±³²°´	µ ¯	¿ ²°Ã ¼Ì¯ÓË�¼½«c¬§¹ Â'8�±C²M´�µa­ ª�¯M¯ ´ ¯Xª ±½±dÂÑµ°´*:�»c´ «c¶�¼ ´ ¯
ªBº�¹SÄ ´ ª�«c¬Áº ´	± ¹ È ª ­ ª µ/² ¼½¶ »0± ª µÊµ ªB«0¾ ´ ¯ ´�² º Åb²MÃ0´ ¶�¹�À ­ ¹�« ´ « ² ÄSª ±½»0´ ¯ Ç ØÊ¹ ² ¯ »0µ°­cµ ¼Ì¯/¼½«0¾ ±³Å ¿0¼ ² ¶�ªB«¸º ´ Àjª�¬ ´
¹ »0² ¹ Â ª ± ¹ È#;�­ ª�¯°¯Xª�«c¬§ª Ã ¼³¾ Ã!;®­ ª�¯M¯ 8c±³²°´	µ ¿vï » ¯ ²É± ¼½Ë ´b²MÃ0´ º�ªB«c¬ ;�­ ª�¯°¯É¬ ´ ¯°¼³¾�«�¿ ´-× ¶ ´	­!²Ó²MÃ ª ²a²°Ã ¼½¯ ² ¼½À ´)È'´
¶-¹�«0« ´ ¶ ²#²°Ã0´¤²�È ¹ 8c±³²°´�µ ¯ ´ ¶ ² ¼½¹�«�¯#¼³« ­ ª µ ª ±³±½´�±vÈ ¼ ²°ÃZ´ ª�¶ Ã ¹ ²°Ã0´	µ ¼³«c¯ ²°´ ª�¬[¹ Â ¼³«¸¯ ´�µ ¼ ´ ¯ Ç

Low-pass filter

High-pass filter

Signal
input

Signal
outputð

passes low frequencies

passes high frequencies
Ùd¹�«�¯ ²Mµ°» ¶ ²°´ ¬ » ¯°¼½«0¾ ²�È ¹j¶�ª ­ ª�¶�¼ ² ¼³Ä ´48�±C²M´�µ ¯ ´ ¶ ² ¼½¹�«c¯	¿!¼ ²Ê± ¹�¹�Ë!¯#¯/¹�À ´-²°Ã ¼³«0¾ ± ¼½Ë ´H²°Ã ¼Ì¯ �

source

"Twin-T" band-stop filter

R1 R2

C
p

1
C
p

2 C
p

3

R
n

3 R
n

load



ñ!òCó
ò21#ô 345¤£®õ�ö·÷#ø�ùGú�û�öiüdý4õ g OBþ

Í Ã0´j± ¹ È#;®­ ª�¯M¯ 8c±C²M´�µ ¯ ´ ¶ ² ¼½¹�«§¼Ì¯X¶�¹�À ­0µ ¼½¯ ´ ¬Î¹ ÂÊÿ�� ¿ ÿ�� ¿iªB«�¬.Ù � ¼³«�ª���Í��¸¶-¹�« 8 ¾ »0µ ª ² ¼½¹�« Ç Í Ã0´bÃ ¼½¾ Ã0;
­ ª�¯°¯ 8c±³²°´�µ ¯ ´ ¶ ² ¼½¹�«�¼Ì¯É¶�¹�À ­0µ ¼½¯ ´ ¬�¹ Â Ù � ¿'Ù��B¿%ª�«c¬ ÿ �)¼½«2ª	��Í�
i¶-¹�« 8 ¾ »0µ ª ² ¼³¹�«�ª�¯ Èd´	±³±®Ç Í�¹�¾ ´�²°Ã0´	µ ¿ ²MÃ ¼½¯
ª µMµ ªB«0¾ ´ À ´ « ² ¼½¯H¶-¹�À�Àa¹�« ±½Å Ë�«0¹ È «Ïª�¯4ª���Í È ¼³« ; Í�� 8c±³²°´	µ ¿v¾�¼½Ä�¼³«c¾b¯ Ã ª µ°­¸µM´ ¯ ­ ¹�«c¯ ´XÈ·Ã0´ « ²°Ã0´ ¶-¹�À ­ ¹�« ´ « ²
ÄSª ±½»0´ ¯·ª µ°´ ¶ Ã ¹
¯ ´ «)¼½« ²°Ã0´¤Â ¹ ±³± ¹ È ¼³«c¾ µ ª ² ¼³¹
¯�


R
n

1 = R2 = 2(R3)

Component value ratios for
the "Twin-T" band-stop filter

C
p

2 = C3 = (0.5)C1� ¼½Ä ´ « ²°Ã0´ ¯ ´ ¶-¹�À ­ ¹�« ´ « ²#µ ª ² ¼½¹�¯	¿ ²MÃ0´HÂÑµ°´*:�»c´ «c¶ Å ¹ Â Àjª × ¼½À » À µM´ ï ´ ¶ ² ¼³¹�«	� ²MÃ0´ �B«0¹ ² ¶ ÃbÂÑµM´	:
»0´ «c¶ Å ���N¶�ª�«
º ´ ¶�ª ± ¶ »c± ª ²°´ ¬Áª�¯ Â ¹ ±³± ¹ È ¯�


fnotch = 
4πR3C3

1

Í Ã0´ ¼³À ­0µM´ ¯M¯/¼½Ä ´ ºcªB«c¬ ; ¯ ² ¹ ­0­ ¼½«0¾ÓªBºc¼ ± ¼ ²�Å ¹ Â�²°Ã ¼Ì¯ 8c±C²M´�µ ¼Ì¯%¼ ±³±½» ¯ ²°µ ª ²M´ ¬jº Åa²°Ã0´�Â ¹ ±½± ¹ È ¼³«0¾������°Ù'Ú�ª�«cª ±½Å ¯/¼Ì¯�
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���/�
�v�	�!�!�
� ���-�	�����c���v��� � �R� � �
���/�
 ����!�!�
� �������0���c���v��� � � � � �
�����*�� ��!�!�
� �����������c���v��� � � � � �
���/�
�����!�!�
� �%���������c���v��� � � � � �
���/�
�����!�!�
� �%���������c���v��� � � � � �
���/�
�����!�!�
� �%���v�����c���v��� � � � � �
�����!�����!�!�
� �%���������c���v��� � � � � �
���/�
�����!�!�
� �%���� ����c���v��� � � �i� �
�����������������������������������������������������������������

Ý.Þ)ß�à[á-ß�âäã

Ý.å =M?�û��BA�æ@I�Õ �b8�±C²M´�µÊÈ ¹ µ Ë!¯ ² ¹b¯°¶ µ°´	´ «Á¹ »!²#ÂÑµM´	:
»0´ «�¶-¼ ´ ¯ ²MÃ ª ² ª µ°´HÈ ¼ ²MÃ ¼½«Ïªa¶ ´�µ°² ª�¼³« µ ª�«0¾ ´ ¿�¾�¼½Ä
¼½«0¾ ´ ª�¯ Å
­ ª�¯M¯°ª�¾ ´ ¹�« ±½Å^² ¹ ÂÑµM´	:
»0´ «c¶-¼ ´ ¯i¹ »!² ¯°¼Ì¬ ´ ¹ Â�²°Ã ª ²iµ ªB«c¾ ´�Ç å ± ¯/¹^Ë�«0¹ È «aª�¯ =@?�û!�SA/è�Ô#"êé�"Jû�?SI$"ëÕ�û ¿ =M?�û��BA�ì°èÑí�è@Ö�I ¿
¹ µßû�ÕBI�Ö@îÓ8c±³²°´�µ ¯ Ç

Ý ©'ª�«c¬ ; ¯ ² ¹ ­¸8�±C²M´�µ ¯^¶�ªB«Îº ´ Àjª�¬ ´ º Å¸­c± ª�¶-¼½«0¾Áª ± ¹ È#;®­ ª�¯M¯ 8c±³²°´	µ ¼³« ­ ª µ ª ±³±½´�±iÈ ¼ ²°Ã ª Ã ¼½¾ Ã0;®­ ª�¯°¯ 8c±³²°´	µ	Ç
Ùd¹�À�À�¹�« ±½Å ¿�º�¹ ²°Ãj²MÃ0´Ê± ¹ È#;®­ ª�¯°¯%ªB«c¬ Ã ¼½¾ Ã0;®­ ª�¯°¯ 8c±C²M´�µ ¯ ´ ¶ ² ¼½¹�«�¯Nª µM´ ¹ Âv²MÃ0´ ��Í��Ó¶-¹�« 8 ¾ »0µ ª ² ¼³¹�«�¿B¾�¼³Ä�¼½«0¾
²°Ã0´ «cª�À ´ ��Í È ¼³« ; Í�� ² ¹ ²MÃ0´ ºcªB«�¬ ; ¯ ² ¹ ­ ¶�¹�ÀÉº0¼³«�ª ² ¼½¹�« Ç

Ý Í Ã0´HÂÑµ°´*:�»c´ «c¶ Å ¹ Â Àjª × ¼³À » À ª ²/²°´ « » ª ² ¼³¹�«[¼Ì¯Ê¶�ª ±³±½´ ¬ ²°Ãc´]û�ÕSI�Ö@îÓÂÑµ°´*:�»c´ «c¶ Å�Ç

%'&)( * `Ê],+ÉWZUXW.-0/R_1-D`�29]
��¹ Â ª µ ¿ ²MÃ0´�8c±³²°´	µ ¬ ´ ¯°¼³¾�«c¯ È'´ 
 Ä ´ ¶-¹�«c¶ ´ « ²Mµ ª ²°´ ¬Ï¹�« Ã ª�Ä ´É´ À ­0± ¹ Å�´ ¬ è3"êIÑî0è�ì ¶�ª ­ ª�¶-¼ ² ¹ µ ¯ ÕBì ¼½«c¬ » ¶ ² ¹ µ ¯	¿�º »!²
« ´ Ä ´�µ º�¹ ²°Ã ª ²H²°Ã0´ ¯MªBÀ ´X² ¼³À ´�Ç Ò ´ ¯ Ã ¹ »0± ¬ÏË�«0¹ È º Å «0¹ È�²°Ã ª ² ¶-¹�ÀÓº0¼½«cª ² ¼³¹�«c¯Ê¹ Â54 ªB«c¬>Ù È ¼ ±½±D²°´ «c¬ ² ¹
µM´ ¯°¹�«cª ²°´ ¿!ª�«c¬ ²°Ã ¼Ì¯ ­0µ ¹ ­�´�µ°²�Å ¶�ª�«[º ´^´-×!­0± ¹�¼ ²°´ ¬[¼½«¸¬ ´ ¯°¼½¾�«0¼½«0¾aºcªB«c¬ ;®­ ª�¯°¯·ª�«c¬[ºcªB«c¬ ; ¯ ² ¹ ­)8c±³²°´	µ ¶-¼ µ ¶ » ¼ ² ¯ Ç� ´	µ ¼ ´ ¯ 4 Ù ¶�¼ µ ¶ » ¼ ² ¯É¾�¼½Ä ´ Àa¼½«0¼½À » À ¼½À ­�´ ¬0ªB«�¶ ´ ª ²ÉµM´ ¯°¹�«�ªB«c¶ ´ ¿ È·Ã ¼ ±³´Á­ ª µ ª ±½±½´�±54 Ù0�6� ² ª�«0Ë��7�^¶�¼ µ ¶ » ¼ ² ¯
¾�¼½Ä ´ À�ª × ¼³À » À ¼³À ­�´ ¬0ª�«c¶ ´ ª ²4²MÃ0´ ¼ µ¤µ°´ ¯/¹�«cªB« ²·ÂÑµM´	:
»0´ «c¶ Å�Ç�8 «0¹ È ¼½«0¾ ²MÃ ¼½¯	¿ Èd´ÉÃ ª�Ä ´X²�È ¹bº�ª�¯°¼½¶É¯ ²Mµ ª ²°´ ¾�¼ ´ ¯
Â ¹ µ ¬ ´ ¯°¼³¾�«0¼³«c¾ ´ ¼ ²MÃ0´�µ º�ªB«c¬ ;�­ ª�¯°¯#¹ µ º�ªB«c¬ ; ¯ ² ¹ ­[8c±³²°´	µ ¯ Ç

70¹ µ ºcªB«�¬ ;®­ ª�¯M¯ 8�±C²M´�µ ¯�¿ ²°Ã0´�²�È ¹¸ºcª�¯°¼Ì¶ µM´ ¯°¹�«�ªB« ² ¯ ²°µ ª ²M´ ¾�¼ ´ ¯Hª µ°´a²MÃ ¼½¯�
Ó¯ ´�µ ¼ ´ ¯ 4 Ù ² ¹ ­ ª�¯°¯^ª¸¯°¼³¾�«cª ± ¿�¹ µ
­ ª µ ª ±³±½´�±94 Ù ² ¹j¯ Ã ¹ µ°² ª�¯/¼½¾�«cª ± Ç Í Ã0´¤²�È ¹j¯°¶ Ãc´ À ´ ¯ È ¼ ±³± º ´ ¶�¹�« ²°µ ª�¯ ²°´ ¬)ªB«�¬[¯°¼³À »0± ª ²°´ ¬ Ã0´�µM´ 


filter
l

1 2 3

0 0

Series resonant band-pass filter
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� ´	µ ¼ ´ ¯ 4 Ù�¶�¹�À ­ ¹�« ´ « ² ¯ ­ ª�¯°¯·¯°¼³¾�«cª ± ª ²ÊµM´ ¯°¹�«cª�«c¶ ´ ¿0ªB«c¬Áº ± ¹!¶@Ë[¯°¼³¾�«cª ± ¯·¹ Â ªB« Å ¹ ²°Ãc´�µ·ÂÑµM´	:
»0´ «c¶-¼ ´ ¯ ÂÑµ ¹�À

¾ ´�²/² ¼³«0¾ ² ¹ ²°Ã0´^± ¹�ª�¬ Ç

{�x�~�tBxc{�~0xc{B��zcr�z!u2ycr�z`��s0rc{�{.|�t�}Bu0x�~
w����2��rcq���{�t*z
}����2���
qc�.�������
~c}
�
rd�������	�
�/rcq�}ct	z����¥���������
��s�}���u�rcq.wN�@�,�
�/x�zb�
|
~0x�� wN�M�,� �%�/�������c�
��� �N�/�� v�	�0�
�v� �%���v�����c���v� ���/���
���!�!���
�������������������������������������������������������������
�%�/�
�����!�!��� �%�����v�	�c���v��� � � � �
�%�/�
�����!�!��� �'���������c���v��� �M� � �
�%���*�����!�!��� �'�� ������c���v��� � � � �
 %���*�� ��!�!��� �%������ ��c���v��� � � � �
�%�/�����	�!�!��� �%���������c���v��� � �@� �
���/�
�����!�!�
� �%�������	�c���v��� � � � �
�����*�����!�!�
�  %���v�����c���v��� � � � �
���/�
�����!�!�
�  %���v�����c���v��� � � � �
���/���0���!�!�
� �%���0�����c���v��� � � � �
�����
�0���!�!�
� �%�� ������c���v��� � � �i�
���/�
�����!�!�
� �%���� � ��c���v��� � � �
���/�
�� ��!�!�
� �%���������c���v��� � � �
���/�
�����!�!�
� �%���������c���v��� � � �i�
���/ 
�� ��!�!�
� �%���v�� ��c���v��� � � � �
���/�
�����!�!�
� �%�-�������c���v��� � � � �
�%�/�
�����!�!�
�  %���������c���v��� � � � �
�%���* ����!�!�
�  %���0�� ��c���v��� � � � �
�%�/�
 ����!�!�
�  %���������c���v��� � � � �
�%�/�
�����!�!�
� �%���������c���v��� � � � �
�%�/�
�����!�!�
� �%���������c���v��� � � � �
�������������������������������������������������������������A ��rQ�¥w!�!}�u0r7B!x2scx�r���{2r�u�~0x0{���zcr�z�u�|
~0x
���cx�zvqS¨��������%�-���DC�E��

å ¶�¹ »0­c±³´ ¹ Â4­ ¹�¼½« ² ¯ ² ¹R«c¹ ²°´ 
)¯ ´�´)Ã ¹ È ²°Ã0´	µ°´ ¼½¯ÉÄ�¼ µ°²°» ª ±³±½Å «0¹K¯°¼½¾�«cª ± ª ²/²°´ « » ª ² ¼³¹�« È ¼ ²MÃ ¼³« ²°Ãc´ � ­ ª�¯M¯
ºcª�«c¬F�G� ²°Ãc´Hµ ªB«c¾ ´ ¹ Â�ÂÑµM´	:
»0´ «c¶-¼ ´ ¯'« ´ ª µ'²°Ã0´¤± ¹�ª�¬bÄ�¹ ±C² ªB¾ ´4­�´ ªBËF�-¿ » « ± ¼³Ë ´4²MÃ0´ ºcªB«c¬ ;®­ ª�¯°¯ 8c±³²°´	µ ¯'Àjª�¬ ´4ÂÑµ ¹�À
¶�ª ­ ª�¶�¼ ² ¹ µ ¯Ê¹ µ ¼½«c¬ » ¶ ² ¹ µ ¯Hª ± ¹�« ´�Ç å ± ¯°¹c¿F¯°¼³«c¶ ´X²MÃ ¼½¯ 8c±³²°´	µ¤È ¹ µ Ë!¯Ê¹�« ²°Ãc´É­0µ ¼½«c¶-¼ ­0±½´ ¹ Â ¯ ´	µ ¼ ´ ¯ 4 Ù µM´ ¯°¹�«cª�«c¶ ´ ¿
²°Ãc´[µM´ ¯°¹�«cª�« ²^ÂÑµ°´*:�»c´ «c¶ Å ¹ ÂÊÈ·Ã ¼Ì¶ Ã ¼½¯ » «cªBÐ ´ ¶ ²M´ ¬�º Å ¶-¼ µ ¶ » ¼ ²ÉµM´ ¯°¼½¯ ² ª�«c¶ ´ ¿ ²°Ã0´ Ä�ª ±³»c´ ¹ Â·²°Ã0´[± ¹
ª�¬ µM´ ¯°¼½¯ ² ¹ µ
È ¼ ±³± «0¹ ² ¯°Ë ´�È ²MÃ0´)­�´ ª�Ë ÂÑµ°´*:
»0´ «c¶ Å�ÇIH ¹ È'´ Ä ´�µ ¿D¬!¼³Ð ´�µM´ « ² ÄSª ±½»0´ ¯ Â ¹ µX²MÃ0´[± ¹�ª�¬ µM´ ¯°¼½¯ ² ¹ µKJL"êÔêÔ ¶ Ã ªB«0¾ ´b²°Ãc´��¯ ²°´	´�­ « ´ ¯M¯M�É¹ ÂD²°Ã0´ ©'¹!¬ ´¤­0± ¹ ² � ²°Ã0´ ��¯ ´	±³´ ¶ ² ¼½Ä�¼ ²�Å �É¹ ÂD²°Ã0´¤8�±C²M´�µ � Ç

Í Ã0´ ¹ ²MÃ0´�µ º�ª�¯°¼½¶^¯ ²�Å�±³´ ¹ ÂDµ°´ ¯/¹�«cªB« ² ºcª�«c¬ ;�­ ª�¯M¯ 8c±C²M´�µ ¯ ´ À ­0± ¹ Å ¯#ª ² ªB«cË)¶-¼ µ ¶ » ¼ ² � ­ ª µ ª ±³±½´�±N4 Ù�¶-¹�ÀÓº0¼½«cª ;
² ¼½¹�«�� ² ¹j¯ Ã ¹ µ°² ¹ »!² ¯°¼³¾�«cª ± ¯ ² ¹�¹ Ã ¼½¾ Ã ¹ µ#² ¹�¹ ± ¹ È ¼½« ÂÑµM´	:
»0´ «c¶ ÅbÂÑµ ¹�ÀV¾ ´�²/² ¼½«0¾ ² ¹ ²MÃ0´^± ¹�ª�¬N
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Parallel resonant band-pass filter

Í Ã0´4² ªB«cË�¶�¼ µ ¶ » ¼ ²#È ¼ ±½±�Ã ª�Ä ´ ª ± ¹ ² ¹ Â ¼³À ­�´ ¬0ª�«c¶ ´ ª ²'µ°´ ¯/¹�«cªB«�¶ ´ ¿�ª ±½± ¹ È ¼³«0¾ ²°Ã0´ ¯/¼½¾�«�ª ±0² ¹Ó¾ ´-²'² ¹ ²MÃ0´H± ¹
ª�¬
È ¼ ²°Ã À�¼½«0¼³Àjª ± ª ²°²°´ « » ª ² ¼½¹�« ÇÊk «c¬ ´	µ ¹ µ ¹SÄ ´	µ·µ°´ ¯/¹�«cªB« ²·ÂÑµM´	:
»0´ «c¶ Å ¿ Ã ¹ È'´ Ä ´�µ ¿ ²°Ã0´Ó² ª�«0ËÁ¶�¼ µ ¶ » ¼ ²4È ¼ ±½±�Ã ª�Ä ´ ª
± ¹ È ¼½À ­�´ ¬cªB«c¶ ´ ¿c¯ Ã ¹ µ°² ¼½«0¾a¹ »!²·²MÃ0´ ¯°¼³¾�«cª ± ª�«c¬[¬ µ ¹ ­0­ ¼½«0¾�Àa¹
¯ ² ¹ Â ¼ ² ª�¶ µ ¹
¯°¯'¯ ´	µ ¼ ´ ¯ µM´ ¯°¼Ì¯ ² ¹ µ·ÿ���Ç
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�%�/�
 ����!�!�
� �%���0�����c���v��� � � � �
�%�/�
�����!�!�
� �%�����0���c���v��� � � � �
�%�/�
�����!�!�
� �%������ ��c���v��� � � � �
�������������������������������������������������������������A ��rQ�¥w!�!}�u0r7B!x2scx�r���{2r�u�~0x0{���zcr�z�u�|
~0x
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T » ¯ ²X± ¼½Ë ´j²MÃ0´)± ¹ È#;®­ ª�¯M¯^ªB«c¬ Ã ¼½¾ Ã0;®­ ª�¯°¯ 8�±C²M´�µ ¬ ´ ¯°¼³¾�«c¯ µM´�±½Å ¼³«0¾¸¹�«§ªÏ¯ ´	µ ¼ ´ ¯ µ°´ ¯/¼Ì¯ ² ªB«c¶ ´ ªB«c¬§ª ­ ª µ ª ±½±³´	±��¯ Ã ¹ µ/² ¼³«0¾��Z¶-¹�À ­ ¹�« ´ « ²X² ¹Rª ²/²M´ « » ª ²M´b» « È ªB« ²°´ ¬ ÂÑµ°´*:�»c´ «c¶�¼ ´ ¯�¿ ²°Ã ¼Ì¯ µ°´ ¯/¹�«cªB« ² ¶-¼ µ ¶ » ¼ ² ¶�ª�«§« ´ Ä ´�µX­cµ ¹SÄ�¼Ì¬ ´
ÂÑ»0±½± ¼½« ­0»!² � ¯/¹ »0µ ¶ ´ �%Ä�¹ ±C² ªB¾ ´�² ¹ ²MÃ0´¤± ¹
ª�¬ Ç Í Ã ª ² ¯ ´�µ ¼ ´ ¯ µM´ ¯°¼½¯ ² ª�«c¶ ´HÈ ¼ ±½± ª ±½È ª Å ¯dº ´ ¬ µ ¹ ­0­ ¼½«0¾�¯/¹�À ´ ª�Àa¹ » « ²
¹ Â Ä�¹ ±C² ªB¾ ´ ¯°¹ ± ¹�«c¾�ª�¯ ²°Ã0´	µ°´ ¼Ì¯·ª ± ¹
ª�¬ µ°´ ¯/¼Ì¯ ² ªB«�¶ ´ ¶-¹�«0« ´ ¶ ²°´ ¬ ² ¹ ²MÃ0´ ¹ »0²°­0»!² ¹ Â�²MÃ0´¤8c±³²°´	µ	Ç

� ² ¯ Ã ¹ »0± ¬Éº ´ «c¹ ²°´ ¬ ²°Ã ª ²9²°Ã ¼Ì¯ Â ¹ µ À�¹ Â º�ªB«c¬ ;�­ ª�¯°¯ 8c±³²°´	µ ¶-¼ µ ¶ » ¼ ² ¼½¯9Ä ´�µMÅ^­ ¹ ­0»0± ª µ ¼½«jªB«cª ± ¹�¾ µ ª�¬0¼³¹ ²°» «0¼³«c¾
¶-¼ µ ¶ » ¼ ²°µMÅ ¿ Â ¹ µ ¯ ´	±³´ ¶ ² ¼½«0¾Óª ­ ª µ°² ¼Ì¶ »0± ª µ%µ ª�¬!¼³¹ ÂÑµ°´*:�»c´ «c¶ ÅÓÂÑµ ¹�À ²°Ã0´ À »0±³² ¼ ²°» ¬ ´ ¯d¹ ÂFÂÑµM´	:
»0´ «c¶-¼ ´ ¯dª�Ä�ª�¼ ± ªBº ±³´#ÂÑµ ¹�À
²°Ãc´ ª�« ²M´ «0«�ª Ç ��«.À�¹�¯ ² ª�«cª ± ¹�¾ µ ª�¬0¼³¹ ²M» « ´	µ ¶�¼ µ ¶ » ¼ ² ¯�¿ ²MÃ0´[µ ¹ ² ª ² ¼³«0¾Î¬!¼Ìª ±dÂ ¹ µ ¯ ² ª ² ¼½¹�«2¯ ´	±³´ ¶ ² ¼½¹�«.Àa¹SÄ ´ ¯Éª
ÄSª µ ¼½ª�º ±½´ ¶	ª ­ ª�¶-¼ ² ¹ µ ¼½«Zª ² ªB«cË)¶-¼ µ ¶ » ¼ ²	Ç

Í Ã0´ ÄSª µ ¼½ª�º ±½´ ¶	ª ­ ª�¶-¼ ² ¹ µ ªB«�¬Kª�¼ µ°; ¶�¹ µM´ ¼½«c¬ » ¶ ² ¹ µ ¯ Ã ¹ È «Î¼³« ²°Ãc´ ª�º�¹SÄ ´É­cÃ ¹ ² ¹�¾ µ ª ­cÃ ¹ Â ªÁ¯°¼½À ­c±³´�µ ª�¬!¼½¹
¶-¹�À ­0µ ¼Ì¯ ´�²MÃ0´ ÀjªB¼½« ´�±½´ À ´ « ² ¯·¼³« ²MÃ0´¤² ª�«0Ë[¶�¼ µ ¶ » ¼ ²·8c±³²°´	µÊ» ¯ ´ ¬ ² ¹b¬!¼Ì¯M¶ µ ¼³À�¼½«cª ²M´ ¹�« ´^µ ª�¬!¼½¹�¯ ² ª ² ¼½¹�«U
 ¯Ê¯°¼½¾�«cª ±
ÂÑµ ¹�À ª�«0¹ ²MÃ0´�µ*Ç

T » ¯ ² ª�¯ Èd´ ¶	ªB« » ¯ ´ ¯ ´	µ ¼ ´ ¯9ª�«c¬ ­ ª µ ª ±½±³´	±F4 Ù µ°´ ¯/¹�«cªB« ² ¶-¼ µ ¶ » ¼ ² ¯ ² ¹ ­ ª�¯M¯i¹�« ±½ÅX²MÃ ¹�¯ ´'ÂÑµ°´*:
»0´ «c¶�¼ ´ ¯ È ¼ ²°Ã ¼½«jª
¶ ´	µ/² ªB¼½« µ ªB«c¾ ´ ¿ Èd´ ¶	ªB«jª ± ¯/¹ » ¯ ´#²°Ãc´ À ² ¹^º ± ¹�¶@Ë ÂÑµ°´*:
»0´ «c¶�¼ ´ ¯ È ¼ ²MÃ ¼½«bª^¶ ´�µ°² ª�¼³« µ ªB«0¾ ´ ¿�¶ µ°´ ª ² ¼½«0¾^ª¤ºcª�«c¬ ; ¯ ² ¹ ­
8c±³²°´	µ	Ç å ¾�ªB¼½«�¿ Èd´�Ã ª�Ä ´É²�È ¹ÁÀ�ªBï�¹ µ ¯ ²°µ ª ²M´ ¾�¼ ´ ¯ ² ¹ Â ¹ ±½± ¹ È ¼³«§¬!¹�¼³«0¾ ²MÃ ¼½¯	¿ ² ¹ » ¯ ´a´ ¼ ²MÃ0´�µ ¯ ´	µ ¼ ´ ¯H¹ µ^­ ª µ ª ±½±³´	±
µM´ ¯°¹�«cª�«c¶ ´�Ç 7D¼ µ ¯ ² ¿ È'´ 
 ±½±F± ¹�¹�Ë[ª ²#²°Ã0´ ¯ ´�µ ¼ ´ ¯#ÄSª µ ¼ ´�²�Å 
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Series resonant band-stop filter
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load 1 kΩ

Ò Ã0´ « ²MÃ0´ ¯ ´�µ ¼ ´ ¯ 4 Ù.¶-¹�ÀÉº0¼½«cª ² ¼³¹�« µM´ ª�¶ Ã0´ ¯ µM´ ¯°¹�«cª�«c¶ ´ ¿S¼ ² ¯9Ä ´	µ°ÅÓ± ¹ È ¼³À ­�´ ¬0ª�«c¶ ´ ¯ Ã ¹ µ/² ¯i¹ »!²9²MÃ0´ ¯/¼½¾�«�ª ± ¿
¬ µ ¹ ­0­ ¼³«0¾�¼ ² ª�¶ µ ¹
¯°¯ µ°´ ¯/¼Ì¯ ² ¹ µ·ÿ�� ª�«c¬ ­0µM´ Ä ´ « ² ¼½«0¾É¼ ² ¯ ­ ª�¯M¯°ª�¾ ´ ¹�« ² ¹ ²MÃ0´^± ¹
ª�¬ Ç
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Ø ´�×�² ¿ È'´¤È ¼ ±½±�´-× ª�Àa¼½« ´H²°Ãc´^­ ª µ ª ±½±³´	±vµ°´ ¯/¹�«cªB« ² ºcªB«c¬ ; ¯ ² ¹ ­)8c±³²°´	µ 
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Parallel resonant band-stop filter
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1 1 V
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load 1 kΩ

Í Ã0´X­ ª µ ª ±½±³´	±]4 Ù�¶�¹�À ­ ¹�« ´ « ² ¯ ­0µM´ ¯ ´ « ² ª Ã ¼³¾ Ã ¼½À ­�´ ¬cªB«c¶ ´ ª ²�µ°´ ¯/¹�«cªB« ²ÊÂÑµM´	:
»0´ «c¶ Å ¿ ²MÃ0´�µM´ º Å º ± ¹!¶@Ë�¼½«0¾
²°Ãc´ ¯/¼½¾�«�ª ±iÂÑµ ¹�À ²MÃ0´b± ¹�ª�¬Kª ²^²°Ã ª ²XÂÑµ°´*:
»0´ «c¶ Å�Ç Ùd¹�«�Ä ´�µ ¯ ´�±½Å ¿�¼ ²Ó­ ª�¯°¯ ´ ¯^¯°¼³¾�«cª ± ¯ ² ¹ ²MÃ0´b± ¹�ª�¬Kª ² ªB« Å ¹ ²°Ã0´	µ
ÂÑµM´	:
»0´ «�¶-¼ ´ ¯ Ç
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^ «c¶ ´ ª�¾�ªB¼½«�¿F«0¹ ² ¼Ì¶ ´�Ã ¹ È�²MÃ0´ ªBº�¯ ´ «c¶ ´ ¹ Â ªÁ¯ ´�µ ¼ ´ ¯ µ°´ ¯/¼Ì¯ ² ¹ µ ÀjªBË ´ ¯ Â ¹ µ À�¼½«0¼³À » À ª ²/²°´ « » ª ² ¼³¹�« Â ¹ µ ª ±³±
²°Ãc´ ¬ ´ ¯°¼ µM´ ¬_� ­ ª�¯M¯ ´ ¬`�#¯/¼½¾�«�ª ± ¯ Ç Í Ã0´ ªBÀ ­0± ¼ ²°» ¬ ´ ª ²·²°Ã0´ «c¹ ² ¶ Ã[ÂÑµM´	:
»0´ «�¶ Å ¿c¹�« ²°Ã0´ ¹ ²°Ã0´	µ·Ã ªB«c¬�¿0¼½¯#Ä ´�µMÅb± ¹ È^Ç��«Z¹ ²MÃ0´�µ·È ¹ µ ¬0¯	¿ ²MÃ ¼Ì¯·¼½¯·ª�Ä ´�µMÅ ��¯ ´�±½´ ¶ ² ¼½Ä ´ � 8c±³²°´	µ	Ç��«�ª ±½±�²°Ã0´ ¯ ´#µM´ ¯°¹�«cª�« ²G8c±³²°´�µ ¬ ´ ¯°¼³¾�«c¯�¿ ²°Ã0´ ¯ ´�±½´ ¶ ² ¼³Ä�¼ ²�Å ¬ ´	­�´ «c¬0¯i¾ µM´ ª ²°±½Å^»0­ ¹�« ²°Ã0´ � ­0»0µ ¼ ²�Å ��¹ Âc²MÃ0´ ¼³«�¬ » ¶ ;
² ª�«c¶ ´ ªB«c¬¸¶	ª ­ ª�¶-¼ ² ª�«c¶ ´X» ¯ ´ ¬ Ç � Â9²°Ãc´�µM´ ¼Ì¯�ª�« Å ¯ ²Mµ ª ÅÁµM´ ¯°¼½¯ ² ª�«c¶ ´ � ´ ¯ ­�´ ¶-¼Ìª ±½±³ÅZ± ¼³Ë ´�±½Å ¼½« ²°Ãc´ ¼½«c¬ » ¶ ² ¹ µ �Ü¿ ²MÃ ¼½¯
È ¼ ±³± ¬!¼³À�¼½«0¼Ì¯ ÃZ²MÃ0´X8c±³²°´	µ 
 ¯Êª�º0¼ ± ¼ ²�Å)² ¹ 8 « ´	±³Å ¬!¼½¯M¶ µ ¼½Àa¼½«cª ²°´^ÂÑµM´	:
»0´ «c¶-¼ ´ ¯	¿�ª�¯ Èd´	±³± ª�¯·¼½« ²°µ ¹�¬ » ¶ ´ ª�« ² ¼ µ°´ ¯/¹�«cªB« ²
´ Ð ´ ¶ ² ¯ ²MÃ ª ²ÊÈ ¼ ±½± ¯/Ë ´�È�²MÃ0´^­�´ ªBË`aS«0¹ ² ¶ Ã)ÂÑµM´	:
»0´ «c¶ Å�Ç

å È ¹ µ ¬É¹ Â ¶�ª »!² ¼½¹�« ² ¹ ²MÃ ¹�¯ ´ ¬ ´ ¯°¼½¾�«0¼½«0¾ ± ¹ È#;�­ ª�¯M¯iªB«c¬ Ã ¼½¾ Ã0;®­ ª�¯°¯ 8c±³²°´	µ ¯i¼Ì¯9¼½«�¹ µ ¬ ´�µ ª ²i²MÃ ¼½¯ ­ ¹�¼³« ²	Ç å Âê²°´�µ
ª�¯M¯ ´ ¯M¯/¼½«0¾ ²°Ãc´ ¯ ² ª�«c¬0ª µ ¬ ÿ Ù ªB«c¬ 4�ÿ¥± ¹ È#;�­ ª�¯M¯NªB«�¬ Ã ¼½¾ Ã!;�­ ª�¯M¯ 8�±C²M´�µ ¬ ´ ¯°¼³¾�«c¯	¿�¼ ² À�¼½¾ Ã
² ¹!¶	¶ »0µd² ¹aªÓ¯ ²°» ¬ ´ « ²
²°Ã ª ² ªÁº ´�²/²°´	µ ¿�Àa¹ µ°´a´ Ð ´ ¶ ² ¼½Ä ´ ¬ ´ ¯/¼½¾�«Î¹ Â%± ¹ È#;�­ ª�¯M¯4¹ µ¤Ã ¼³¾ Ã!;�­ ª�¯M¯ 8c±C²M´�µ À�¼½¾ Ã
² º ´�µM´ ª ± ¼cb ´ ¬Rº Å ¶-¹�ÀÓº0¼½«0¼½«0¾
¶�ª ­ ª�¶�¼ ² ¼³Ä ´ ª�«c¬Á¼³«�¬ » ¶ ² ¼³Ä ´^´�±½´ À ´ « ² ¯ ² ¹�¾ ´-²MÃ0´�µ·± ¼³Ë ´H²°Ã ¼Ì¯�


filter

Capacitive/inductive low-pass filter

V
m

1 1 V

L11

0
0

0

C
p

1

L2

R
n

load 1 kΩ

100 mH 100 mH

1 µF

2 3

Í Ã0´ ¼½«c¬ » ¶ ² ¹ µ ¯Ê¯ Ã ¹ »0± ¬Áº ± ¹!¶@Ë[ª�« Å)Ã ¼³¾ ÃZÂÑµ°´*:
»0´ «c¶�¼ ´ ¯�¿ È·Ã ¼ ±½´¤²°Ãc´ ¶�ª ­ ª�¶�¼ ² ¹ µ ¯ Ã ¹ »0± ¬Z¯ Ã ¹ µ°² ¹ »!² ª�« Å)Ã ¼³¾ Ã
ÂÑµM´	:
»0´ «�¶-¼ ´ ¯·ª�¯ È'´�±½± ¿!º�¹ ²°ÃZÈ ¹ µ Ë�¼½«0¾ ² ¹�¾ ´-²MÃ0´�µ#² ¹�ª ±³± ¹ È ¹�« ±½Åb± ¹ È�ÂÑµ°´*:
»0´ «c¶ Å ¯°¼³¾�«cª ± ¯ ² ¹ µM´ ª�¶ Ã)²°Ã0´^± ¹�ª�¬ Ç

å ²�8�µ ¯ ² ¿ ²MÃ ¼½¯i¯ ´�´ À�¯ ² ¹Hº ´ ª4¾�¹�¹!¬X¯ ²Mµ ª ²°´ ¾ Å ¿�ªB«�¬ ´�± ¼½Àa¼½«cª ²°´ ¯ ²°Ãc´ « ´	´ ¬ Â ¹ µ ª4¯ ´�µ ¼ ´ ¯ µM´ ¯°¼½¯ ² ª�«c¶ ´�ÇUH ¹ È'´ Ä ´�µ ¿
²°Ãc´ À�¹ µM´ ¼³«c¯°¼½¾ Ã
²/ÂÑ»0± ¯ ²M» ¬ ´ « ²%È ¼ ±½±cµM´ ¶-¹�¾�«0¼cb ´'²MÃ ª ² ª�« Å ¶-¹�ÀÓº0¼½«cª ² ¼³¹�«�¹ Â ¶�ª ­ ª�¶-¼ ² ¹ µ ¯9ª�«c¬a¼³«�¬ » ¶ ² ¹ µ ¯ ² ¹�¾ ´�²°Ã0´	µ
¼½«>ªZ¶�¼ µ ¶ » ¼ ² ¼½¯ ± ¼½Ë ´�±½Å¸² ¹Z¶	ª » ¯ ´�µ°´ ¯/¹�«cªB« ²¤´ Ð ´ ¶ ² ¯ ² ¹ Ã ª ­0­�´ «>ª ² ªZ¶ ´	µ/² ªB¼½« ÂÑµM´	:
»0´ «c¶ Å�Ç�ÿÊ´ ¯°¹�«cª�«c¶ ´ ¿�ª�¯ È'´
Ã ª�Ä ´ ¯ ´�´ «>º ´�Â ¹ µM´ ¿i¶�ªB«§¶	ª » ¯ ´ ¯ ²Mµ ª�«0¾ ´a²MÃ ¼³«c¾�¯ ² ¹ Ã ª ­0­�´ « ÇG4�´-² 
 ¯ ­0± ¹ ² ªd�F���°Ù'Ú�ªB«�ª ±½Å ¯°¼Ì¯^ªB«c¬>¯ ´�´jÈ·Ã ª ²
Ã ª ­0­�´ «c¯·¹SÄ ´�µ ª È ¼½¬ ´HÂÑµM´	:
»0´ «c¶ Åbµ ªB«c¾ ´ 
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Ò Ã ª ²ÊÈ ª�¯·¯ »0­c­ ¹
¯ ´ ¬ ² ¹jº ´ ª ± ¹ È#;�­ ª�¯M¯ 8c±³²°´�µÊ²°»0µ «c¯Ê¹ »!²·² ¹jº ´ ª�ºcª�«c¬ ;�­ ª�¯M¯ 8c±³²°´�µ4È ¼ ²MÃ ª ­�´ ªBË[¯°¹�À ´�;
È·Ã0´	µ°´ ª µ ¹ » «c¬ ?@ePO�H b7fdÍ Ã0´ ¶	ª ­ ª�¶-¼ ² ª�«c¶ ´ ªB«�¬)¼½«c¬ » ¶ ² ª�«c¶ ´ ¼½« ²°Ã ¼Ì¯ 8c±³²°´	µ ¶-¼ µ ¶ » ¼ ² ª µM´ ª ²/² ªB¼½«0¼½«0¾ µ°´ ¯/¹�«cªB«�¶ ´
ª ²j²MÃ ª ²j­ ¹�¼½« ² ¿·¶ µM´ ª ² ¼½«0¾Îª ± ª µ ¾ ´ Ä�¹ ±C² ªB¾ ´ ¬ µ ¹ ­ ª µ ¹ » «c¬�Ù � ¿ È·Ã ¼½¶ Ã ¼Ì¯j¯ ´	´ «�ª ²�²°Ãc´¸± ¹
ª�¬F¿ µ°´ ¾�ª µ ¬ ±½´ ¯M¯É¹ Â4 � 
 ¯�ª ²°²°´ « » ª ² ¼½«0¾j¼½«�g »0´ «c¶ ´�Ç Í Ãc´ ¹ »!²M­0»!² Ä�¹ ±³² ª�¾ ´H² ¹ ²MÃ0´X± ¹�ª�¬Áª ²Ê²°Ã ¼½¯ ­ ¹�¼³« ² ª�¶ ²°» ª ±½±³Å[´-× ¶ ´	´ ¬0¯ ²MÃ0´ ¼½« ­0»!²�ë¯°¹ »cµ ¶ ´ �DÄ�¹ ±C² ªB¾ ´ f å ± ¼ ²/²M±³´ Àa¹ µ°´#µM´ g ´ ¶ ² ¼³¹�« µ°´ Ä ´ ª ± ¯ ²MÃ ª ² ¼ ÂU4 � ªB«c¬bÙ � ª µ°´ ª ²Nµ°´ ¯/¹�«cªB«c¶ ´ ¿ ²MÃ0´�ÅaÈ ¼ ±³± ¼³À ­ ¹�¯ ´
ªbÄ ´�µMÅ)Ã0´ ª�Ä Å �ëÄ ´�µMÅZ± ¹ È ¼½À ­�´ ¬0ªB«c¶ ´ � ± ¹
ª�¬Z¹�« ²°Ã0´ å Ù�¯/¹ »0µ ¶ ´ ¿ È·Ã ¼Ì¶ Ã À�¼³¾ Ã
² «0¹ ² º ´ ¾�¹�¹!¬ ´ ¼ ²°Ãc´�µ*Ç Ò ´ 
 ±³±
µM» « ²MÃ0´ ¯MªBÀ ´ ªB«cª ±³Å ¯°¼½¯#ªB¾
ªB¼½«�¿�¹�« ±½Åj²MÃ ¼½¯ ² ¼½À ´¤­0± ¹ ²°² ¼½«0¾[Ù � 
 ¯#Ä�¹ ±C² ªB¾ ´ ª�«c¬ ²MÃ0´ ¯°¹ »0µ ¶ ´ ¶ »0µMµM´ « ² ª ± ¹�«0¾ È ¼ ²MÃ
± ¹�ª�¬[Ä�¹ ±C² ªB¾ ´ 
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� »0µM´¤´ «0¹ » ¾ Ã ¿ Èd´ ¯ ´�´¤²°Ãc´ Ä�¹ ±³² ª�¾ ´ ª�¶ µ ¹
¯°¯·Ù � ªB«c¬ ²MÃ0´ ¯/¹ »0µ ¶ ´ ¶ »0µMµ°´ « ² ¯ ­ ¼½Ë�¼³«0¾ ² ¹bª Ã ¼³¾ Ã[­ ¹�¼½« ² ª ²·²°Ãc´
¯MªBÀ ´aÂÑµ°´*:�»c´ «c¶ ÅRÈ·Ã0´	µ°´a²°Ãc´j± ¹
ª�¬KÄ�¹ ±³² ª�¾ ´ ¼Ì¯¤À�ª × ¼³À » À Ç � Â'È'´�Èd´	µ°´�´�×�­�´ ¶ ² ¼½«0¾ ²°Ã ¼½¯ 8�±C²M´�µ^² ¹ ­0µ ¹SÄ�¼Ì¬ ´ ª
¯°¼³À ­0±½´^± ¹ È#;�­ ª�¯°¯ ÂÑ» «c¶ ² ¼½¹�«�¿ Èd´ À�¼³¾ Ã
² º ´ ¬!¼Ì¯°ª ­0­ ¹�¼½« ²M´ ¬Áº Åj²°Ãc´^µ°´ ¯ »0±³² ¯ Ço ´ ¯ ­ ¼ ²M´Ï²MÃ ¼½¯ » «c¼³« ²°´ «c¬ ´ ¬ µ°´ ¯/¹�«cªB«�¶ ´ ¿ ± ¹ È#;�­ ª�¯M¯ 8c±³²°´	µ ¯[Àjª�¬ ´K»0­ ¹ Â ¶	ª ­ ª�¶-¼ ² ¹ µ ¯[ªB«c¬�¼½«c¬ » ¶ ² ¹ µ ¯[ª µM´
ÂÑµM´	:
»0´ « ²M±³Åj» ¯ ´ ¬[ª�¯ 8 «cª ± ¯ ² ª�¾ ´ ¯%¼½« å Ù�aPo¤Ù ­ ¹ È'´�µ ¯ »0­c­0± ¼ ´ ¯ ² ¹ 8c±³²°´	µ'²°Ã0´H» « È ª�« ²°´ ¬ å Ùp� µ ¼ ­0­0±½´ �XÄ�¹ ±³² ª�¾ ´
¹ »0² ¹ Â�²°Ã0´ o¤Ù�¶-¹�«�Ä ´�µ°²°´ ¬ ÂÑµ ¹�À å Ù Ç Ò Ã�Å ¼½¯ ²°Ã ¼Ì¯	¿
¼ Â�²MÃ ¼½¯ ­ ª µ/² ¼½¶ »0± ª µN8�±C²M´�µ ¬ ´ ¯°¼³¾�« ­ ¹�¯M¯ ´ ¯°¯ ´ ¯dª ­ ¹ ²°´ « ² ¼Ìª ±½±³Å
²°µ ¹ » º ±³´ ¯/¹�À ´HµM´ ¯°¹�«�ªB« ²'­ ¹�¼½« ²)q

Í Ã0´ ªB«�¯ È'´�µi± ¼ ´ ¯9¼³« ²MÃ0´ ¯ ´	±³´ ¶ ² ¼½¹�«�¹ Âc8c±³²°´	µ ¶-¹�À ­ ¹�« ´ « ² ¯/¼cb ´ ¯9ªB«c¬ ²°Ã0´#ÂÑµM´	:
»0´ «c¶-¼ ´ ¯ ´ «c¶-¹ » « ²°´	µ°´ ¬ ÂÑµ ¹�À�ª�«
å Ù�a�o^Ù�¶�¹�«�Ä ´	µ/²M´�µ � µM´ ¶ ² ¼ 8c´�µ � Ç Ò Ã ª ²ÊÈd´ 
 µM´�²°µMÅ ¼½«0¾ ² ¹j¬!¹�¼½«¸ªB« å Ù�a�o^Ù ­ ¹ Èd´	µ ¯ »0­c­0±³Åb8c±C²M´�µ ¼Ì¯Ê¯ ´�­ ª µ ª ²°´o^Ù�Ä�¹ ±³² ª�¾ ´HÂÑµ ¹�À ªb¯/Àjª ±³± ªBÀ�¹ » « ² ¹ Â9µ°´	± ª ² ¼½Ä ´�±½Å)Ã ¼³¾ Ã!; ÂÑµM´	:
»0´ «c¶ Å å Ù�Ä�¹ ±C² ªB¾ ´�Ç Í Ãc´^8c±³²°´�µ ¼³«�¬ » ¶ ² ¹ µ ¯4ª�«c¬
¶�ª ­ ª�¶�¼ ² ¹ µ ¯�ª µ°´ ¾ ´ « ´�µ ª ±½±³Å¸:
» ¼ ²°´a± ª µ ¾ ´ � ¯ ´ Ä ´�µ ª ±iHÊ´ « µMÅ ¯ Â ¹ µ�²MÃ0´ ¼³«�¬ » ¶ ² ¹ µ ¯¤ªB«c¬ ²°Ã ¹ » ¯°ª�«c¬0¯H¹ Â5r 7 Â ¹ µH²°Ãc´
¶�ª ­ ª�¶�¼ ² ¹ µ ¯¤¼½¯ ²�Å�­ ¼Ì¶�ª ± �Ü¿iÀjªBË�¼½«0¾ ²°Ãc´b8c±³²°´	µ 
 ¯ µM´ ¯°¹�«cª�« ²^ÂÑµ°´*:�»c´ «c¶ Å Ä ´�µMÅ ¿�Ä ´�µMÅK± ¹ È^Ç o¤Ù ¹ Â ¶-¹ »cµ ¯ ´ ¿ Ã ª�¯Óª� ÂÑµM´	:
»0´ «c¶ Å �K¹ Â b ´	µ ¹�¿%¯/¹ ²MÃ0´�µM´ 
 ¯�«0¹ È ª Å ¼ ² ¶	ªB« À�ª�Ë ´ ªB« 4 ÙV¶-¼ µ ¶ » ¼ ²bµ°´ ¯/¹�«cª ²M´�Ç Í Ã0´Zµ ¼ ­0­0±½´ Ä�¹ ±C² ªB¾ ´ ¿
¹�« ²MÃ0´ ¹ ²°Ã0´	µXÃ ªB«�¬F¿G¼Ì¯ÓªZ«c¹�« ; ¯/¼½« » ¯°¹�¼Ì¬0ª ± å Ù�Ä�¹ ±C² ªB¾ ´ ¶�¹�«c¯°¼Ì¯ ² ¼³«0¾¸¹ Â ª ÂÑ» «c¬0ª�À ´ « ² ª ±%ÂÑµ°´*:
»0´ «c¶ Å ª ²X±³´ ª�¯ ²
²�È ¼Ì¶ ´¤²°Ãc´¤ÂÑµ°´*:�»c´ «c¶ Å ¹ ÂD²°Ã0´ ¶�¹�«�Ä ´	µ/²M´ ¬ å Ù�Ä�¹ ±³² ªB¾ ´ ¿ È ¼ ²°ÃZÃ ª µ À�¹�«c¼½¶	¯#À�ª�« Åj² ¼½À ´ ¯ ²MÃ ª ² ¼½«¸ª�¬0¬!¼ ² ¼½¹�« Ç 70¹ µ
­0±½» ¾ ; ¼½« ; ²MÃ0´-;�È ª ±½±!­ ¹ È'´�µ ¯ »0­0­0± ¼ ´ ¯ µM» «0«0¼½«0¾¤¹�« O�P�H b å Ù ­ ¹ Èd´	µ � O�P�H b k «0¼ ²°´ ¬'� ² ª ²°´ ¯ E�?BP�H b·¼½«jÚ »0µ ¹ ­�´ �-¿
²°Ãc´j± ¹ È'´ ¯ ²�ÂÑµM´	:
»0´ «c¶ ÅÏ²°Ã0´�8c±³²°´	µXÈ ¼ ±³±N´ Ä ´	µ ¯ ´�´ ¼Ì¯ g e�PsH bt� g P�PnH bj¼½«ÎÚ »0µ ¹ ­�´ �Ü¿ È·Ã ¼½¶ Ã ¼Ì¯ Èd´	±³± ª�º�¹SÄ ´ ¼ ² ¯
µM´ ¯°¹�«cª�« ²9­ ¹�¼½« ²	Ç Í Ã0´�µM´-Â ¹ µ°´ ¿ ²°Ã0´4­ ¹ ²°´ « ² ¼½ª ±³±½ÅX²Mµ ¹ » º ±½´ ¯°¹�À ´#µ°´ ¯/¹�«cªB« ²9­ ¹�¼³« ² ¼½«jª^¯ » ¶ Ã ª 8�±C²M´�µ ¼Ì¯N¶-¹�À ­0±³´�²°´	±³Å
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Í Ã0´HÂ ¹ ±½± ¹ È ¼³«0¾'���u�°Ù'Ú2ª�«cª ±½Å ¯/¼Ì¯#¶�ª ± ¶ »c± ª ²°´ ¯ ²MÃ0´ Ä�¹ ±C² ªB¾ ´ ¹ »0²°­0»!² � å Ù¥ª�«c¬so^Ù>� Â ¹ µ ¯ » ¶ Ã ª 8�±C²M´�µ ¿ È ¼ ²MÃ
¯ ´�µ ¼ ´ ¯Lo¤Ù2ªB«�¬ å Ùv� g eBP�H bS�iÄ�¹ ±³² ªB¾ ´ ¯°¹ »cµ ¶ ´ ¯ ­0µ ¹SÄ�¼½¬!¼½«0¾^ª µ ¹ » ¾ Ã ª ­0­0µ ¹ × ¼½Àjª ² ¼³¹�«É¹ Â�²MÃ0´ À�¼ ×!´ ¬ ; ÂÑµM´	:
»0´ «c¶ Å
¹ »0²°­0»!² ¹ Â ª�« å Ù�aPo¤Ù¥¶-¹�«
Ä ´�µ°²°´	µ	Ç
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0 0
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Ò�¼ ²°Ã ª ÂÑ»0±½± g e Ä�¹ ±³² ¯�o¤Ù ª ²^²MÃ0´b± ¹�ª�¬Îª�«c¬Î¹�« ±½Å>þP�cÇ g eKr9� ¹ Â å Ù ±½´-Âê²XÂÑµ ¹�À ²°Ã0´ g Ä�¹ ±³² å Ù�¯/¹ »0µ ¶ ´
¼½À ­ ¹�¯ ´ ¬Zª�¶ µ ¹�¯M¯ ²MÃ0´^± ¹
ª�¬F¿ ²MÃ ¼Ì¯Ê¶-¼ µ ¶ » ¼ ² ¬ ´ ¯°¼³¾�« ­cµ ¹SÄ ´ ¯d¼ ² ¯ ´	±CÂD² ¹jº ´ ªaÄ ´�µMÅb´ Ð ´ ¶ ² ¼½Ä ´¤­ ¹ Èd´	µ ¯ »c­0­0±½Åj8c±³²°´�µ*Ç

Í Ã0´Ê±½´ ¯M¯°¹�« ±³´ ª µ « ´ ¬ Ã0´	µ°´ ª�º�¹ »!²%µM´ ¯°¹�«cª�« ²N´ Ð ´ ¶ ² ¯%ª ± ¯°¹Xª ­0­c± ¼ ´ ¯ ² ¹ ²°Ãc´ ¬ ´ ¯/¼½¾�«�¹ ÂFÃ ¼½¾ Ã0;®­ ª�¯°¯ 8c±C²M´�µ ¯ » ¯°¼³«c¾
º�¹ ²°Ã ¶�ª ­ ª�¶�¼ ² ¹ µ ¯4ªB«�¬Ï¼½«c¬ » ¶ ² ¹ µ ¯ Ç ��¹ ± ¹�«0¾Áª�¯ ²°Ã0´ ¬ ´ ¯°¼ µ°´ ¬ÏªB«c¬ » «c¬ ´ ¯/¼ µM´ ¬ ÂÑµM´	:
»0´ «c¶-¼ ´ ¯Hª µM´ÓÈ'´�±½±D² ¹ ´ ¼ ²MÃ0´�µ
¯°¼½¬ ´ ¹ ÂG²MÃ0´^µ°´ ¯/¹�«cªB« ²#­ ¹�¼³« ² ¿ ²°Ã0´¤8c±³²°´	µÊÈ ¼ ±³±FÈ ¹ µ Ëb¹�ËSª Å�Ç © »!² ¼ Â ª�« Å ¯/¼½¾�«�ª ± ¹ Â ¯/¼½¾�«c¼ 8 ¶	ªB« ² À�ª�¾�«0¼ ²°» ¬ ´ ¶ ± ¹�¯ ´
² ¹ ²MÃ0´^µ°´ ¯/¹�«cªB« ²#ÂÑµM´	:
»0´ «�¶ Å ¼Ì¯·ª ­0­c± ¼ ´ ¬ ² ¹ ²MÃ0´ ¼³« ­0»!² ¹ Â�²°Ãc´¤8c±C²M´�µ ¿c¯ ²°µ ªB«0¾ ´4²MÃ ¼³«c¾�¯ È ¼ ±³±FÃ ª ­0­�´ «Nf

Ý.Þ)ß�à[á-ß�âäã



g V@� �ih ô øHöiü%ý ñ!ò ùDú�û�öiüdý4õ

Ý ÿ·´ ¯°¹�«cª�« ² ¶�¹�ÀÉº0¼³«�ª ² ¼½¹�«�¯i¹ Â ¶�ª ­ ª�¶-¼ ² ª�«c¶ ´ ª�«c¬a¼³«c¬ » ¶ ² ªB«c¶ ´ ¶�ªB«�º ´Ê´ À ­0± ¹ Å�´ ¬ ² ¹X¶ µM´ ª ²°´ Ä ´	µ°ÅX´ Ð ´ ¶ ² ¼³Ä ´
ºcªB«c¬ ;®­ ª�¯°¯#ª�«c¬ÁºcªB«c¬ ; ¯ ² ¹ ­[8�±C²M´�µ ¯ È ¼ ²MÃ ¹ »0²·²°Ã0´ « ´�´ ¬ Â ¹ µ ª�¬0¬ ´ ¬ µ°´ ¯/¼Ì¯ ² ªB«�¶ ´ ¼³«¸ªj¶�¼ µ ¶ » ¼ ²·²°Ã ª ²4È ¹ »0± ¬
¬!¼³À�¼½«0¼Ì¯ ÃÁ²°Ãc´^­ ª�¯M¯°ª�¾ ´ ¹ Â ¬ ´ ¯°¼ µM´ ¬ ÂÑµM´	:
»0´ «�¶-¼ ´ ¯ Ç

Ý
fresonant = 

2
o

π LC
:1

%'&1� �s�t��� U�2i�
å ¯ ±½´ «0¾ ²°Ã�Å ª�¯ ²°Ã ¼Ì¯¤¶ Ã ª ­0²°´�µ�Ã ª�¯�º ´�´ « »0­¸² ¹ ²MÃ ¼Ì¯ ­ ¹�¼½« ² ¿v¼ ² ¹�« ±³Å º ´ ¾�¼³«�¯ ² ¹[¯M¶ µ ª ² ¶ ÃÏ²°Ã0´ ¯ »cµ/Â ª�¶ ´ ¹ Â98c±³²°´�µ
¬ ´ ¯/¼½¾�« Ç å :
» ¼½¶@Ë ­�´	µ°» ¯Mª ± ¹ Â ªB« Å ª�¬0Ä�ª�«c¶ ´ ¬ 8c±C²M´�µ ¬ ´ ¯°¼³¾�« ²M´-×�² º�¹�¹�Ë[¼½¯Ê¯ »!< ¶-¼ ´ « ²·² ¹ ­0µ ¹SÄ ´ À Å)­ ¹�¼½« ²	Ç Í Ãc´
Àjª ²MÃ0´ Àjª ² ¼½¶	¯^¼½«
Ä�¹ ± Ä ´ ¬ È ¼ ²°Ã ¶�¹�À ­ ¹�« ´ « ² ¯ ´�±½´ ¶ ² ¼½¹�«§ªB«c¬ ÂÑµM´	:
»0´ «c¶ ÅKµ°´ ¯ ­ ¹�«c¯ ´j­0µM´ ¬!¼Ì¶ ² ¼³¹�«>¼½¯X¬cª » « ² ¼½«0¾ ² ¹
¯Mª Å¤²°Ã0´·±½´ ª�¯ ²]�XÈd´	±³± º ´�Å ¹�«c¬ ²°Ã0´ ¯M¶-¹ ­�´ ¹ Âc²°Ãc´ º ´ ¾�¼³«c«0¼³«c¾ ´�±½´ ¶ ²Mµ ¹�«0¼Ì¶�¯i¯ ²M» ¬ ´ « ²*Ç � ²NÃ ª�¯Dº ´	´ «�À Å ¼³« ²°´ « ²NÃ0´�µM´
² ¹ ­0µ°´ ¯ ´ « ²Ê²°Ã0´ ºcª�¯°¼Ì¶ ­0µ ¼³«c¶�¼ ­c±³´ ¯4¹ ÂD8�±C²M´�µ ¬ ´ ¯°¼³¾�« È ¼ ²MÃ ª�¯ ± ¼ ²/²M±³´ Àjª ²°Ã ª�¯ ­ ¹�¯M¯°¼³º ±½´ ¿ ±½´ ªB«c¼³«0¾)¹�« ²°Ãc´Ó­ ¹ Èd´	µ
¹ Âi²MÃ0´ ���u�°Ù'Ú�¶-¼ µ ¶ » ¼ ² ª�«cª ±½Å ¯/¼Ì¯ ­0µ ¹�¾ µ ª�À ² ¹ ´�×!­0± ¹ µ°´H8c±³²°´	µ4­�´�µ°Â ¹ µ ÀjªB«c¶ ´�Ç Í Ãc´ º ´ « ´-8c² ¹ Â ¯ » ¶ Ã ¶-¹�À ­0»0²°´�µ
¯°¼³À »0± ª ² ¼½¹�«Z¯/¹ Âê²�È ª µ°´ ¶�ª�«0«0¹ ² º ´^» «c¬ ´�µ ¯ ² ª ²°´ ¬F¿ Â ¹ µ#²MÃ0´ º ´ ¾�¼½«0«0¼½«0¾b¯ ²°» ¬ ´ « ² ¹ µ#Â ¹ µ#²°Ã0´^È ¹ µ Ë�¼³«0¾ ´ «c¾�¼½« ´�´	µ	Ç

Ùd¼ µ ¶ » ¼ ² ¯/¼½À »0± ª ² ¼³¹�«j¯/¹ Âê²�È ª µ°´·´ À ­ ¹ È'´�µ ¯ ²°Ã0´ ¯ ²M» ¬ ´ « ²d² ¹ ´�×�­c± ¹ µ°´ ¶�¼ µ ¶ » ¼ ² ¬ ´ ¯°¼³¾�«c¯ Â ª µ º ´	Å ¹�«c¬ ²°Ã0´4µ°´ ª�¶ Ã
¹ Â'²°Ãc´ ¼ µ Àjª ²°Ã ¯°Ë�¼ ±½± ¯ Ç Ò�¼ ²°Ã>²MÃ0´ ªBº0¼ ± ¼ ²�ÅR² ¹¸¾ ´ « ´�µ ª ²M´ ©d¹!¬ ´j­c± ¹ ² ¯^ªB«�¬ ­cµ°´ ¶-¼Ì¯ ´�8 ¾ »0µM´ ¯	¿�ªB«>¼½« ²M» ¼ ² ¼½Ä ´j» « ;
¬ ´	µ ¯ ² ª�«c¬!¼½«0¾Ï¹ Â ¶-¼ µ ¶ » ¼ ² ¶-¹�«c¶ ´	­!² ¯É¶�ªB«.º ´ ª ²°² ªB¼½« ´ ¬F¿ È·Ã ¼Ì¶ Ã ¼½¯a¯°¹�À ´-²MÃ ¼³«c¾R¹ Âê²M´ « ± ¹�¯ ²ÉÈ·Ãc´ «2ªK¯ ²M» ¬ ´ « ² ¼½¯
º »0µ ¬ ´ « ´ ¬ È ¼ ²°Ãb²°Ã0´�² ª�¯/Ëa¹ Â ¯°¹ ± Ä�¼³«0¾ ±³´ «0¾ ²MÃ
Åa´	:
» ª ² ¼½¹�«c¯%º ÅaÃ ªB«c¬ Ç � Â�Å ¹ » ª µM´ «0¹ ²%Â ª�Àa¼ ± ¼½ª µdÈ ¼ ²°Ãj²MÃ0´4» ¯ ´ ¹ Â���u�°Ù'Ú.¹ µ ¹ ²°Ãc´�µ ¶-¼ µ ¶ » ¼ ² ¯/¼½À »0± ª ² ¼³¹�« ­0µ ¹�¾ µ ª�Àj¯�¿ ² ª�Ë ´�²°Ã0´¤² ¼³À ´¤² ¹aº ´ ¶�¹�À ´ ¯/¹�fi� ²ÊÈ ¼ ±½± º ´ ¹ Â ¾ µ°´ ª ² º ´ « ´-80²
² ¹ Å ¹ »cµ ¯ ²M» ¬ Å�Ç ÍG¹X¯ ´	´ ���u�°Ù'ÚÎª�«cª ±½Å ¯ ´ ¯ ­0µM´ ¯ ´ « ²°´ ¬a¼³« ²MÃ ¼½¯%º�¹�¹�ËÓ¼Ì¯%ªB«jª�¼½¬ ² ¹ » «c¬ ´	µ ¯ ² ª�«c¬!¼½«0¾X¶-¼ µ ¶ » ¼ ² ¯	¿�º »!²
² ¹Xª�¶ ²M» ª ±½±³Å ¯ ´�²N»0­ ªB«�¬aª�«cª ±½Å b ´#Å ¹ »0µ ¹ È «�¶-¼ µ ¶ » ¼ ² ¯/¼½À »0± ª ² ¼³¹�«c¯i¼Ì¯Nª¤À » ¶ Ã À�¹ µM´#´ «0¾
ªB¾�¼³«0¾^ª�«c¬ È ¹ µ/²MÃ
È·Ã ¼ ±½´
´ «�¬ ´ ª�Ä�¹ µ ª�¯·ªj¯ ²°» ¬ ´ « ²	Ç



� �������d��� �

� � � � ��� � � � � �

�'&�  ¡ � - � UX_£¢�WZY �n¤ -DUXW ¤ ` UXWZY¦¥ZU^],¢ ¤ +É\Î`�29U§-i¢�+ÉW
å ¯ È'´)Ã ª�Ä ´ ª ±½µM´ ª�¬ Å ¯ ´�´ «�¿ ²°Ã0´ ÀjªB¾�« ´-² ¼½¶ 8c´�± ¬ ­0µ ¹!¬ » ¶ ´ ¬§º Å ªR¶ »0µ°µM´ « ²°; ¶	ª µMµ°Å ¼½«0¾¸¶-¹�«�¬ » ¶ ² ¹ µ ¶�ª�«.¯ ² ¹ µM´
´ « ´�µ ¾ Å�Ç Í Ã ¼Ì¯Á¯ ² ¹ µ ªB¾ ´ ¹ ÂÓ´ « ´�µ ¾ Å ²°µ ªB«�¯ ± ª ²M´ ¯ ² ¹2ª�«�¹ ­0­ ¹
¯/¼ ² ¼½¹�« ² ¹�¶ Ã ªB«0¾ ´ ¯)¼³«�¶ »0µMµM´ « ²)²MÃ0µ ¹ » ¾ Ã¥²°Ã ª ²
¶-¹�«c¬ » ¶ ² ¹ µ	Ç Ù'ª ±½±³´ ¬.�B¼½«c¬ » ¶ ² ªB«�¶ ´ ¿ � ²°Ã ¼Ì¯ ´ Ð ´ ¶ ² ¶	ªB«�º ´ À�ª�¬ ´ À�¹ µM´#­0µ ¹�«0¹ » «c¶ ´ ¬Óº ÅÉÂ ¹ µ À�¼³«0¾ ²MÃ0´ ¶-¹�«c¬ » ¶ ² ¹ µ
¼½« ² ¹ÉªX¶�¹�¼ ± ¿!ª�«c¬�a�¹ µN­0µ ¹SÄ�¼½¬!¼½«0¾Óª ­ ª ²MÃ ¹ Â�Ã ¼³¾ Ã ÀjªB¾�« ´-² ¼Ì¶ ­�´�µ À ´ ªBºc¼ ± ¼ ²�ÅaÂ ¹ µN²°Ãc´ ÀjªB¾�« ´-² ¼½¶ 8c´�± ¬ ² ¹É¬ ´ Ä ´�± ¹ ­�Ç

current¨

current¨

coiled wire¨
magnetic field
generated by©
current through ¨
coil¨

å «¸ª ­0­0µ ¹ × ¼½Àjª ²M´48 ¾ »0µM´4Â ¹ µ ªB«Z¼³«�¬ » ¶ ² ¹ µ 
 ¯#¼½«c¬ » ¶ ² ª�«c¶ ´ ¶	ªB«Áº ´¤Â ¹ » «c¬ » ¯°¼³«c¾ ²MÃ ¼Ì¯ ´	:
» ª ² ¼½¹�«N


Where,

N =
ª

Number of turns in wire coil (straight wire = 1)

L =
N
ª 2µA

l

L =

µ«  =

A =

l =

Inductance of coil in Henrys

Permeability of core material (absolute, not relative)
Area of coil in square meters
Average length of coil in meters

Ò ´ ª ± ¯/¹§Ë�«0¹ È ²°Ã ª ² ª�«�¼³«c¬ » ¶ ² ¹ µb´�×�­ ¹�¯ ´ ¬ ² ¹�ª�¶ Ã ª�«0¾�¼½«0¾>ÀjªB¾�« ´-² ¼Ì¶ 8c´	± ¬ È ¼ ±½± ¬ ´ Ä ´�± ¹ ­ ª§Ä�¹ ±³² ª�¾ ´
ª�¶ µ ¹
¯°¯4¼ ² ¯ ±³´ «0¾ ²MÃ�Ç Í Ã0´ ¼½«c¬ » ¶ ² ¹ µ 
 ¯�¹ ­0­ ¹�¯°¼ ² ¼³¹�« ² ¹Z¶ Ã ª�«0¾ ´ ¯Ê¼½«K¶ »cµ°µM´ « ² ¼Ì¯HªbÀjªB«0¼ ÂÑ´ ¯ ² ª ² ¼½¹�«K¹ ÂN²MÃ ¼½¯ ´ Ð ´ ¶ ² ¿
²°Ãc´ ¼³«c¬ » ¶ ´ ¬[Ä�¹ ±³² ª�¾ ´H­0µ ¹!¬ » ¶ ´ ¬[º Åb²MÃ0´ ¶ Ã ªB«c¾ ´ ¼³«Z¼ ² ¯·¹ È «ÁÀjªB¾�« ´-² ¼Ì¶ 8c´�± ¬Z¯ ²Mµ°´ «0¾ ²MÃ[­cµ ¹!¬ » ¶�¼³«c¾�ª�Ä�¹ ±³² ª�¾ ´
È·Ã ¼Ì¶ ÃZ²°µ ¼ ´ ¯ ² ¹)ÀjªB¼½« ² ªB¼½«Ï¶ »cµ°µM´ « ² ª ²Ê²°Ã ª ² ¯MªBÀ ´ ÀjªB¾�«0¼ ²°» ¬ ´ ªB«c¬Z¼½« ²°Ã ª ² ¯MªBÀ ´ ¬0¼ µM´ ¶ ² ¼½¹�« Ç Í Ã ¼Ì¯Ê¼Ì¯4¶	ª ±½±³´ ¬��¯ ´�±³Âê; ¼³«c¬ » ¶ ² ¼³¹�« Ç ��Í Ã0´ ¾ µ°´ ª ²M´�µ'²°Ã0´ ¼½«c¬ » ¶ ² ¹ µ 
 ¯·¼½«c¬ » ¶ ² ª�«c¶ ´ �ëÀ ´ ª�¯ »0µM´ ¬[¼³« ²°Ãc´^» «0¼ ² ¹ ÂLHÊ´ « µ°Å ¯)�Ü¿ ²MÃ0´ À�¹ µM´

g V7?
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¯ ´�±³Âê; ¼½«c¬ » ¶ ´ ¬ÁÄ�¹ ±C² ªB¾ ´�È ¼ ±³± º ´^­0µ ¹!¬ » ¶ ´ ¬ Â ¹ µ ªa¾�¼½Ä ´ « µ ª ²M´ ¹ Â ¶ »0µ°µM´ « ² ¶ Ã ª�«0¾ ´ ¹SÄ ´	µ%² ¼³À ´�Ç

� ² ¯ Ã ¹ »0± ¬ ¯ ² ªB«c¬ ² ¹ µM´ ª�¯/¹�«�¿ ²MÃ0´ «�¿ ²MÃ ª ² ¼ Â ª>¶ Ã ª�«0¾�¼½«0¾>ÀjªB¾�« ´-² ¼½¶ 8c´	± ¬ ­0µ ¹!¬ » ¶ ´ ¬ º Å ¹�« ´ ¼½«c¬ » ¶ ² ¹ µ
¶�ª µ°µMÅ ¼³«c¾Kª ±³²°´	µ «�ª ² ¼½«0¾>¶ »0µMµM´ « ²aÈ'´�µM´[² ¹~� ± ¼³«cË\� È ¼ ²°Ã2²°Ã0´Z²M»0µ «�¯�¹ Â4È ¼ µ°´ ¼½« ª�«0¹ ²MÃ0´�µ ¼½«c¬ » ¶ ² ¹ µ ¿d¼ ²bÈ ¹ »0± ¬
¼½«c¬ » ¶ ´ ªB« å Ù�Ä�¹ ±³² ªB¾ ´ ¼³« ²MÃ0´X» « ­ ¹ È'´�µM´ ¬Z¼½«c¬ » ¶ ² ¹ µ	Ç Í Ã ¼Ì¯Ê¼Ì¯�¬ ´-8 «0¼ ²°´	±³Å[²°Ãc´ ¶�ª�¯ ´ ¿�ª�«c¬ ²°Ã0´Ó­0Ã0´ «c¹�À ´ «0¹�«
¼Ì¯·¶�ª ±½±½´ ¬ é°¯!I$¯c?SÔ9"Jû!��¯cÖ�I�?�û�Ö@è-Ç å ¬ ´ Ä�¼½¶ ´ ¶�¹�«c¯ ²°µM» ¶ ²°´ ¬ ² ¹ ´�×�­c± ¹�¼ ²#²°Ã ¼½¯ ´ Ð ´ ¶ ² ¼Ì¯·¶�ª ±½±½´ ¬Áª I®ì°?�û0æÑJ-ÕSìÜéjè-ìÜÇ Í Ãc´
¯ Å ÀÉº�¹ ±vÂ ¹ µ ª ²°µ ªB«�¯ Â ¹ µ À ´�µ#± ¹�¹�Ë!¯ ± ¼½Ë ´H²MÃ ¼½¯�


Transformer

Í Ã0´a²�È ¹[¼½«c¬ » ¶ ² ¹ µ ¶-¹�¼ ± ¯Hª µ°´a´ ª�¯/¼ ±½Å ¬!¼½¯ ² ¼½«0¾ » ¼½¯ Ã0´ ¬R¼½« ²MÃ0´ ªBº�¹SÄ ´ ¯ Å ÀÉº�¹ ± Ç Í Ã0´�­ ªB¼ µ ¹ Â Ä ´�µ°² ¼Ì¶�ª ±i± ¼½« ´ ¯
µM´�­0µM´ ¯ ´ « ² ªB«�¼ µ ¹�«�¶-¹ µ°´ ¶-¹�À�Àa¹�« ² ¹¤º�¹ ²°Ã ¼³«�¬ » ¶ ² ¹ µ ¯ Ç Ò Ã ¼ ±³´ Àjª�« ÅX²°µ ªB«c¯ Â ¹ µ À ´�µ ¯ Ã ª�Ä ´dÂÑ´�µMµ ¹�À�ª�¾�« ´�² ¼Ì¶d¶�¹ µM´
Àjª ²M´�µ ¼½ª ± ¯	¿ ²°Ãc´�µM´ ª µM´ ¯°¹�À ´'²°Ã ª ² ¬!¹^«0¹ ² ¿ ²°Ã0´ ¼ µ ¶�¹�«c¯ ² ¼ ²°»c´ « ² ¼³«�¬ » ¶ ² ¹ µ ¯iº ´ ¼³«c¾^À�ª�¾�« ´�² ¼Ì¶�ª ±³±½ÅX± ¼³«0Ë ´ ¬ ² ¹�¾ ´�²°Ã0´	µ
²°Ãcµ ¹ » ¾ Ã>²MÃ0´ ª�¼ µ*Ç Í Ã0´bÂ ¹ ±³± ¹ È ¼³«c¾ ­0Ã ¹ ² ¹�¾ µ ª ­0Ã ¯ Ã ¹ È ¯ ²�È ¹¸¼½«c¬ » ¶ ² ¹ µ ¶�¹�¼ ± ¯ È ¹ » «c¬§ª µ ¹ » «c¬§ª ²°» º ´)Â ¹ µ ÀÁ¿
Â ¹ µ4²°Ã0´É­0»0µM­ ¹
¯ ´ ¹ ÂiÂ ¹ µ À�¼³«0¾[ªjÀ »!²M» ª ± ¼³«�¬ » ¶ ² ªB«c¶ ´ ¯ ² ª�«c¬0ª µ ¬ Ç Ò Ã ¼ ±³´ À�¹�¯ ²Ê²°µ ªB«c¯ Â ¹ µ À ´�µ ¬ ´ ¯°¼³¾�«c¯ ´ «c¶ ± ¹�¯ ´
²°Ãc´ ¶-¹�¼ ± ¯4ª�«c¬¸¶-¹ µ°´ ¼³«RªbÀ ´�² ª ±�ÂÑµ ªBÀ ´^Â ¹ µ4­0µ ¹ ²M´ ¶ ² ¼³¹�«�¿ ²°Ã ¼Ì¯�¬ ´ Ä�¼½¶ ´ ¼Ì¯Ê¹ ­�´ « Â ¹ µ Ä�¼ ´�È ¼½«0¾)ª�«c¬Ï¯°¹)¯ ´	µ Ä ´ ¯·¼ ² ¯
¼ ±³±½» ¯ ²°µ ª ² ¼½Ä ´¤­0»cµ°­ ¹�¯ ´¤Èd´	±³± 




¬ òc±�ò ®³²'ö§² ô û>új=�´K²>�·ö ô =°�iü ô =µ´·¶ ô õ!ú���÷#ødü%ý ô öDú�÷>= g V�O

^ « ´ ¶�¹�¼ ± ¹ ÂNÈ ¼ µM´ ¶	ªB«Ïº ´ ¯ ´�´ « Ã0´�µM´XÈ ¼ ²°Ã ¶-¹ ­c­�´	µ/; ¶-¹ ± ¹ µ°´ ¬[ÄSª µ «0¼Ì¯ Ã ¼³«c¯ »0± ª ² ¼³¹�« Ç Í Ã0´ ¹ ²MÃ0´�µ ¶-¹�¼ ± ¿�À » ¶ Ã
¾ µM´ ª ²°´	µ ¼½« ±³´ «0¾ ²MÃ ¿ Ã ª�¯·ªB«Z¼³«�¯ »0± ª ² ¼³¹�« ± ª Å�´	µ'²°Ã ª ² ¼½¯#¾ µ°´	´ «Á¼³«¸¶-¹ ± ¹ µ	Ç

© ÅKÃ ª�Ä
¼½«0¾ ²�È ¹¸¼³«�¬ » ¶ ² ¹ µ ¯Ó¶�¹ »0­0±½´ ¬ ² ¹�¾ ´-²°Ãc´�µ º Å ªÏ¶-¹�À�Àa¹�«§ÀjªB¾�« ´-² ¼Ì¶ 8c´	± ¬ ­ ª ²°Ã ¿D¼ ² ¼Ì¯ ­ ¹�¯M¯°¼³º ±½´j² ¹
I®ì°?�ûcæêJ-è�ì9´ « ´�µ ¾ ÅÉÂÑµ ¹�À ¹�« ´ ¼½«c¬ » ¶ ² ¹ µ ¶�¼ µ ¶ » ¼ ²d² ¹ ²MÃ0´ ¹ ²°Ãc´�µ ¿ µ ª ²MÃ0´�µ%²°Ã ª�«^ï » ¯ ²�æÜI�ÕSì°è%´ « ´	µ ¾ Å ¼½« ²MÃ0´ À�ª�¾�« ´�² ¼Ì¶
8c´	± ¬ Ç ��«^¹ µ ¬ ´	µ�Â ¹ µ�²°Ã ¼Ì¯ ² ¹ È ¹ µ Ëv¿	¹ Â ¶-¹ »cµ ¯ ´ ¿ ²°Ãc´ ÀjªB¾�« ´-² ¼½¶ 8�´�± ¬ Ã ª�¯ ² ¹�º ´ ¶-¹�«�¯ ² ªB« ²°±½Å ¶ Ã ªB«0¾�¼³«0¾·¼½«Ó¯ ²°µM´ «0¾ ²°Ã ¿
¹ ²MÃ0´�µMÈ ¼Ì¯ ´ «0¹jÄ�¹ ±³² ªB¾ ´¤È ¼ ±½± º ´ ¼³«�¬ » ¶ ´ ¬Z¼³« ²MÃ0´^» « ­ ¹ È'´�µM´ ¬Z¶-¹�¼ ±®Ç Í Ã�» ¯	¿ ²°Ãc´¤²°µ ªB«c¯ Â ¹ µ À ´�µ ¼Ì¯ ´ ¯M¯ ´ « ² ¼Ìª ±½±³Å ª�«
ª ±³²°´	µ «�ª ² ¼½«0¾j¶ »cµ°µM´ « ² � å Ù>�#¬ ´ Ä
¼Ì¶ ´�Ç��« ²°µ ªB«�¯ Â ¹ µ À ´�µ ¯	¿ ²°Ãc´ ¼½«c¬ » ¶ ² ¹ µ ¶-¹�¼ ± ¯%ª µ°´ ¹ Âê²°´ « µ°´�ÂÑ´�µMµ°´ ¬ ² ¹aª�¯ JL"Jû!��"Jû\¸Sæ ¿�¼³« µ°´�ÂÑ´�µM´ «c¶ ´·² ¹ ²°Ã0´ À�ª�« »!Â ª�¶ ;
²°»cµ ¼½«0¾ ­0µ ¹�¶ ´ ¯M¯ È·Ã0´�µM´#È ¼ µM´ ¼½¯ J%ÕP¯sû�� ª µ ¹ » «�¬ ²°Ãc´ ¶-¹ µM´ À�ª ²°´	µ ¼Ìª ±®Ç Í Ã0´·­ ¹ È'´�µM´ ¬X¼½«c¬ » ¶ ² ¹ µ ¹ Â ª ²Mµ ª�«c¯ Â ¹ µ À ´	µ
¼Ì¯%¶�ª ±³±½´ ¬ ²MÃ0´>��ì1"êéj?Sì1¹4È ¼³«c¬0¼³«0¾�¿ È·Ã ¼ ±½´·²°Ãc´Ê» « ­ ¹ Èd´	µ°´ ¬�¶-¹�¼ ± ¼Ì¯%¶	ª ±½±³´ ¬ ²MÃ0´Xæ�è@Ö@Õ�û!��?Sì1¹·È ¼½«c¬!¼½«0¾ Ç � ² ¼½¯ ´ ª�¯ ÅX² ¹



g V7V �ih ô ø�öiüdý­¬ ò öiý ô =�õ!ù'÷#ý�®Ïüdý4õ
¬ ´ Àa¹�«c¯ ²°µ ª ²°´ ¯°¼³À ­0±½´Ó²Mµ ª�«c¯ Â ¹ µ À ´	µ ª�¶ ² ¼³¹�« » ¯°¼³«c¾n���u�°Ù'ÚÊ¿F¯ ´-²/² ¼³«c¾ »0­K²°Ãc´a­cµ ¼½Àjª µMÅ ª�«c¬R¯ ´ ¶�¹�«c¬cª µMÅÁÈ ¼½«c¬ ;
¼½«0¾�¯#¹ ÂG²MÃ0´ ¯/¼½À »c± ª ²°´ ¬ ²Mµ ª�«c¯ Â ¹ µ À ´	µ ª�¯·ª ­ ªB¼ µ ¹ Â �BÀ »!²°» ª ± �a¼½«c¬ » ¶ ² ¹ µ ¯ Ç Í Ã0´ ¶-¹ ´�< ¶�¼ ´ « ² ¹ Â Àjª�¾�« ´�² ¼Ì¶ 8c´�± ¬
¶-¹ »0­0± ¼³«c¾É¼Ì¯#¾�¼½Ä ´ «)ª ²#²°Ãc´H´ «c¬b¹ Â�²MÃ0´ �BË�� ± ¼³« ´ ¼½« ²°Ã0´ ���u�°Ù'Ú2¶�¼ µ ¶ » ¼ ² ¬ ´ ¯M¶ µ ¼ ­0² ¼½¹�«�¿ ²°Ã ¼½¯ ´�× ª�À ­0±³´ º ´ ¼½«0¾j¯ ´�²
Ä ´	µ°Å « ´ ª µ°±½Å ª ²4­�´�µ°ÂÑ´ ¶ ² ¼½¹�«º� g Ç P�P�P � Ç Í Ã ¼Ì¯�¶�¹ ´-< ¶-¼ ´ « ² ¬ ´ ¯°¶ µ ¼½º ´ ¯ Ã ¹ È ¶ ± ¹
¯ ´	±³Å � ± ¼½«0Ë ´ ¬F� ²°Ã0´Ó²�È ¹)¼³«c¬ » ¶ ² ¹ µ ¯
ª µM´ ¿vÀjªB¾�« ´-² ¼½¶	ª ±½±³Å�Ç Í Ãc´ º ´-²°²°´�µH²MÃ0´ ¯ ´Ó²�È ¹)¼½«c¬ » ¶ ² ¹ µ ¯Hª µM´ Àjª�¾�« ´�² ¼Ì¶�ª ±½±½Å ¶�¹ »0­0±½´ ¬�¿ ²°Ã0´ À�¹ µM´Ó´-< ¶�¼ ´ « ²H²°Ãc´
´ « ´�µ ¾ Å�²°µ ªB«�¯ ÂÑ´	µ º ´�²�Èd´	´ « ²°Ã0´ À ¯ Ã ¹ »c± ¬[º ´�Ç

(for SPICE to measure current)
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ØÊ¹ ²°´)²°Ã ª ²aÈ ¼ ²°Ã2´�Ä
» ª ± ¼½«c¬ » ¶ ² ªB«�¶ ´ ¯ Â ¹ µ º�¹ ²°Ã2È ¼³«�¬!¼³«c¾�¯n�jÅSÆ@Æ H4´ « µMÅ ¯ ´ ª�¶ Ã �-¿ ²°Ã0´ å Ù Ä�¹ ±C² ªB¾ ´ ¯Xª�«c¬
¶ »cµ°µM´ « ² ¯�ª µ°´ « ´ ª µ°±½Å�´SÄ�» ª ±'Â ¹ µ�²MÃ0´Z²�È ¹ Ç Ò Ã ª ²jÅ ¹ » ª µ°´ ¯ ´	´ ¼½«0¾ Ã0´�µM´ ¼½¯ Ä
» ¼ ²°´Z²�Å�­ ¼Ì¶�ª ± ¹ Â4²Mµ ª�«c¯ Â ¹ µ À ´	µ
´3Ç ¶�¼ ´ «c¶ Å�Ç å « Å
²°Ã ¼½«0¾ ±³´ ¯°¯ ²°Ã ªB« Û�?7È ´3Ç ¶�¼ ´ «c¶ Å ¼Ì¯Z¶-¹�«�¯/¼Ì¬ ´�µM´ ¬ ­ ¹�¹ µ[Â ¹ µ À�¹!¬ ´�µ « ­ ¹ Èd´	µ)²Mµ ª�«c¯ Â ¹ µ À ´	µ
¬ ´ ¯/¼½¾�«c¯	¿NªB«�¬ ²°Ã ¼Ì¯ ²°µ ªB«c¯ ÂÑ´�µ ¹ Â4­ ¹ È'´�µ ¹!¶	¶ »0µ ¯ È ¼ ²°Ã «0¹RÀ�¹SÄ�¼³«c¾ ­ ª µ/² ¯X¹ µ ¹ ²MÃ0´�µ ¶-¹�À ­ ¹�« ´ « ² ¯a¯ » º!ï ´ ¶ ²Ó² ¹
È'´ ª µ*Ç



¬ òc±�ò ®³²'ö§² ô û>új=�´K²>�·ö ô =°�iü ô =µ´·¶ ô õ!ú���÷#ødü%ý ô öDú�÷>= Å V�Û
� ÂcÈ'´ ¬ ´ ¶ µ°´ ª�¯ ´N²°Ãc´'± ¹�ª�¬ µM´ ¯°¼½¯ ² ª�«c¶ ´ ¯/¹¤ª�¯ ² ¹H¬ µ ª È À�¹ µM´ ¶ »0µMµ°´ « ²iÈ ¼ ²°ÃÉ²°Ã0´ ¯MªBÀ ´ ª�À�¹ » « ² ¹ Â Ä�¹ ±³² ªB¾ ´ ¿ È'´

¯ ´�´·²MÃ ª ²'²°Ã0´ ¶ »0µMµM´ « ²N²°Ãcµ ¹ » ¾ Ã�²MÃ0´4­0µ ¼½À�ª µ°ÅaÈ ¼½«c¬!¼½«0¾X¼½«c¶ µM´ ª�¯ ´ ¯N¼½« µ°´ ¯ ­ ¹�«�¯ ´�Ç Ú%Ä ´ « ²MÃ ¹ » ¾ Ã�²°Ãc´ å Ù ­ ¹ Èd´	µ
¯°¹ »0µ ¶ ´ ¼Ì¯·«0¹ ² ¬0¼ µM´ ¶ ²°±½Å ¶-¹�«0« ´ ¶ ²°´ ¬ ² ¹ ²°Ãc´X± ¹
ª�¬ µ°´ ¯/¼Ì¯ ² ªB«�¶ ´ � µ ª ²MÃ0´�µ ¿0¼ ² ¼½¯ ´�±½´ ¶ ²Mµ ¹�ÀjªB¾�« ´-² ¼Ì¶�ª ±³±½Å ��¶�¹ »0­c±³´ ¬F�7�-¿
²°Ãc´ ªBÀ�¹ » « ² ¹ Â ¶ »0µMµ°´ « ² ¬ µ ª È « ÂÑµ ¹�À ²MÃ0´ ¯°¹ »cµ ¶ ´ÊÈ ¼ ±½± º ´ ª ± Àa¹
¯ ²d²°Ã0´ ¯°ª�À ´ ª�¯ ²°Ã0´ ªBÀ�¹ » « ² ¹ Â ¶ »0µMµ°´ « ²%²°Ã ª ²
È ¹ »0± ¬bº ´ ¬ µ ª È «b¼ Â�²MÃ0´H± ¹
ª�¬ È'´�µM´ ¬0¼ µM´ ¶ ²°±½Å ¶-¹�«c« ´ ¶ ²°´ ¬ ² ¹ ²°Ã0´ ¯°¹ »0µ ¶ ´�Ç ÍDªBË ´ ªÉ¶ ± ¹�¯ ´�± ¹�¹�Ëjª ²'²°Ã0´ « ´�×�²d²�È ¹���u�°Ù'Ú ¯°¼½À »0± ª ² ¼³¹�«c¯�¿0¯ Ã ¹ È ¼½«0¾ È·Ã ª ²ÊÃ ª ­0­�´ «c¯ È ¼ ²°Ã ¬!¼³Ð ´	µ°´ « ² Ä�ª ±³»c´ ¯#¹ Âi± ¹�ª�¬ µM´ ¯°¼½¯ ² ¹ µ ¯�
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ØÊ¹ ² ¼Ì¶ ´jÃ ¹ È�²°Ã0´)­0µ ¼½Àjª µMÅ ¶ »cµ°µM´ « ² ¶ ± ¹�¯ ´�±½Å¸Â ¹ ±½± ¹ È ¯ ²°Ã0´ ¯ ´ ¶�¹�«c¬cª µMÅ ¶ »0µMµ°´ « ²	Ç ��«>¹ »cµ�Écµ ¯ ² ¯°¼³À »0± ª ² ¼½¹�«�¿
º�¹ ²°Ã ¶ »0µMµ°´ « ² ¯ È'´�µM´ ª ­0­0µ ¹ × ¼½Àjª ²M´�±½Å Å�ÆÏÀ å ¿iº »!² «0¹ È ²°Ã0´	Å ª µ°´ º�¹ ²°Ã ª µ ¹ » «c¬ �\Ê À å Ç ØÊ¹ ²M´ ª ± ¯°¹ Ã ¹ È
²°Ãc´ ¯ ´ ¶�¹�«c¬0ª µ°Å Ä�¹ ±C² ªB¾ ´·Ã ª�¯'¬ ´ ¶ µ°´ ª�¯ ´ ¬j¯°¹�À ´4È ¼ ²°Ã)²°Ã0´HÃ0´ ª�Ä
¼ ´�µ �Ñ¾ µ°´ ª ²°´	µ ¶ »0µ°µM´ « ² � ± ¹�ª�¬ Ç,4�´-² 
 ¯ ²°µMÅ ªB«0¹ ²°Ã0´	µ
¯°¼³À »0± ª ² ¼½¹�« È ¼ ²MÃ ªB« ´ Ä ´ « ± ¹ È'´�µ ÄSª ±½»0´ ¹ Âi± ¹
ª�¬ µ°´ ¯/¼Ì¯ ² ªB«c¶ ´ 
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^ »0µ#± ¹�ª�¬)¶ »0µMµ°´ « ² ¼Ì¯#«0¹ È Æ Ç Å þ ªBÀ ­ ¯	¿!¹ µ Å þ ÆXÀ å ¿ È·Ã ¼½¶ Ã ¼Ì¯'¯ » ºc¯ ² ª�« ² ¼Ìª ±½±³ÅjÃ ¼½¾ Ãc´�µ'²°Ã ª�« ²MÃ0´¤± ª�¯ ²#² ¼³À ´�Ç
Í Ã0´Ê­cµ ¼½Àjª µMÅ ¶ »0µMµM´ « ² ¼½¯NÄ ´�µMÅ ¶ ± ¹
¯ ´#² ¹Xº ´ ¼³«c¾ ²°Ã0´ ¯MªBÀ ´ ¿�º »!² «0¹ ² ¼½¶ ´·Ã ¹ È.²MÃ0´ ¯ ´ ¶�¹�«c¬0ª µ°Å Ä�¹ ±³² ª�¾ ´#Ã ª�¯ Â ª ±½±³´ «
È'´�±½± º ´�± ¹ È.²MÃ0´4­0µ ¼½À�ª µ°Å Ä�¹ ±C² ªB¾ ´ �ÌÅ Ç Û7? Ä�¹ ±C² ¯9Ä ´	µ ¯ » ¯�ÅSÆ¤Ä�¹ ±C² ¯Nª ²N²MÃ0´Ê­0µ ¼½À�ª µ°Å � Ç Í Ã0´4µ°´ ª�¯°¹�« Â ¹ µN²MÃ ¼Ì¯N¼Ì¯N¹ »cµ
²°µ ªB«�¯ Â ¹ µ À ´�µ ¬ ´ ¯/¼½¾�«N
 ²°Ãc´aÈ ¼½«c¬!¼½«0¾
¯ Ã ª�Ä ´É² ¹�¹[À » ¶ Ã ¼³«c¬ » ¶ ² ªB«c¶ ´ �ÌÅ�Æ7Æ HÊ´ « µMÅ ¯ ´ ª�¶ Ã �-¿�ªB«c¬ ²°Ãc´�µM´-Â ¹ µM´X² ¹�¹
À » ¶ Ã ¼³«c¬ » ¶ ² ¼³Ä ´Xµ°´ ª�¶ ² ªB«�¶ ´ �Ñ¼½À ­�´ ¬0ªB«�¶ ´ � ² ¹)ª ±³± ¹ È�Â ¹ µÊ²MÃ0´ ¯ ´XÃ ¼½¾ Ã ¶ »0µMµ°´ « ² ¯ Ç � ÂNÈ'´ ¶ Ã ª�«0¾ ´¤²MÃ0´ ¬ ´ ¯/¼½¾�« ² ¹
Ã ª�Ä ´�±½´ ¯M¯#¼³«�¬ » ¶ ² ªB«c¶ ´ ¿ ²MÃ0´�É ¾ »0µ°´ ¯ Â ¹ µ Ä�¹ ±³² ªB¾ ´ º ´-²�È'´�´ « ­cµ ¼½Àjª µMÅ ªB«c¬Z¯ ´ ¶-¹�«c¬0ª µ°Å�È ¼½«c¬!¼½«0¾�¯ È ¼ ±½± º ´ À » ¶ Ã
¶ ± ¹�¯ ´�µ'² ¹jº ´ ¼³«0¾ ´SÄ�» ª ± ª�¾�ªB¼½«N

u�~0rBzv{B|!��~�Rvx�~
w����2��rcq�����{!t*z
~
yc�@B
�v{c���.� �*x!�����
~
yc�@B
�v{��������
xv���
}��.����� �~XcxBz!~�¨�~0r�u7Xcx�~¥u�Xcr�z �*���³X0x�z!~�¨�{
}
������� �~XcxBz!~�¨�~0r�u7Xcx�~¥u�Xcr�z �*���³X0x�z!~�¨�{
��}�� }����%�������
wvt0���¥��rcq �
~c}
�
rd���������
�/rcq�}ct	z��.�������
��s!~�t*z!u�rcq2wN�@�LÂ°��Ã�t��°w��@Ã
��s!~�t*z!u�rcq2wN�@�LÂ°��Ã�t��°wvt!�7Ã
�/x�zb�
|
~0x�� wN�@�`Ã tF�°w��7Ã
�%�/�
�����!�!��� ���/�
�����!�!��� �N�/�������0�
�v�

|
~0x�� wN�@�iÂM��Ã tF�°wvt0�7Ã
�%�/�
�����!�!��� �%�/�
�����!�!�
� �N�/�������0�
�v�

HÊ´	µ°´¤È'´ ¯ ´	´¤²°Ã ª ² ¹ »0µ ¯ ´ ¶-¹�«�¬0ª µMÅ Ä�¹ ±C² ªB¾ ´ ¼Ì¯·ºcª�¶@Ë ² ¹jº ´ ¼½«0¾j« ´ ª µM±³Åb´SÄ
» ª ±FÈ ¼ ²°ÃZ²MÃ0´X­0µ ¼³Àjª µ°Å ¿0ªB«c¬ ²°Ãc´
¯ ´ ¶-¹�«c¬0ª µ°Å ¶ »0µMµ°´ « ² ¿�ª�¯ » ¯ » ª ± ¿c¼Ì¯Ê« ´ ª µM±³Å)´�Ä
» ª ±�² ¹ ²MÃ0´X­0µ ¼½À�ª µ°Å ¶ »0µMµM´ « ² ª�¯ È'´�±½±®Ç Í Ã0´°Ä�»c´ ¯ ² ¼½¹�«¸«cª ²°»0µ ª ±½±³Å
ª µ ¼Ì¯ ´ ¯Xª ²^²MÃ ¼½¯ ­ ¹�¼½« ² 
Ó¼ ÂÊ´-× ¶ ´ ¯°¯°¼½Ä ´ ¼³«�¬ » ¶ ² ªB«c¶ ´bÈ ª�¯Xª ­cµ ¹�º ±³´ ÀZ¿ ²MÃ0´ « È·Ã�Å «0¹ ² ¬ ´ ¯°¼³¾�«>ª ±³±%²°µ ªB«c¯ Â ¹ µ À ´�µ ¯
È ¼ ²°Ã ª�¯ ± ¼ ²/²M±³´ ¼½«c¬ » ¶ ² ª�«c¶ ´ ª�¯ ­ ¹�¯M¯/¼½º ±½´Sq Í Ã0´ ªB«c¯ È'´�µ#² ¹ ²°Ã ¼Ì¯ Ä
»0´ ¯ ² ¼½¹�«¸¶	ªB«Zº ´XÂ ¹ » «c¬Z¼½« ²°Ãc´ « ´-×�² ���u�°Ù'Ú
¯°¼³À »0± ª ² ¼½¹�«�¿ ² ªBË�¼³«c¾ ²MÃ0´¤± ¹ È>Í ¼½«c¬ » ¶ ² ªB«�¶ ´�²°µ ªB«c¯ Â ¹ µ À ´�µ'Èd´ ï » ¯ ² ¶ µM´ ª ²M´ ¬[ªB«c¬ » ¯/¼½«0¾�¼ ²'² ¹ ²°µ ªB«c¯ ÂÑ´�µ#­ ¹ Èd´	µ%² ¹
ª Ã ¼½¾ Ã0´	µ·µ°´ ¯/¼Ì¯ ² ªB«c¶ ´�± ¹�ª�¬	�ëºcª�¶@Ë »0­Á² ¹tÅ¤ËFÎ¥ª�¯#¼½« ²°Ã0´�É�µ ¯ ² ¬ ´ À�¹�«�¯ ²Mµ ª ² ¼½¹�«��3
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Ò�¼ ²°ÃÏ± ¹ Èd´	µ·È ¼³«�¬!¼³«c¾b¼³«�¬ » ¶ ² ªB«c¶ ´ ¯	¿ ²MÃ0´X­0µ ¼½À�ª µ°Å ªB«c¬¸¯ ´ ¶�¹�«c¬cª µMÅ Ä�¹ ±C² ªB¾ ´ ¯·ª µM´ ¶ ± ¹�¯ ´�µ#² ¹bº ´ ¼½«0¾ ´SÄ�» ª ± ¿
º »!²�²MÃ0´Z­0µ ¼½Àjª µMÅ ªB«c¬2¯ ´ ¶-¹�«�¬0ª µMÅ ¶ »0µMµ°´ « ² ¯Éª µ°´ «0¹ ²	Ç ��« ²°Ã ¼Ì¯ ­ ª µ°² ¼Ì¶ »0± ª µ ¶�ª�¯ ´ ¿ ²°Ãc´Á­cµ ¼½Àjª µMÅ ¶ »0µMµ°´ « ² ¼½¯ePVcÇ þ�? À å È·Ã ¼ ±³´[²°Ã0´ ¯ ´ ¶�¹�«c¬0ª µ°Å ¶ »0µ°µM´ « ² ¼½¯�¹�« ±³Å�ÛcÇ Û�Û Æ¸À å 
Nª ± Àa¹
¯ ²a²°Ãcµ°´	´)² ¼³À ´ ¯jª�¯aÀ » ¶ Ã ¶ »0µMµ°´ « ² ¼½«
²°Ãc´Ó­0µ ¼³Àjª µ°Å ª�¯ ²MÃ0´ ¯ ´ ¶-¹�«�¬0ª µMÅ�Ç Ò Ã�Å ¼½¯ ²°Ã ¼Ì¯ q Ò�¼ ²°ÃÏ±½´ ¯M¯Ê¼½«c¬ » ¶ ² ª�«c¶ ´ ¼³« ²MÃ0´Ó­cµ ¼½Àjª µMÅ)È ¼½«c¬!¼½«0¾c¿ ²°Ãc´�µM´ ¼½¯
±½´ ¯M¯·¼³«�¬ » ¶ ² ¼³Ä ´XµM´ ª�¶ ² ª�«c¶ ´ ¿ ±³´ ¯°¯·¼½À ­�´ ¬0ªB«�¶ ´^² ¹ Ã ¹ ± ¬Zºcª�¶@Ë[¶ »0µMµ°´ « ²	Ç å ¯ » º�¯ ² ªB« ² ¼Ìª ± ª�À�¹ » « ² ¹ ÂD²°Ãc´ ¶ »0µMµM´ « ²
²°Ãcµ ¹ » ¾ Ãj²MÃ0´H­0µ ¼½Àjª µMÅÉÈ ¼½«c¬!¼½«0¾a¼½¯'¬ »0´�² ¹ ²°Ã ª ²'È ¼½«c¬!¼½«0¾�
 ¯ µ°´ ª�¶ ² ªB«�¶ ´ ª ± ¹�« ´ ª�«c¬b«0¹ ²%²MÃ0´4²Mµ ª�«c¯ ÂÑ´�µ ¹ Â�­ ¹ Èd´	µ
² ¹ ²MÃ0´ ¯ ´ ¶-¹�«c¬0ª µMÅjÈ ¼½«c¬!¼½«0¾bªB«c¬ ± ¹�ª�¬ Ç

å «^¼Ì¬ ´ ª ±�²°µ ªB«c¯ Â ¹ µ À ´�µFÈ ¼ ²°Ã ¼Ì¬ ´ « ² ¼½¶	ª ±
­0µ ¼½Àjª µMÅ ª�«c¬^¯ ´ ¶-¹�«c¬0ª µMÅ4È ¼½«c¬!¼½«0¾
¯ È ¹ »0± ¬¤ÀjªB«0¼ ÂÑ´ ¯ ²G´SÄ�» ª ± Ä�¹ ±³² ª�¾ ´
ªB«�¬j¶ »0µMµ°´ « ² ¼½«jº�¹ ²°Ã ¯ ´-² ¯N¹ ÂvÈ ¼½«c¬!¼½«0¾
¯ Ç ��«bª ­�´	µ/ÂÑ´ ¶ ²%È ¹ µM± ¬ ²Mµ ª�«c¯ Â ¹ µ À ´	µ ¯ È ¹ »0± ¬ ²°µ ªB«�¯ ÂÑ´	µ9´�±½´ ¶ ²Mµ ¼Ì¶�ª ±0­ ¹ Èd´	µ
ÂÑµ ¹�À ­cµ ¼½Àjª µMÅb² ¹[¯ ´ ¶-¹�«�¬0ª µMÅ ª�¯4¯/À�¹�¹ ²MÃ0±³Å ª�¯ ²MÃ ¹ » ¾ ÃZ²°Ãc´X± ¹
ª�¬ È'´�µM´ ¬0¼ µM´ ¶ ²°±½Å ¶�¹�«0« ´ ¶ ²M´ ¬ ² ¹ ²MÃ0´X­0µ ¼½À�ª µ°Å
­ ¹ Èd´	µ ¯°¹ »cµ ¶ ´ ¿ È ¼ ²°Ã «0¹ ²°µ ªB«c¯ Â ¹ µ À ´�µ'²°Ãc´�µM´ ª ² ª ±½± ¿cº »!² ª�¯ Å ¹ » ¶�ª�«Á¯ ´�´H²°Ã ¼½¯·¼Ì¬ ´ ª ± ¾�¹�ª ± ¶	ªB«0«0¹ ² º ´ À ´-² º Å
ªB« Å ¹�« ´%²°µ ªB«c¯ Â ¹ µ À ´�µ ¬ ´ ¯°¼³¾�« » «c¬ ´	µ ª ±³± ¹ ­�´�µ ª ² ¼³«0¾�¶-¹�«�¬!¼ ² ¼³¹�«c¯ Ç Í µ ª�«c¯ Â ¹ µ À ´	µ ¯ é�¯�æ1Ñ º ´ ¬ ´ ¯/¼½¾�« ´ ¬ ² ¹4¹ ­�´�µ ª ²M´
È ¼ ²°Ã ¼½«b¶ ´	µ/² ªB¼½« ´�×!­�´ ¶ ²°´ ¬ µ ª�«0¾ ´ ¯i¹ Â Ä�¹ ±C² ªB¾ ´ ¯9ªB«�¬ ± ¹�ª�¬0¯9¼½«j¹ µ ¬ ´�µi² ¹ ­�´�µ°Â ¹ µ À ª�¯%¶ ± ¹�¯ ´d² ¹X¼Ì¬ ´ ª ± ª�¯ ­ ¹�¯M¯°¼³º ±½´�ÇÒ0¹ µ «c¹ È ¿ ²MÃ0´ Àa¹
¯ ² ¼³À ­ ¹ µ°² ª�« ²'²°Ã ¼³«0¾ ² ¹ÉË ´	´�­ ¼½«)À�¼½«c¬b¼Ì¯#ª ²Mµ ª�«c¯ Â ¹ µ À ´	µ 
 ¯Nºcª�¯/¼Ì¶Ê¹ ­�´	µ ª ² ¼½«0¾ ­cµ ¼½«c¶-¼ ­0±½´ 
 ²°Ãc´
²°µ ªB«�¯ ÂÑ´	µ ¹ ÂG­ ¹ È'´�µ#ÂÑµ ¹�À ²MÃ0´^­0µ ¼³Àjª µMÅ�² ¹ ²MÃ0´ ¯ ´ ¶-¹�«c¬0ª µ°Å ¶-¼ µ ¶ » ¼ ² Ä�¼½ª ´�±½´ ¶ ²°µ ¹�ÀjªB¾�« ´-² ¼½¶H¶-¹ »0­0± ¼³«c¾ Ç

Ý.Þ)ß�à[á-ß�âäã
Ý³Ó ¯�Ñ$¯`ÔSÔ9"Jû!��¯cÖ�ÑÕÔ�û�Ö@è ¼Ì¯ È·Ã0´�µM´H²°Ã0´ Àjª�¾�« ´�² ¼Ì¶ É�´�± ¬ ­ ª ²°Ã ¯·¹ ÂG²�È ¹�¹ µ À�¹ µ°´ ¼½«c¬ » ¶ ² ¹ µ ¯·ª µM´ � ± ¼³«0Ë ´ ¬F��¯°¹
ª�¯ ² ¹ ­0µ ¹!¬ » ¶ ´�²MÃ0´^´ Ð ´ ¶ ² ¹ Â ¶ »0µMµM´ « ² ¶ Ã ªB«0¾ ´ ¯#¼½«Á¹�« ´ ¼³«�¬ » ¶ ² ¹ µ ¼½«c¬ » ¶�¼³«c¾jÄ�¹ ±³² ª�¾ ´ ¯%¼½« ²°Ã0´ ¹ ²°Ã0´	µ � ¯ � Ç

Ý.å Ñ®ìMÔ�ûcæ×Ö-ÕBìÜé�è�ì ¼Ì¯ÉªÏ¬ ´ Ä�¼½¶ ´ Àjª�¬ ´ ¹ Â·²�È ¹Ï¹ µ À�¹ µM´ ¼³«c¬ » ¶ ² ¹ µ ¯�¿9¹�« ´ ¹ ÂÊÈ·Ã ¼½¶ Ã ¼Ì¯ ­ ¹ È'´�µM´ ¬>º Å å Ù�¿
¼³«c¬ » ¶-¼½«0¾[ª�« å Ù�Ä�¹ ±C² ªB¾ ´ ª�¶ µ ¹
¯°¯ ²MÃ0´ ¯ ´ ¶-¹�«�¬Z¼³«c¬ » ¶ ² ¹ µ*Ç � ÂN²MÃ0´ ¯ ´ ¶�¹�«c¬Ï¼³«c¬ » ¶ ² ¹ µ ¼½¯H¶-¹�«0« ´ ¶ ²°´ ¬ ² ¹Áª
± ¹
ª�¬F¿ ­ ¹ Èd´	µ'È ¼ ±½± º ´^´	±³´ ¶ ²Mµ ¹�À�ª�¾�« ´�² ¼Ì¶�ª ±³±½Å ¶-¹ »c­0±³´ ¬ ÂÑµ ¹�À ²°Ã0´�Écµ ¯ ² ¼½«c¬ » ¶ ² ¹ µ 
 ¯ ­ ¹ Èd´	µ ¯°¹ »cµ ¶ ´�² ¹ ²°Ã ª ²
± ¹
ª�¬ Ç

Ý Í Ã0´#­ ¹ È'´�µM´ ¬Ó¼³«c¬ » ¶ ² ¹ µ ¼½«aª ²°µ ªB«�¯ Â ¹ µ À ´�µ ¼Ì¯9¶�ª ±³±½´ ¬ ²°Ã0´5�vì1"êé.ÔBì1¹�JL"Jû��P"Jû�¸�Ç Í Ã0´#» « ­ ¹ Èd´	µ°´ ¬X¼½«c¬ » ¶ ² ¹ µ
¼³«Zª ²°µ ªB«c¯ Â ¹ µ À ´�µ ¼½¯4¶�ª ±½±½´ ¬ ²°Ã0´�æ�è@Ö@Õ�û��7ÔSì1¹�JL"Jû!��"Jû\¸BÇ

�'&1Ø � -iÙµÚKÛ � ÚÝÜßÞnàÝáN-iÙµÚKÛ�àt+µâ0Þã-,2LÜßÞná,äP+�2 � Ù�2Lá
��¹ Â ª µ ¿ Èd´ 
 Ä ´ ¹�ºc¯ ´�µ Ä ´ ¬^¯/¼½À »c± ª ² ¼½¹�«c¯G¹ Â!²Mµ ª�«c¯ Â ¹ µ À ´	µ ¯ È·Ã0´�µM´N²MÃ0´d­cµ ¼½Àjª µMÅ ª�«c¬Ó¯ ´ ¶�¹�«c¬0ª µ°Å�È ¼³«�¬!¼³«c¾�¯ Èd´	µ°´ ¹ Â
¼Ì¬ ´ « ² ¼Ì¶�ª ± ¼³«c¬ » ¶ ² ªB«c¶ ´ ¿B¾�¼³Ä�¼½«0¾�ª ­0­0µ ¹ × ¼½Àjª ²M´�±½Å�´SÄ�» ª ± Ä�¹ ±C² ªB¾ ´ ªB«c¬É¶ »0µMµ°´ « ²G±½´ Ä ´	± ¯D¼½«Óº�¹ ²MÃ ¶�¼ µ ¶ » ¼ ² ¯ Ç Ú Ä
» ª ± ¼ ²�Å



Å Û�e �iË ô ø�öiüdý­¬ ò öiý ô =�õ!ù'÷#ý�®Ïüdý4õ
¹ Â Ä�¹ ±³² ª�¾ ´ ªB«c¬Î¶ »0µMµM´ « ² º ´-²�È'´�´ « ²MÃ0´�­0µ ¼½Àjª µMÅ ªB«c¬K¯ ´ ¶-¹�«�¬0ª µMÅ ¯/¼Ì¬ ´ ¯H¹ Â ª ²°µ ªB«c¯ Â ¹ µ À ´�µ ¿ Ã ¹ È'´ Ä ´�µ ¿v¼½¯H«0¹ ²
²°Ãc´ «0¹ µ À Â ¹ µ ª ±³±#²Mµ ª�«c¯ Â ¹ µ À ´	µ ¯ Ç � ÂH²°Ã0´ ¼½«c¬ » ¶ ² ªB«�¶ ´ ¯�¹ Â4²MÃ0´Z²�È ¹ È ¼½«c¬!¼½«0¾�¯jª µ°´ «0¹ ²j´SÄ�» ª ± ¿'¯°¹�À ´-²MÃ ¼½«0¾
¼½« ²M´�µM´ ¯ ² ¼½«0¾ Ã ª ­c­�´ «c¯�
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ØÊ¹ ² ¼Ì¶ ´KÃ ¹ È ²°Ã0´ ¯ ´ ¶-¹�«c¬0ª µ°Å Ä�¹ ±³² ª�¾ ´ ¼Ì¯Zª ­0­cµ ¹ × ¼½À�ª ²°´	±³Å.²°´ « ² ¼½À ´ ¯ ±³´ ¯°¯ ²°Ã ªB« ²MÃ0´R­cµ ¼½Àjª µMÅ Ä�¹ ±³² ª�¾ ´�6Æ Ç Û�Û@O�e Ä�¹ ±C² ¯'¶�¹�À ­ ª µ°´ ¬ ² ¹GÅ�ÆÉÄ�¹ ±C² ¯ �-¿ È·Ã ¼ ±½´4²MÃ0´ ¯ ´ ¶-¹�«c¬0ª µMÅ ¶ »0µMµ°´ « ² ¼Ì¯#ª ­0­0µ ¹ × ¼³Àjª ²°´�±½Åa²°´ « ² ¼½À ´ ¯#¾ µ°´ ª ²°´	µ�6Æ Ç Û�Û@O�e À å ¶�¹�À ­ ª µ°´ ¬ ² ¹.Æ Ç Æ Û�Û�Ê@? À å � Ç Ò Ã ª ²·Èd´HÃ ª�Ä ´4Ã0´	µ°´ ¼½¯·ªa¬ ´ Ä
¼Ì¶ ´�²°Ã ª ² ¯ ²M´�­ ¯'Ä�¹ ±³² ªB¾ ´���Õ�Jwû º Å ª
Â ª�¶ ² ¹ µ ¹ Â�²M´ «¸ªB«�¬Á¶ »0µMµ°´ « ²�¯S� º Å ª Â ª�¶ ² ¹ µ ¹ ÂG²M´ «N


Primary
winding

Secondary
winding

10:1  primary:secondary voltage ratio

1:10  primary:secondary current ratio
Ò Ã ª ²ÓÈd´)Ã ª�Ä ´jÃ0´	µ°´ ¼½¯Éª¸Ä ´	µ°ÅK» ¯ ´�ÂÑ»0± ¬ ´ Ä�¼½¶ ´ ¿i¼½«c¬ ´�´ ¬ Ç Ò�¼ ²°Ã ¼ ² ¿ È'´ ¶�ª�« ´ ª�¯°¼ ±³Å À »0±³² ¼ ­0±½Å ¹ µ ¬!¼½Ä�¼½¬ ´

Ä�¹ ±C² ªB¾ ´ ª�«c¬>¶ »0µMµM´ « ² ¼³« å Ù ¶-¼ µ ¶ » ¼ ² ¯ Ç ��«c¬ ´�´ ¬�¿ ²MÃ0´j²°µ ªB«�¯ Â ¹ µ À ´�µ¤Ã ª�¯^Àjª�¬ ´j± ¹�«c¾ Í ¬!¼½¯ ² ª�«c¶ ´a²Mµ ª�«c¯/À�¼Ì¯°¯°¼½¹�«
¹ ÂÉ´�±½´ ¶ ²Mµ ¼Ì¶ ­ ¹ È'´�µ ª ­cµ ª�¶ ² ¼Ì¶�ª ±¤µ°´ ª ± ¼ ²�Å ¿4ª�¯ å Ù Ä�¹ ±³² ªB¾ ´ ¶	ªB«�º ´ ��¯ ²°´	­0­�´ ¬ »0­ �2ª�«c¬�¶ »0µMµ°´ « ² ��¯ ²°´	­0­�´ ¬
¬!¹ È «`� Â ¹ µjµM´ ¬ » ¶ ´ ¬ È ¼ µ°´ZµM´ ¯°¼½¯ ² ª�«c¶ ´Á­ ¹ Èd´	µa± ¹�¯M¯ ´ ¯�ª ± ¹�«0¾ ­ ¹ Èd´	µ�± ¼½« ´ ¯j¶�¹�«0« ´ ¶ ² ¼³«c¾Î¾ ´ « ´	µ ª ² ¼½«0¾>¯ ² ª ² ¼½¹�«�¯
È ¼ ²°Ã�± ¹�ª�¬c¯ Ç å ²[´ ¼ ²°Ã0´	µb´ «c¬å�ëº�¹ ²°Ã�²°Ãc´ ¾ ´ « ´�µ ª ² ¹ µ ªB«c¬�ª ²b²°Ã0´¸± ¹�ª�¬0¯)�Ü¿#Ä�¹ ±C² ªB¾ ´Á±½´ Ä ´	± ¯)ª µM´ÁµM´ ¬ » ¶ ´ ¬2º Å
²°µ ªB«�¯ Â ¹ µ À ´�µ ¯ Â ¹ µ ¯Mª ÂÑ´�µ ¹ ­�´�µ ª ² ¼³¹�«bªB«c¬ ±½´ ¯M¯ ´�×!­�´ «c¯/¼½Ä ´4´�Ä
» ¼ ­ À ´ « ²	Ç å ²Mµ ª�«c¯ Â ¹ µ À ´	µ9²°Ã ª ² ¼½«c¶ µ°´ ª�¯ ´ ¯NÄ�¹ ±³² ª�¾ ´



¬ ò Ï0ò õ�öiü%ø'£3²Dø ô =µ´ õ�öiü%ø'£6´�÷�Ð�= öiý ô =�õ!ù'÷#ý�®Ïü%ý�õ Å Û�þ
ÂÑµ ¹�À ­cµ ¼½Àjª µMÅj² ¹b¯ ´ ¶�¹�«c¬0ª µ°Å �ÑÀ�¹ µM´ ¯ ´ ¶-¹�«�¬0ª µMÅbÈ ¼½«c¬!¼½«0¾ ²°»0µ «c¯ ²MÃ ªB« ­cµ ¼½Àjª µMÅbÈ ¼³«�¬!¼³«c¾ ²°»0µ «c¯)�'¼½¯�¶�ª ±½±½´ ¬Áª
æ1Ñ�èl��æl¯S�X²Mµ ª�«c¯ Â ¹ µ À ´	µ	Ç Ùd¹�«�Ä ´	µ ¯ ´�±½Å ¿Bª ²°µ ªB«�¯ Â ¹ µ À ´�µ ¬ ´ ¯/¼½¾�« ´ ¬ ² ¹X¬!¹'ï » ¯ ²N²°Ãc´ ¹ ­0­ ¹�¯°¼ ²M´ ¼½¯N¶	ª ±½±³´ ¬Éª æ1Ñ�èÕ�!æÌ��Õ�JLç
²°µ ªB«�¯ Â ¹ µ À ´�µ*Ç

��«b¶�ª�¯ ´4Å ¹ »jÈ'´�µM´·È ¹�«c¬ ´	µ ¼½«0¾�¿�¼ ²�"Ìæ9­ ¹
¯°¯°¼½º ±³´Ê² ¹X¹ ­�´	µ ª ²°´Ê´ ¼ ²MÃ0´�µ ¹ ÂF²°Ãc´ ¯ ´·²°µ ªB«c¯ Â ¹ µ À ´�µ9²�Å�­�´ ¯%ºcª�¶@Ë È ª µ ¬0¯� ­ ¹ È'´�µ ¼³«0¾ ²°Ã0´ ¯ ´ ¶-¹�«c¬0ª µ°ÅaÈ ¼³«�¬!¼³«c¾ È ¼ ²°Ã ªB« å Ù�¯°¹ »cµ ¶ ´ ªB«c¬ ±³´�²/² ¼³«0¾ ²°Ãc´�­0µ ¼½À�ª µ°Å�È ¼½«c¬!¼½«0¾ ­ ¹ È'´�µ ª ± ¹�ª�¬`�
² ¹ ­�´	µ/Â ¹ µ À ²°Ãc´ ¹ ­0­ ¹
¯/¼ ²°´XÂÑ» «c¶ ² ¼³¹�«N
Êª)¯ ²°´	­�Í�»0­ ¶�ª�« ÂÑ» «c¶ ² ¼½¹�«Rª�¯4ª[¯ ²M´�­�Í ¬!¹ È «ÏªB«�¬¸Ä�¼½¯Mª Í Ä ´	µ ¯Mª Ç�H ¹ È'´ Ä ´�µ ¿
ª�¯ È'´ ¯Mª È ¼³« ²MÃ0´°Écµ ¯ ² ¯ ´ ¶ ² ¼½¹�«K¹ Â9²°Ã ¼½¯¤¶ Ã ª ­!²°´	µ ¿ ´3Ç ¶-¼ ´ « ² ¹ ­�´�µ ª ² ¼³¹�«¸¹ Â ª ²°µ ªB«c¯ Â ¹ µ À ´�µ4µM´�Ä
» ¼ µM´ ¯ ²MÃ ª ²H²°Ãc´
¼½«c¬!¼½Ä
¼Ì¬ » ª ±9È ¼³«�¬!¼³«c¾[¼½«c¬ » ¶ ² ª�«c¶ ´ ¯¤º ´�´ «c¾�¼½« ´�´	µ°´ ¬ Â ¹ µ ¯ ­�´ ¶-¼ É ¶É¹ ­�´�µ ª ² ¼½«0¾ µ ª�«0¾ ´ ¯4¹ Â Ä�¹ ±C² ªB¾ ´ ªB«�¬K¶ »0µ°µM´ « ² ¿
¯°¹Î¼ Â ª ²Mµ ª�«c¯ Â ¹ µ À ´	µ ¼½¯ ² ¹>º ´¸» ¯ ´ ¬p��ºcª�¶@Ë È ª µ ¬0¯M� ± ¼½Ë ´Z²MÃ ¼½¯b¼ ² À » ¯ ² º ´Ï´ À ­0± ¹ Å�´ ¬ È ¼ ²°Ã ¼½« ²°Ãc´ ¹ µ ¼³¾�¼³«cª ±
¬ ´ ¯/¼½¾�« ­ ª µ ªBÀ ´-²M´�µ ¯·¹ Â Ä�¹ ±³² ªB¾ ´ ªB«c¬R¶ »0µMµ°´ « ²4Â ¹ µ�´ ª�¶ Ã¸È ¼³«c¬0¼³«0¾�¿ ±³´ ¯ ² ¼ ²¤­0µ ¹SÄ ´¤² ¹[º ´ ¼½« ´3Ç ¶-¼ ´ « ² �Ñ¹ µH±½´ ¯ ² ¼ ²
º ´K�@ÔSé'Ô�¸
è)� º Å)´�× ¶ ´ ¯M¯/¼½Ä ´ Ä�¹ ±C² ªB¾ ´ ¹ µ ¶ »0µMµ°´ « ² fè� Ç

Í µ ª�«c¯ Â ¹ µ À ´	µ ¯aª µM´ ¹ Âê²°´ «�¶�¹�«c¯ ²°µM» ¶ ²°´ ¬2¼½«�¯ » ¶ Ã ª È ª Å§²MÃ ª ² ¼ ² ¼½¯b«0¹ ² ¹�º�Ä�¼½¹ » ¯ È·Ã ¼Ì¶ Ã È ¼ µM´ ¯ ±½´ ª�¬ ² ¹
²°Ãc´a­cµ ¼½Àjª µMÅ¸È ¼³«c¬0¼³«0¾Ïª�«c¬ È·Ã ¼½¶ ÃÎ±³´ ª�¬ ² ¹ ²°Ãc´ ¯ ´ ¶-¹�«�¬0ª µMÅ�Ç ^ « ´ ¶�¹�«�Ä ´ « ² ¼½¹�« » ¯ ´ ¬R¼½« ²MÃ0´j´�±½´ ¶ ²°µ ¼½¶ ­ ¹ Èd´	µ
¼½«c¬ » ¯ ²°µMÅR² ¹ Ã0´�±½­ ª ±½±½´ Ä�¼½ª ²°´ ¶�¹�« ÂÑ» ¯°¼½¹�«§¼Ì¯ ²°Ã0´)» ¯ ´ ¹ Â � H �¸¬ ´ ¯°¼³¾�«cª ² ¼³¹�«c¯ Â ¹ µ^²°Ã0´)Ã ¼³¾ Ã0´�µMÍ Ä�¹ ±³² ª�¾ ´aÈ ¼³«�¬!¼³«c¾� ²MÃ0´·­0µ ¼³Àjª µ°Å^È ¼½«c¬!¼½«0¾¤¼³«jªH¯ ²M´�­�Í ¬!¹ È « » «0¼ ²�é�²°Ã0´ ¯ ´ ¶�¹�«c¬0ª µ°Å^È ¼½«c¬!¼½«0¾¤¼½«aª¤¯ ²°´�­FÍ®»0­ �iªB«c¬��Pê§��¬ ´ ¯/¼½¾�«�ª ² ¼½¹�«�¯
Â ¹ µÊ²°Ã0´^± ¹ Èd´	µÌÍ Ä�¹ ±C² ªB¾ ´4È ¼½«c¬!¼½«0¾ Ç Í Ã0´�µM´-Â ¹ µ°´ ¿0ªj¯/¼½À ­0±³´^­ ¹ È'´�µ#²°µ ªB«�¯ Â ¹ µ À ´�µ·È ¼ ±½±�Ã ª�Ä ´^È ¼ µM´ ¯ ± ªBº ´�±½´ ¬n� H�� �0¿� H�� �c¿7�Pê � �c¿
ª�«c¬.�Pê � � Ç Í Ã0´	µ°´ ¼Ì¯ » ¯ » ª ±³±½Å ¯°¼³¾�«0¼ É ¶�ª�«c¶ ´#² ¹ ²°Ã0´ « » ÀÓº ´�µ ¼³«0¾Ó¹ Âv²°Ã0´4È ¼ µM´ ¯�� H§� Ä�¯ ÇiHµ� ¿ ´�² ¶ Ç �Ü¿
È·Ã ¼Ì¶ ÃZÈd´ 
 ±½±F´-×!­0± ¹ µM´ ª ± ¼ ²/²°±½´^± ª ²°´	µ ¼³« ²MÃ ¼½¯4¶ Ã ª ­!²M´�µ*Ç

Í Ã0´�Â ª�¶ ²d²MÃ ª ² Ä�¹ ±C² ªB¾ ´ ªB«c¬[¶ »0µMµM´ « ² ¾ ´-² ��¯ ²°´	­0­�´ ¬F�X¼½«Á¹ ­0­ ¹�¯°¼ ²M´ ¬0¼ µM´ ¶ ² ¼½¹�«c¯§�Ñ¹�« ´�»c­ ¿ ²°Ã0´ ¹ ²°Ã0´	µ ¬!¹ È «��
ÀjªBË ´ ¯ ­�´�µ°ÂÑ´ ¶ ² ¯ ´ «�¯ ´ÉÈ·Ã0´ « Å ¹ »Rµ°´ ¶�ª ±½±�²MÃ ª ²¤­ ¹ Èd´	µ ¼Ì¯ ´SÄ
» ª ±G² ¹[Ä�¹ ±³² ª�¾ ´^² ¼³À ´ ¯H¶ »0µMµ°´ « ² ¿�ª�«c¬ µM´ ª ± ¼cb ´Ó²°Ã ª ²
²°µ ªB«�¯ Â ¹ µ À ´�µ ¯N¶	ªB«0«0¹ ²��vì°Õ��P¯cÖ@è%­ ¹ È'´�µ ¿�¹�« ±³Å ¶�¹�«�Ä ´	µ/² ¼ ²	Ç å « Å ¬ ´ Ä�¼½¶ ´Ê²MÃ ª ² ¶-¹ »0± ¬b¹ »!²M­0»!² Àa¹ µ°´�­ ¹ È'´�µ%²°Ã ª�«
¼ ²Ê² ¹�¹�ËÁ¼½« È ¹ »0± ¬ÁÄ�¼½¹ ± ª ²°´¤²MÃ0´�ë]Ô�J�ÕÌÖ§ì�çvè-ì$¸P¹díNÕPç0æ�è-ì1î�Ô�Ñ$"ëÕ�ç ¼½« ­0Ã�Å ¯°¼Ì¶�¯	¿0«cªBÀ ´	±³Å[²°Ã ª ²4´ « ´�µ ¾ Å ¶	ªB«0«0¹ ² º ´
¶ µM´ ª ²°´ ¬K¹ µ ¬ ´ ¯ ²°µ ¹ Å�´ ¬F¿�¹�« ±½Å ¶-¹�«�Ä ´�µ°²°´ ¬ Ç å ¯ È ¼ ²°Ã>²°Ãc´'Écµ ¯ ²^²Mµ ª�«c¯ Â ¹ µ À ´	µ^´-× ªBÀ ­0±½´jÈd´j± ¹�¹�Ë ´ ¬Îª ² ¿ ­ ¹ Èd´	µ
²°µ ªB«�¯ ÂÑ´	µ·´3Ç ¶-¼ ´ «c¶ Å ¼Ì¯·Ä ´	µ°Å ¾�¹
¹!¬ ÂÑµ ¹�À ²°Ãc´^­0µ ¼½Àjª µMÅj² ¹ ²MÃ0´ ¯ ´ ¶-¹�«c¬0ª µMÅ ¯°¼½¬ ´ ¯#¹ ÂD²°Ã0´ ¬ ´ Ä�¼½¶ ´�Ç

Í Ã0´'­0µ ª�¶ ² ¼½¶	ª ± ¯/¼½¾�«c¼ É ¶	ªB«c¶ ´ ¹ Â0²°Ã ¼½¯i¼Ì¯DÀ�ª�¬ ´ Àa¹ µ°´ ª ­0­ ª µM´ « ²DÈ·Ãc´ «Éª�«Éª ±C²M´�µ «cª ² ¼³Ä ´ ¼Ì¯9¶-¹�«�¯/¼Ì¬ ´�µM´ ¬N
Fº ´�Â ¹ µM´
²°Ãc´ ª�¬0Ä ´ « ² ¹ Âv´�Ç ¶-¼ ´ « ²%²Mµ ª�«c¯ Â ¹ µ À ´	µ ¯	¿BÄ�¹ ±C² ªB¾ ´ aS¶ »0µMµ°´ « ²i±½´ Ä ´	± ¶-¹�«�Ä ´�µ ¯°¼³¹�«a¶�¹ »0± ¬�¹�« ±½Å º ´ ª�¶ Ã ¼ ´ Ä ´ ¬ ²°Ã0µ ¹ » ¾ Ã
²°Ãc´[» ¯ ´ ¹ Â À�¹ ² ¹ µ a�¾ ´ « ´	µ ª ² ¹ µ ¯ ´-² ¯ Ç å ¬ µ ª È ¼³«0¾K¹ Â ªKÀ�¹ ² ¹ µ aS¾ ´ « ´�µ ª ² ¹ µ ¯ ´-²�µ°´ Ä ´ ª ± ¯ ²°Ã0´ ºcª�¯/¼Ì¶ ­0µ ¼½«c¶-¼ ­0±½´
¼½«
Ä�¹ ± Ä ´ ¬9


Motor Generator

Shaft
couplingï

Power
in

Power
outð

A motor/generator set

��«§¯ » ¶ Ã ªÁÀjª�¶ Ã ¼³« ´ ¿GªZÀ�¹ ² ¹ µ ¼Ì¯^À ´ ¶ Ã ª�«0¼Ì¶�ª ±½±½Å ¶-¹ »0­0±½´ ¬ ² ¹ÏªZ¾ ´ « ´	µ ª ² ¹ µ ¿ ²°Ãc´ ¾ ´ « ´�µ ª ² ¹ µ ¬ ´ ¯°¼½¾�« ´ ¬ ² ¹
­0µ ¹!¬ » ¶ ´a²MÃ0´ ¬ ´ ¯°¼ µ°´ ¬ ±½´ Ä ´�± ¯¤¹ Â Ä�¹ ±³² ª�¾ ´ ªB«c¬>¶ »cµ°µM´ « ² ª ²¤²°Ãc´jµ ¹ ² ª ² ¼³«c¾Á¯ ­�´	´ ¬Î¹ Â'²°Ãc´ Àa¹ ² ¹ µ	Ç Ò Ã ¼ ±³´ º�¹ ²MÃ
À�¹ ² ¹ µ ¯Hª�«c¬Ï¾ ´ « ´	µ ª ² ¹ µ ¯�ª µM´ÓÂ ª�¼ µM±³Å¸´�Ç ¶-¼ ´ « ² ¬ ´ Ä�¼Ì¶ ´ ¯	¿ ²°Ãc´a» ¯ ´ ¹ Â º�¹ ²°Ã ¼³« ²°Ã ¼½¯ Â ª�¯ Ã ¼½¹�«>¶-¹�À ­ ¹ » «c¬0¯ ²°Ã0´ ¼ µ
¼½« ´3Ç ¶-¼ ´ «�¶-¼ ´ ¯b¯°¹ ²°Ã ª ²j²°Ã0´ ¹SÄ ´�µ ª ±½±#´3Ç ¶-¼ ´ «c¶ Å ¼Ì¯j¼½« ²°Ã0´¸µ ªB«0¾ ´ ¹ Â^Û Æ È ¹ µj±½´ ¯M¯ Ç Ò »0µ°²°Ã0´	µ À�¹ µ°´ ¿%º ´ ¶�ª » ¯ ´
À�¹ ² ¹ µ a�¾ ´ « ´�µ ª ² ¹ µ ¯ ´-² ¯H¹�º�Ä�¼³¹ » ¯ ±½ÅZµ°´SÄ
» ¼ µM´ À�¹SÄ�¼½«0¾ ­ ª µ°² ¯	¿�À ´ ¶ Ã ªB«0¼Ì¶�ª ±iÈd´ ª µ ªB«c¬Rºcª ± ªB«c¶ ´ ª µ°´ÉÂ ª�¶ ² ¹ µ ¯�¼³« Í



Å Û@� �iË ô ø�öiüdý­¬ ò öiý ô =�õ!ù'÷#ý�®Ïüdý4õ
g »0´ «c¶-¼½«0¾Áº�¹ ²°Ã ¯ ´	µ Ä�¼Ì¶ ´a± ¼ ÂÑ´ ªB«c¬ ­�´	µ/Â ¹ µ Àjª�«c¶ ´�Ç Í µ ªB«c¯ Â ¹ µ À ´�µ ¯�¿�¹�« ²°Ãc´ ¹ ²°Ã0´	µHÃ ªB«c¬F¿Gª µM´ ªBº ±³´É² ¹¸¶-¹�«�Ä ´�µ°²
±½´ Ä ´	± ¯d¹ Â å Ù Ä�¹ ±C² ªB¾ ´ ªB«c¬[¶ »0µMµ°´ « ² ª ² Ä ´	µ°Å�Ã ¼½¾ Ã[´3Ç ¶-¼ ´ «�¶-¼ ´ ¯ È ¼ ²MÃ «0¹ÉÀ�¹SÄ
¼½«0¾ ­ ª µ°² ¯	¿�À�ª�Ë�¼³«0¾ ­ ¹
¯°¯°¼½º ±³´�²°Ãc´
È ¼Ì¬ ´ ¯ ­0µM´ ª�¬Á¬!¼Ì¯ ²Mµ ¼½º »!² ¼³¹�«Áª�«c¬ » ¯ ´ ¹ ÂD´	±³´ ¶ ²Mµ ¼Ì¶ ­ ¹ È'´�µ#È'´¤² ªBË ´4Â ¹ µ ¾ µ ªB« ²M´ ¬ Ç��«¸ª ±½±FÂ ªB¼ µ « ´ ¯M¯·¼ ² ¯ Ã ¹ »0± ¬Áº ´ «c¹ ²°´ ¬ ²°Ã ª ² À�¹ ² ¹ µ aS¾ ´ « ´�µ ª ² ¹ µ ¯ ´-² ¯ Ã ª�Ä ´ «0¹ ² « ´ ¶ ´ ¯°¯Mª µ ¼ ±½Å º ´�´ «¸¹�ºc¯°¹ ±½´-²M´ ¬
º ÅÁ²°µ ªB«c¯ Â ¹ µ À ´�µ ¯ Â ¹ µ'ÔSÔêÔ ª ­0­0± ¼Ì¶�ª ² ¼³¹�«c¯ Ç Ò Ã ¼ ±³´É²°µ ªB«�¯ Â ¹ µ À ´�µ ¯Êª µ°´ ¶ ±³´ ª µM±³Å ¯ »0­�´	µ ¼½¹ µ ¹SÄ ´	µ À�¹ ² ¹ µ a�¾ ´ « ´�µ ª ² ¹ µ
¯ ´-² ¯ Â ¹ µ å Ù�Ä�¹ ±³² ªB¾ ´ ª�«c¬Î¶ »0µMµ°´ « ²¤±½´ Ä ´�± ¶�¹�«�Ä ´	µ ¯°¼³¹�«�¿ ²°Ã0´	Å ¶	ªB«0«0¹ ² ¶-¹�«�Ä ´�µ°² ¹�« ´aÂÑµ°´SÄ�»c´ «c¶ Å ¹ Â å Ù ­ ¹ Èd´	µ
² ¹KªB«0¹ ²°Ã0´	µ ¿D¹ µ �ëº ÅR²MÃ0´ Àj¯ ´�± Ä ´ ¯)�^¶�¹�«�Ä ´	µ/² o^Ù ² ¹ å Ù�¹ µ Ä
¼Ì¯Mª Í Ä ´�µ ¯Mª Çsð ¹ ² ¹ µ aS¾ ´ « ´�µ ª ² ¹ µ ¯ ´�² ¯Ó¶	ªB«�¬!¹Ïª ±³±
²°Ãc´ ¯ ´�²MÃ ¼½«0¾�¯ È ¼ ²°ÃZµM´�± ª ² ¼½Ä ´ ¯°¼³À ­0± ¼½¶�¼ ²�Å ¿cª ± º ´ ¼ ²#È ¼ ²°ÃÁ²MÃ0´¤± ¼½À�¼ ² ª ² ¼½¹�«�¯·¹ ÂD´3Ç ¶-¼ ´ «c¶ Å ªB«�¬)À ´ ¶ Ã ªB«0¼Ì¶�ª ±�Â ª�¶ ² ¹ µ ¯
ª ±½µM´ ª�¬ Å ¬ ´ ¯M¶ µ ¼½º ´ ¬ Çtð ¹ ² ¹ µ a�¾ ´ « ´�µ ª ² ¹ µ ¯ ´�² ¯Éª ± ¯/¹ Ã ª�Ä ´�²°Ã0´b» «0¼ Ä
»0´[­0µ ¹ ­�´�µ°²�Å ¹ Â Ë�¼³« ´-² ¼Ì¶ ´ « ´�µ ¾ Å ¯ ² ¹ µ ªB¾ ´ 

²°Ã ª ² ¼Ì¯	¿S¼ Â0²MÃ0´ À�¹ ² ¹ µ 
 ¯ ­ ¹ Èd´	µ ¯ »0­0­0±½Å ¼½¯GÀ�¹�À ´ « ² ª µ ¼ ±½Å ¼½« ²°´	µ°µM»0­!²M´ ¬ Â ¹ µ ªB« Å¤µM´ ª�¯°¹�«�¿	¼ ² ¯DªB«0¾ »0± ª µ À�¹�À ´ « ²°» À� ²MÃ0´ ¼³« ´�µ°² ¼ÌªÓ¹ Â�²°Ã ª ²'µ ¹ ² ª ² ¼³«0¾ÉÀjª�¯M¯ � È ¼ ±½± ÀjªB¼½« ² ªB¼½« µ ¹ ² ª ² ¼½¹�«)¹ Â�²MÃ0´ ¾ ´ « ´�µ ª ² ¹ µNÂ ¹ µ ªa¯ Ã ¹ µ°² ¬ »cµ ª ² ¼½¹�«�¿ ²°Ã�» ¯
¼Ì¯/¹ ± ª ² ¼½«0¾jªB« Åj± ¹
ª�¬0¯ ­ ¹ È'´�µM´ ¬bº Å)²°Ã0´ ¾ ´ « ´	µ ª ² ¹ µdÂÑµ ¹�Àñ��¾ ± ¼ ² ¶ Ã0´ ¯ �Ó¼½« ²°Ã0´ Àjª�¼³« ­ ¹ Èd´	µ ¯ Å ¯ ²M´ À Ç4 ¹�¹�Ë
¼½«0¾�¶ ± ¹�¯ ´�±½Å ª ²#²°Ãc´ « » ÀÓº ´�µ ¯#¼³« ²°Ãc´ �����°Ù'Ú ªB«cª ±³Å ¯°¼½¯	¿ Èd´ ¯ Ã ¹ »c± ¬Z¯ ´�´ ª�¶-¹ µMµM´ ¯ ­ ¹�«c¬ ´ «�¶ ´ º ´-²�È'´�´ «
²°Ãc´[²Mµ ª�«c¯ Â ¹ µ À ´	µ 
 ¯ µ ª ² ¼½¹Îª�«c¬ ²MÃ0´Z²�È ¹K¼½«c¬ » ¶ ² ª�«c¶ ´ ¯ Ç ØÊ¹ ² ¼Ì¶ ´ZÃ ¹ ÈV²MÃ0´Z­0µ ¼³Àjª µMÅ ¼½«c¬ » ¶ ² ¹ µ � ± ÅY� Ã ª�¯GÅ�Æ7Æ
² ¼½À ´ ¯dÀ�¹ µM´ ¼½«c¬ » ¶ ² ªB«�¶ ´Ê²MÃ ªB« ²°Ã0´ ¯ ´ ¶-¹�«c¬0ª µMÅ ¼³«c¬ » ¶ ² ¹ µ �jÅ�Æ7Æ@Æ7Æ H Ä ´	µ ¯ » ¯µÅ�Æ@Æ H �Ü¿!ª�«c¬ ²°Ã ª ²%²MÃ0´ À ´ ª�¯ »0µM´ ¬
Ä�¹ ±C² ªB¾ ´ ¯ ²°´	­�Í ¬0¹ È « µ ª ² ¼³¹ È ª�¯�Å�Æ ² ¹'Å Ç Í Ã0´·È ¼½«c¬!¼½«0¾ È ¼ ²°Ã À�¹ µM´ ¼³«c¬ » ¶ ² ªB«c¶ ´·È ¼ ±½±0Ã ª�Ä ´dÃ ¼½¾ Ãc´�µ Ä�¹ ±C² ªB¾ ´ ª�«c¬
±½´ ¯M¯^¶ »0µMµ°´ « ²�²MÃ ªB« ²°Ã0´ ¹ ²°Ã0´	µ	Ç ��¼½«c¶ ´a²MÃ0´a²�È ¹Z¼½«c¬ » ¶ ² ¹ µ ¯¤ª µM´�È ¹ » «c¬Rª µ ¹ » «c¬ ²°Ã0´ ¯MªBÀ ´ ¶-¹ µ°´ Àjª ²°´	µ ¼Ìª ± ¼½«
²°Ãc´·²°µ ªB«c¯ Â ¹ µ À ´�µ � Â ¹ µN²MÃ0´ À�¹�¯ ²%´�Ç ¶�¼ ´ « ² À�ª�¾�« ´�² ¼Ì¶Ê¶-¹ »0­0± ¼³«c¾^º ´�²�Èd´	´ « ²°Ãc´·²�È ¹\�Ü¿ ²°Ã0´Ê­ ª µ ªBÀ ´-²M´�µ ¯9ªSÐ ´ ¶ ² ¼³«c¾
¼½«c¬ » ¶ ² ªB«�¶ ´·Â ¹ µN²°Ãc´·²�È ¹É¶-¹�¼ ± ¯Nª µM´·´�Ä
» ª ±c´-× ¶ ´�­!²NÂ ¹ µ9²°Ãc´ « » ÀÓº ´�µ ¹ Âv²°»cµ «c¯%¼³« ´ ª�¶ Ã ¶-¹�¼ ±®Ç � Â�Èd´·² ªBË ´ ªB«0¹ ²°Ã0´	µ
± ¹
¹�Ëbª ² ¹ »0µ ¼³«c¬ » ¶ ² ªB«c¶ ´�Â ¹ µ À »0± ª0¿ È'´ ¯ ´�´H²°Ã ª ² ¼½«c¬ » ¶ ² ªB«�¶ ´ ¼½¯ ­cµ ¹ ­ ¹ µ/² ¼³¹�«cª ±�² ¹ ²MÃ0´aæ3ò�¯`ÔSìMè ¹ ÂG²°Ã0´ « » ÀÓº ´�µ
¹ Â ¶-¹�¼ ±v²M»0µ «c¯�


Where,

N =
ª

Number of turns in wire coil (straight wire = 1)

L =
ó N

ª 2µA

l
ô

L =
ó

µ«  =

A =
õ
l =
ô

Inductance of coil in Henrys

Permeability of core material (absolute, not relative)
Area of coil in square meters
ö
Average length of coil in meters
ö

��¹�¿!¼ ² ¯ Ã ¹ »c± ¬[º ´ ª ­0­ ª µ°´ « ²'²°Ã ª ² ¹ »cµ#²�È ¹�¼½«c¬ » ¶ ² ¹ µ ¯#¼½« ²MÃ0´^± ª�¯ ² �F���°Ù'Ú ²°µ ªB«c¯ Â ¹ µ À ´�µ#´-× ªBÀ ­0±½´ ¶-¼ µ ¶ » ¼ ²�ÁÈ ¼ ²°Ã ¼³«c¬ » ¶ ² ªB«c¶ ´Éµ ª ² ¼³¹
¯Ê¹ Â ÅSÆ@Æ`
<Å � ¯ Ã ¹ »0± ¬ Ã ª�Ä ´ ¶-¹�¼ ±G²°»0µ « µ ª ² ¼½¹�¯4¹ Â ÅSÆF
cÅ�¿�º ´ ¶�ª » ¯ ´ Å�Æb¯ Ä
» ª µM´ ¬ ´SÄ�» ª ± ¯Å�Æ7Æ Ç Í Ã ¼Ì¯ È ¹ µ Ë!¯H¹ »!²¤² ¹¸º ´�²MÃ0´ ¯°ª�À ´�µ ª ² ¼³¹ È'´ÉÂ ¹ » «c¬Kº ´�²�Èd´	´ « ­0µ ¼³Àjª µ°Å ª�«c¬K¯ ´ ¶�¹�«c¬cª µMÅ Ä�¹ ±³² ª�¾ ´ ¯�ª�«c¬
¶ »cµ°µM´ « ² ¯��jÅSÆF
cÅS�Ü¿�¯°¹ È'´ ¶�ª�«)¯Mª Å ª�¯%ª µM»0±½´Ê²MÃ ª ²'²°Ã0´ Ä�¹ ±C² ªB¾ ´ ªB«c¬b¶ »0µMµ°´ « ²%²°µ ªB«c¯ Â ¹ µ Àjª ² ¼½¹�« µ ª ² ¼³¹Ó¼½¯ ´�Ä
» ª ±c² ¹
²°Ãc´^µ ª ² ¼½¹a¹ ÂGÈ ¼½«c¬!¼½«0¾ ²°»cµ «c¯#º ´-²�È'´�´ « ­0µ ¼½Àjª µMÅ ªB«c¬Z¯ ´ ¶�¹�«c¬0ª µ°Å�Ç

load
many turns few turns

÷
high voltage
low current

low voltage
high current

Step-down transformer



¬ ò Ï0ò õ�öiü%ø'£3²Dø ô =µ´ õ�öiü%ø'£6´�÷�Ð�= öiý ô =�õ!ù'÷#ý�®Ïü%ý�õ Å Û�?
Í Ã0´ ¯ ²°´�­FÍ®»0­ aS¯ ²°´�­FÍ ¬!¹ È « ´ Ð ´ ¶ ² ¹ Â ¶-¹�¼ ±!²M»0µ « µ ª ² ¼½¹�¯i¼½«jª ²°µ ªB«c¯ Â ¹ µ À ´�µ ¼½¯%ªB«cª ± ¹�¾�¹ » ¯ ² ¹H¾ ´ ª µi² ¹�¹ ²MÃÉµ ª ² ¼³¹
¯

¼½«ÁÀ ´ ¶ Ã ªB«0¼Ì¶�ª ± ¾ ´ ª µ ¯ Å ¯ ²°´ À�¯	¿ ²°µ ªB«�¯ Â ¹ µ À�¼½«0¾ÉÄSª ±³»0´ ¯#¹ Â ¯ ­�´�´ ¬[ª�«c¬ ² ¹ µ Ä
»0´ ¼½«ÁÀ » ¶ Ã[²°Ã0´ ¯MªBÀ ´¤È ª Å 


LARGE GEAR

SMALL GEAR
(many teeth)
ø

(few teeth)
ø

high torque
low speed

low torque
high speed

Torque reduction geartrain

å ¯/Àjª ±½± ¯ ²M´�­�Í ¬!¹ È « ­ ¹ È'´�µ�²°µ ªB«c¯ Â ¹ µ À ´�µ4» ¯ ´ ¬ ² ¹Z¶-¹�«�Ä ´�µ°² Å e ÆbÄ�¹ ±³² å Ù ² ¹ OcÇ þ Ä�¹ ±C² å Ù�¼Ì¯H¯ Ã ¹ È «Ï¹�«
²°Ãc´^±³´�Âê² ¼³« ²°Ãc´¤Â ¹ ±½± ¹ È ¼½«0¾ ­0Ã ¹ ² ¹�¾ µ ª ­0Ã 


� ²M´�­�Í�»0­ ªB«�¬^¯ ²M´�­�Í ¬!¹ È « ²°µ ªB«�¯ Â ¹ µ À ´�µ ¯ Â ¹ µG­ ¹ È'´�µ ¬!¼½¯ ²°µ ¼½º »!² ¼½¹�« ­0»0µM­ ¹
¯ ´ ¯�¶�ª�«^º ´ ¾�¼½¾�ªB« ² ¼½¶i¼½« ­0µ ¹ ­ ¹ µ°² ¼½¹�«
² ¹ ²MÃ0´ ¯/Àjª ±³±F²Mµ ª�«c¯ Â ¹ µ À ´	µ ¯ Ã ¹ È «ÁªBº�¹SÄ ´ ¿0¯/¹�À ´¤» «c¼ ² ¯Ê¯ ² ªB«c¬0¼³«0¾jª�¯ ² ª ±½± ª�¯·ª Ã ¹�À ´�Ç

Ý.Þ)ß�à[á-ß�âäã

Ý Í µ ªB«c¯ Â ¹ µ À ´�µ ¯U��¯ ²M´�­a»0­ �H¹ µ ��¯ ²°´	­ ¬0¹ È «`�4Ä�¹ ±³² ª�¾ ´ ª�¶�¶�¹ µ ¬!¼½«0¾ ² ¹ ²MÃ0´·µ ª ² ¼½¹�¯D¹ Â�­0µ ¼³Àjª µ°Å¤² ¹¤¯ ´ ¶�¹�«c¬cª µMÅ
È ¼ µM´H²°»0µ «c¯ Ç
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Ý

Voltage transformation ratio =
N
ù

secondary

N
ù

primary

Current transformation ratio =
N
ù

primary

N
ù

secondary

N = 
ù

number of turns in winding

Where,

Ý.å ²°µ ªB«�¯ Â ¹ µ À ´�µ ¬ ´ ¯°¼½¾�« ´ ¬ ² ¹2¼³«c¶ µ°´ ª�¯ ´ Ä�¹ ±C² ªB¾ ´¸ÂÑµ ¹�À ­0µ ¼½Àjª µMÅ.² ¹2¯ ´ ¶�¹�«c¬0ª µ°Å ¼Ì¯[¶	ª ±½±³´ ¬¥ª æ1Ñ�èÕ�!æl¯S�
²°µ ªB«c¯ Â ¹ µ À ´�µ*Ç å ²Mµ ª�«c¯ Â ¹ µ À ´	µ ¬ ´ ¯°¼³¾�« ´ ¬ ² ¹ µM´ ¬ » ¶ ´ Ä�¹ ±C² ªB¾ ´¤ÂÑµ ¹�À ­0µ ¼³Àjª µMÅb² ¹)¯ ´ ¶-¹�«c¬0ª µ°Å ¼Ì¯4¶	ª ±½±³´ ¬Zª
æ)Ñ�èl��æÌ��ÕPJLç�²°µ ªB«c¯ Â ¹ µ À ´�µ*Ç

Ý Í Ã0´a²°µ ªB«c¯ Â ¹ µ Àjª ² ¼½¹�« µ ª ² ¼½¹[¹ Â ª ²°µ ªB«c¯ Â ¹ µ À ´�µHÈ ¼ ±½± º ´a´SÄ
» ª ±D² ¹ ²MÃ0´ ¯ Ä
» ª µ°´Éµ ¹�¹ ² ¹ Â ¼ ² ¯ ­0µ ¼³Àjª µ°ÅZ² ¹
¯ ´ ¶-¹�«�¬0ª µMÅ ¼³«c¬ » ¶ ² ªB«c¶ ´ � 4 � µ ª ² ¼³¹ Ç

Ý Voltage transformation ratio =
ú Lsecondary

Lprimary

�'&)û üåý Ù ¤ -i2�¢ ¤ Ü ý ¢3á,+ ý Ü§-i¢�+°Þ
å ¯°¼Ì¬ ´#ÂÑµ ¹�À ²MÃ0´ ªBº0¼ ± ¼ ²�ÅÓ² ¹ ´ ª�¯/¼ ±³Å ¶-¹�«�Ä ´�µ°² º ´-²�È'´�´ «j¬!¼CÐ ´�µM´ « ²N±½´ Ä ´�± ¯i¹ Â Ä�¹ ±³² ª�¾ ´ ªB«c¬�¶ »0µ°µM´ « ² ¼½« å Ù.ªB«�¬�o^Ù
¶-¼ µ ¶ » ¼ ² ¯	¿ ²°µ ªB«c¯ Â ¹ µ À ´�µ ¯Êª ± ¯/¹ ­0µ ¹SÄ�¼Ì¬ ´ ª�« ´-×�²°µM´ À ´	±³ÅZ» ¯ ´-ÂÑ»0±DÂÑ´ ª ²°»cµ°´ ¶�ª ±½±½´ ¬ "Ìæ�ÕSÔcÔ�Ñ$"ëÕ�ç ¿ È·Ã ¼½¶ Ã ¼½¯ ²°Ã0´ ªBº0¼ ± ¼ ²�Å
² ¹�¶-¹ »0­0±½´ ¹�« ´ ¶-¼ µ ¶ » ¼ ²'² ¹�ªB«c¹ ²°Ãc´�µ'È ¼ ²MÃ ¹ »!²#²MÃ0´¤» ¯ ´ ¹ Â ¬!¼ µM´ ¶ ²'È ¼ µM´ ¶�¹�«0« ´ ¶ ² ¼³¹�«c¯ Ç Ò ´ ¶	ªB«Á¬ ´ À�¹�«�¯ ²Mµ ª ²°´ ª�«
ª ­c­0± ¼Ì¶�ª ² ¼½¹�«Ï¹ Â9²°Ã ¼Ì¯ ´ Ð ´ ¶ ²HÈ ¼ ²°Ã ªB«0¹ ²°Ã0´	µ ���u�°Ù'Ú�¯°¼³À »0± ª ² ¼½¹�«N
 ²MÃ ¼Ì¯ ² ¼³À ´ ¯ Ã ¹ È ¼½«0¾K��¾ µ ¹ » «�¬F�b¶-¹�«0« ´ ¶ ² ¼½¹�«�¯
Â ¹ µd²°Ãc´�²�È ¹É¶�¼ µ ¶ » ¼ ² ¯�¿�¼½À ­ ¹�¯°¼½«0¾aª Ã ¼½¾ Ã o^Ù�Ä�¹ ±³² ª�¾ ´ º ´-²�È'´�´ «)¹�« ´ ¶�¼ µ ¶ » ¼ ² ªB«c¬)¾ µ ¹ » «c¬ ²°Ã0µ ¹ » ¾ Ãj²°Ãc´�» ¯ ´ ¹ Â
ªB«Zª�¬c¬!¼ ² ¼³¹�«cª ± Ä�¹ ±³² ª�¾ ´ ¯/¹ »0µ ¶ ´ 
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���u�°Ù'ÚK¯ Ã ¹ È ¯ ²°Ã0´µe7? Æ�Ä�¹ ±C² ¯,o^Ù�º ´ ¼³«0¾¤¼½À ­0µ°´ ¯°¯ ´ ¬ »0­ ¹�« ²°Ã0´ ¯ ´ ¶�¹�«c¬cª µMÅ ¶�¼ µ ¶ » ¼ ²9´�±½´ À ´ « ² ¯ È ¼ ²°Ãaµ°´ ¯ ­�´ ¶ ²
² ¹[¾ µ ¹ » «�¬F¿�º »!² ª�¯ Å ¹ » ¶�ª�«R¯ ´�´X²MÃ0´�µM´ ¼Ì¯�«0¹ ´ Ð ´ ¶ ² ¹�« ²°Ãc´É­0µ ¼½À�ª µ°Å ¶-¼ µ ¶ » ¼ ² �6b ´�µ ¹Ko^Ù�Ä�¹ ±C² ªB¾ ´ �#ª ² «0¹!¬ ´ ¯Å^ªB«c¬ e ¿�ªB«c¬ ²°Ã0´¤²Mµ ª�«c¯ Â ¹ µ À�ª ² ¼½¹�«b¹ Â å Ù ­ ¹ È'´�µ#ÂÑµ ¹�À ­0µ ¼½Àjª µMÅ�² ¹j¯ ´ ¶-¹�«c¬0ª µ°Å ¶�¼ µ ¶ » ¼ ² ¯ µM´ Àjª�¼³«c¯ ²MÃ0´ ¯MªBÀ ´
ª�¯¤º ´-Â ¹ µ°´�Ç Í Ã0´ ¼½À ­cµ°´ ¯°¯ ´ ¬KÄ�¹ ±C² ªB¾ ´ ¼½« ²°Ã ¼Ì¯ ´-× ª�À ­c±³´ ¼Ì¯^¹ Âê²M´ «§¶�ª ±³±½´ ¬Îª Ö@ÕSéaé�ÕPç`æ�éjÕ���è Ä�¹ ±C² ªB¾ ´ º ´ ¶�ª » ¯ ´
¼ ² ¼½¯b¯ ´�´ « ª ² Àa¹ µ°´Á²MÃ ªB«�¹�« ´Á­ ¹�¼½« ² ¼³« ²MÃ0´ ¶-¼ µ ¶ » ¼ ²�È ¼ ²°Ã�µM´-ÂÑ´	µ°´ «c¶ ´Á² ¹ ²MÃ0´ ¶-¹�À�Àa¹�« ­ ¹�¼½« ² ¹ Â ¾ µ ¹ » «c¬ Ç
Í Ã0´�²Mµ ª�«c¯ Â ¹ µ À ´	µ ¼½¯°¹ ± ª ²M´ ¯ ²°Ãc´ ¶-¹�ÀaÀ�¹�« Í À�¹!¬ ´ Ä�¹ ±³² ªB¾ ´ ¯°¹ ²°Ã ª ² ¼ ² ¼Ì¯^«0¹ ² ¼½À ­0µM´ ¯M¯ ´ ¬ »c­ ¹�« ²°Ã0´j­0µ ¼½À�ª µ°Å
¶-¼ µ ¶ » ¼ ² ª ² ª ±³± ¿9º »!²�µ ª ²°Ã0´	µ ¼Ì¯°¹ ± ª ²°´ ¬ ² ¹ ²°Ã0´ ¯ ´ ¶-¹�«c¬0ª µ°Å ¯/¼Ì¬ ´�Ç Òc¹ µÉ²°Ã0´Áµ°´ ¶-¹ µ ¬F¿i¼ ² ¬0¹ ´ ¯Ó«c¹ ² À�ª ²/²M´�µÉ²°Ã ª ²
²°Ãc´ ¶�¹�À�À�¹�« Í À�¹�¬ ´ Ä�¹ ±C² ªB¾ ´ ¼Ì¯.o¤Ù�¿ ´ ¼ ²°Ãc´�µ*Ç � ² ¶-¹ »c± ¬§º ´ å Ù�¿ ´ Ä ´ «2ª ² ªK¬!¼³Ð ´	µ°´ « ²ÉÂÑµ°´SÄ
»0´ «c¶ Å ¿Nª�«c¬ ²°Ãc´
²°µ ªB«�¯ Â ¹ µ À ´�µ#È ¹ »0± ¬[¼½¯°¹ ± ª ²M´ ¼ ²·ÂÑµ ¹�À ²MÃ0´^­0µ ¼³Àjª µMÅ ¶-¼ µ ¶ » ¼ ² ª ±½±v²°Ã0´ ¯MªBÀ ´�Ç

Í Ã0´	µ°´ ª µ°´ ª ­0­0± ¼Ì¶�ª ² ¼³¹�«c¯ È·Ãc´�µM´X´�±½´ ¶ ²°µ ¼½¶	ª ± ¼Ì¯°¹ ± ª ² ¼½¹�«¸¼Ì¯�« ´�´ ¬ ´ ¬¸º ´-²�È'´�´ « ²�È ¹ å Ù�¶-¼ µ ¶ » ¼ ²�È ¼ ²°Ã ¹ »!² ª�« Å
²°µ ªB«�¯ Â ¹ µ Àjª ² ¼³¹�«¸¹ Â Ä�¹ ±³² ª�¾ ´ ¹ µ ¶ »0µ°µM´ « ²H±³´ Ä ´�± ¯ Ç ��« ²°Ã0´ ¯ ´ ¼½«c¯ ² ªB«c¶ ´ ¯	¿ ²°µ ªB«c¯ Â ¹ µ À ´�µ ¯4¶�ª ±³±½´ ¬ "Ìæ�ÕSÔ<ÔPÑÿ"ëÕPçÀÑ ì Ô�ç0æ1æÖ-ÕSìÜéjè�ì@æ'Ã ª�Ä�¼½«0¾GÅ@
cÅ ²Mµ ª�«c¯ Â ¹ µ À�ª ² ¼½¹�« µ ª ² ¼½¹�¯#ª µM´¤» ¯ ´ ¬ Ç

Ý.Þ)ß�à[á-ß�âäã

Ý © Å º ´ ¼½«0¾[ª�º ±³´Ó² ¹ ²°µ ªB«c¯ ÂÑ´�µ�­ ¹ È'´�µ4ÂÑµ ¹�À ¹�« ´ ¶�¼ µ ¶ » ¼ ²4² ¹)ªB«c¹ ²°Ãc´�µHÈ ¼ ²MÃ ¹ »!²�²°Ã0´É» ¯ ´ ¹ Â ¼½« ²°´	µ ¶�¹�«0« ´ ¶ ²MÍ
¼³«0¾Z¶-¹�«c¬ » ¶ ² ¹ µ ¯�º ´�²�Èd´	´ « ²°Ã0´a²�È ¹[¶�¼ µ ¶ » ¼ ² ¯	¿ ²°µ ªB«�¯ Â ¹ µ À ´�µ ¯ ­0µ ¹SÄ�¼Ì¬ ´X²MÃ0´�» ¯ ´-ÂÑ»0±iÂÑ´ ª ²°»cµ°´ ¹ Â^è-Ô³è@Ö�Ñ ì1"ëÖ)ÔBÔ"Ìæ-ÕBÔ<Ô�Ñ$"ëÕ�ç�Ç

Ý Í µ ªB«c¯ Â ¹ µ À ´�µ ¯j¬ ´ ¯°¼½¾�« ´ ¬ ² ¹ ­cµ ¹SÄ�¼Ì¬ ´¸´�±½´ ¶ ²°µ ¼½¶	ª ± ¼Ì¯°¹ ± ª ² ¼½¹�« È ¼ ²°Ã ¹ »!² ¯ ²M´�­0­ ¼½«0¾�Ä�¹ ±³² ª�¾ ´ ªB«�¬¥¶ »0µMµM´ « ²
´ ¼ ²°Ã0´	µ·»0­ ¹ µ ¬!¹ È «Zª µM´ ¶	ª ±½±³´ ¬ "Ìæ-ÕBÔ<Ô�Ñ$"ëÕ�ç_Ñ®ìMÔ�çcæ×Ö-ÕBìÜé�è�ì@æÜÇ
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��¼½«c¶ ´�²Mµ ª�«c¯ Â ¹ µ À ´	µ ¯Hª µM´�´ ¯M¯ ´ « ² ¼Ìª ±½±³Å å Ù�¬ ´ Ä�¼Ì¶ ´ ¯�¿ È'´ « ´	´ ¬ ² ¹¸º ´ ª È ª µ°´ ¹ Â'²°Ã0´j­0Ã ª�¯ ´aµM´�± ª ² ¼³¹�«c¯ Ã ¼ ­ ¯�º ´3Í
²�È'´�´ « ²MÃ0´X­0µ ¼½À�ª µ°Å ªB«c¬Z¯ ´ ¶�¹�«c¬0ª µ°Å ¶-¼ µ ¶ » ¼ ² ¯ Ç�� ¯/¼½«0¾b¹ »0µ ���u�°Ù'Ú ´-× ªBÀ ­0±½´¤ÂÑµ ¹�À º ´-Â ¹ µ°´ ¿ È'´ ¶�ª�« ­0± ¹ ²Ê²°Ãc´
È ª�Ä ´ ¯ Ã ª ­�´ ¯ Â ¹ µ#²°Ã0´^­0µ ¼½À�ª µ°Å ªB«c¬Á¯ ´ ¶-¹�«c¬0ª µMÅ ¶-¼ µ ¶ » ¼ ² ¯·ª�«c¬Z¯ ´	´�²MÃ0´^­0Ã ª�¯ ´¤µM´�± ª ² ¼³¹�«c¯ Â ¹ µ ¹ »0µ ¯ ´�± Ä ´ ¯�
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� ²ÓÈ ¹ »0± ¬>ª ­0­�´ ª µ^²°Ã ª ² º�¹ ²MÃ Ä�¹ ±³² ª�¾ ´ ª�«c¬>¶ »0µMµ°´ « ²^Â ¹ µX²MÃ0´j²�È ¹ ²°µ ªB«c¯ Â ¹ µ À ´�µ^È ¼½«c¬!¼½«0¾�¯Éª µM´ ¼³« ­cÃ ª�¯ ´
È ¼ ²°Ã�´ ª�¶ Ã ¹ ²°Ã0´	µ ¿#ª ²j±½´ ª�¯ ²�Â ¹ µ ¹ »0µ�µ°´ ¯/¼Ì¯ ² ¼½Ä ´Z± ¹
ª�¬ Ç Í Ã ¼Ì¯j¼Ì¯j¯/¼½À ­0±½´¸´ «0¹ » ¾ Ã ¿'º »!² ¼ ²bÈ ¹ »0± ¬.º ´ «0¼Ì¶ ´Z² ¹
Ë�«0¹ È­JGî�"ëÖMîdJuÔ�¹¤È'´ ¯ Ã ¹ »0± ¬[¶�¹�«0« ´ ¶ ² ª ²Mµ ª�«c¯ Â ¹ µ À ´	µ ¼½«Z¹ µ ¬ ´�µ'² ¹ ´ «c¯ »0µM´�²MÃ0´^­0µ ¹ ­�´�µ·­0Ã ª�¯ ´HµM´�± ª ² ¼³¹�«c¯ Ã ¼ ­ ¯
º ´ Ë ´�­!²*Ç å Âê²°´	µ ª ±½± ¿Fª ²°µ ªB«c¯ Â ¹ µ À ´�µ ¼½¯H«0¹ ²°Ã ¼½«0¾ÁÀa¹ µ°´Ó²°Ã ª�«KªÁ¯ ´�² ¹ Â ÀjªB¾�« ´-² ¼Ì¶�ª ±³±½Å�Í®± ¼½«0Ë ´ ¬¸¼³«�¬ » ¶ ² ¹ µ ¯�¿Fª�«c¬
¼½«c¬ » ¶ ² ¹ µ ¯N¬!¹�«N
 ²%» ¯ » ª ±½±³Å ¶-¹�À ´·È ¼ ²MÃj­ ¹ ± ª µ ¼ ²�Å Àjª µ Ë�¼³«c¾�¯i¹ Â ª�« Å Ë�¼³«c¬ Ç � ÂFÈ'´·Èd´	µ°´#² ¹ ± ¹
¹�ËÉª ² ªB« » «0Àjª µ Ë ´ ¬
²°µ ªB«�¯ Â ¹ µ À ´�µ ¿ Èd´HÈ ¹ »0± ¬ Ã ª�Ä ´ «0¹ È ª Å ¹ Â Ë�«0¹ È ¼½«0¾ È·Ã ¼½¶ ÃÁÈ ª ÅÉ² ¹ Ã ¹
¹�Ëj¼ ²Ê»c­b² ¹jªa¶-¼ µ ¶ » ¼ ²'² ¹É¾ ´-² ¼½« Í®­cÃ ª�¯ ´



e Æ7Æ �iË ô ø�öiüdý­¬ ò öiý ô =�õ!ù'÷#ý�®Ïüdý4õ
�Ñ¹ µ Å V Æ��4¹ »!²MÍ ¹ Â×Í®­0Ã ª�¯ ´ �dÄ�¹ ±C² ªB¾ ´ ªB«�¬[¶ »0µ°µM´ « ² 


+

-

+

- +

-

or ???

��¼½«c¶ ´Ê²°Ã ¼Ì¯%¼Ì¯%ª ­0µ ª�¶ ² ¼½¶	ª ± ¶�¹�«c¶ ´�µ «�¿ ²Mµ ª�«c¯ Â ¹ µ À ´	µ ÀjªB« »!Â ª�¶ ²°»0µM´�µ ¯ Ã ª�Ä ´ ¶-¹�À ´4»0­bÈ ¼ ²°Ã ªX¯°¹ µ°² ¹ ÂF­ ¹ ± ª µ ¼ ²�Å
Àjª µ Ë�¼³«0¾X¯ ² ª�«c¬0ª µ ¬ ² ¹X¬ ´ «0¹ ²°´Ê­0Ã ª�¯ ´Êµ°´	± ª ² ¼½¹�«c¯ Ã ¼ ­ ¯ Ç � ² ¼Ì¯%¶	ª ±½±³´ ¬ ²°Ã0´°��Õ�Ñ%Ö@Õ�ç�î�è�ç`Ñ$"ëÕ�ç ¿
ª�«c¬a¼½¯%«0¹ ²MÃ ¼½«0¾XÀ�¹ µM´
²°Ã ªB«¸ª�¬!¹ ²·­0± ª�¶ ´ ¬Á« ´-×�²·² ¹ ´ ª�¶ Ã ¶-¹ µ°µM´ ¯ ­ ¹�«c¬!¼½«0¾ ±³´ ¾a¹ Â ª ²°µ ªB«�¯ Â ¹ µ À ´�µ#È ¼½«c¬!¼½«0¾`


Í Å
­ ¼½¶	ª ±½±³Å ¿ ²°Ã0´·²Mµ ª�«c¯ Â ¹ µ À ´	µiÈ ¼ ±½± ¶-¹�À ´·È ¼ ²°Ã ¯°¹�À ´ Ë�¼³«c¬a¹ Â ¯M¶ Ã0´ Àjª ² ¼Ì¶'¬0¼½ª�¾ µ ªBÀ ± ªBº ´�± ¼³«0¾ ²MÃ0´·È ¼ µM´·±½´ ª�¬c¯
Â ¹ µ4­0µ ¼½Àjª µMÅ ª�«c¬Z¯ ´ ¶-¹�«�¬0ª µMÅbÈ ¼½«c¬!¼½«0¾�¯ Ç ^ « ²MÃ0´ ¬!¼ÌªB¾ µ ª�À È ¼ ±³± º ´ ª ­ ªB¼ µ ¹ Â ¬!¹ ² ¯Ê¯°¼½Àa¼ ± ª µ·² ¹ È·Ã ª ² ¼½¯Ê¯ ´�´ «
ªBº�¹SÄ ´�Ç �!¹�À ´-² ¼³À ´ ¯#¬!¹ ² ¯ È ¼ ±½± º ´ ¹�À�¼ ²/²M´ ¬F¿!º »0²'È·Ã0´ «s� H �Óª�«c¬K�@ê�� ± ª�º ´	± ¯'ª µM´4» ¯ ´ ¬ ² ¹ ± ª�º ´	±�²Mµ ª�«c¯ Â ¹ µ À ´	µ
È ¼½«c¬!¼½«0¾ È ¼ µM´ ¯	¿ ²MÃ0´ ¯ » ºc¯M¶ µ ¼ ­!² « » ÀÉº ´	µ ¯9ª µ°´ ¯ »0­0­ ¹�¯ ´ ¬ ² ¹ µM´�­cµ°´ ¯ ´ « ²9È ¼½«c¬!¼½«0¾ ­ ¹ ± ª µ ¼ ²�Å�Ç Í Ã0´ �`Å�� È ¼ µ°´ ¯�� H§�
ªB«�¬Kê � � µM´�­0µM´ ¯ ´ « ²#È·Ã0´�µM´H²°Ã0´^­ ¹ ± ª µ ¼ ²�Å7Í Àjª µ Ë�¼³«0¾a¬!¹ ² ¯ È ¹ »0± ¬)«c¹ µ À�ª ±³±½Å º ´^­0± ª�¶ ´ ¬ Ç

Í Ã0´ ¯/¼½À�¼ ± ª µd­0± ª�¶ ´ À ´ « ² ¹ ÂF²MÃ0´ ¯ ´ ¬!¹ ² ¯%« ´�×�²%² ¹ ²°Ã0´�² ¹ ­b´ «�¬0¯%¹ ÂF²°Ã0´H­0µ ¼³Àjª µ°Å ªB«c¬)¯ ´ ¶-¹�«�¬0ª µMÅÓÈ ¼½«c¬!¼½«0¾�¯
²°´	±³± ¯ » ¯ ²°Ã ª ²ÓÈ·Ã ª ²M´ Ä ´�µ ¼³«�¯ ² ªB« ² ª�« ´ ¹ » ¯¤Ä�¹ ±C² ªB¾ ´�­ ¹ ± ª µ ¼ ²�Å ¯ ´	´ «>ª�¶ µ ¹�¯M¯ ²°Ãc´j­0µ ¼½Àjª µMÅÏÈ ¼½«c¬!¼½«0¾ È ¼ ±½± º ´j²°Ãc´
¯MªBÀ ´ ª�¯ ²°Ã ª ² ª�¶ µ ¹
¯°¯ ²MÃ0´ ¯ ´ ¶�¹�«c¬cª µMÅÊÈ ¼³«�¬!¼³«c¾ Ç ��«^¹ ²°Ãc´�µ�È ¹ µ ¬0¯	¿ ²MÃ0´%­0Ã ª�¯ ´ ¯ Ã ¼ Âê²GÂÑµ ¹�À ­0µ ¼½À�ª µ°Å4² ¹4¯ ´ ¶�¹�«c¬cª µMÅ
È ¼ ±³± º ´ b ´	µ ¹�¬ ´ ¾ µM´�´ ¯ Ç

^ « ²°Ãc´ ¹ ²MÃ0´�µHÃ ª�«c¬F¿�¼ ÂN²MÃ0´ ¬0¹ ² ¯�¹�« ´ ª�¶ Ã¸È ¼½«c¬!¼½«0¾)¹ Â9²°Ã0´Ó²°µ ªB«c¯ Â ¹ µ À ´�µ ¬!¹ ç�ÕPÑ Àjª ² ¶ Ã¸»0­ ¿ ²MÃ0´É­cÃ ª�¯ ´
¯ Ã ¼ Âê²ÊÈ ¼ ±½± º ´ Å V Æ
�Êº ´-²�È'´�´ « ­cµ ¼½Àjª µMÅ ªB«c¬Z¯ ´ ¶-¹�«c¬0ª µ°Å ¿ ± ¼½Ë ´H²°Ã ¼Ì¯�


^ Â ¶-¹ »cµ ¯ ´ ¿ ²MÃ0´ ¬!¹ ² ¶-¹�«
Ä ´ « ² ¼½¹�«Á¹�« ±³Å)²°´�±½± ¯ Å ¹ »ÁÈ·Ã ¼½¶ ÃZ´ «�¬Z¹ Âi´ ª�¶ ÃZÈ ¼½«c¬!¼½«0¾j¼Ì¯ È·Ã ¼Ì¶ Ã ¿ µM´�± ª ² ¼³Ä ´�² ¹ ²°Ãc´
¹ ²MÃ0´�µ4È ¼³«c¬0¼³«0¾��ë¯)� Ç � Â9Å ¹ »ZÈ ªB« ²·² ¹ µM´ Ä ´�µ ¯ ´H²MÃ0´X­0Ã ª�¯ ´^µM´�± ª ² ¼³¹�«c¯ Ã ¼ ­ZÅ ¹ »0µ ¯ ´	±CÂ ¿0ª ±³±GÅ ¹ »[Ã ª�Ä ´¤² ¹b¬!¹)¼½¯Ê¯ È ª ­
²°Ãc´^È ¼³«c¬0¼³«0¾b¶�¹�«0« ´ ¶ ² ¼³¹�«c¯ ± ¼½Ë ´¤²MÃ ¼Ì¯�




¬ òCó
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Ý.Þ)ß�à[á-ß�âäã

Ý Í Ã0´Ó­0Ã ª�¯ ´Xµ°´	± ª ² ¼½¹�«c¯ Ã ¼ ­ ¯ Â ¹ µ Ä�¹ ±³² ªB¾ ´ ªB«�¬¸¶ »0µMµ°´ « ² º ´�²�Èd´	´ « ­cµ ¼½Àjª µMÅ ª�«c¬Ï¯ ´ ¶-¹�«c¬0ª µ°Å ¶-¼ µ ¶ » ¼ ² ¯4¹ Â ª
²°µ ªB«c¯ Â ¹ µ À ´�µ ª µM´ ¬0¼ µM´ ¶ ² 
9¼Ì¬ ´ ª ±³±½Å ¿�b ´�µ ¹ ­cÃ ª�¯ ´ ¯ Ã ¼ Âê²	Ç

Ý Í Ã0´.��Õ�Ñ#ÖMÕPç`îSè3ç�Ñÿ"ëÕPç ¼½¯·ª ²�Å�­�´ ¹ ÂG­ ¹ ± ª µ ¼ ²�Å Àjª µ Ë
¼½«0¾ Â ¹ µ'²°µ ªB«c¯ Â ¹ µ À ´�µ'È ¼³«�¬!¼³«c¾�¯#¯ Ã ¹ È ¼³«0¾ È·Ã ¼Ì¶ Ã[´ «c¬
¹ Â�²MÃ0´^È ¼½«c¬!¼½«0¾j¼½¯ È·Ã ¼½¶ Ã ¿ µ°´	± ª ² ¼½Ä ´�² ¹ ²°Ãc´ ¹ ²°Ãc´�µ·È ¼½«c¬!¼½«0¾�¯ Ç

�'&Üç � ¢�Þnàd¢�Þ�� ¤ +�ÞG/�� � 2LÜ§-i¢�+°Þná
Í µ ª�«c¯ Â ¹ µ À ´	µ ¯¤ª µM´ Ä ´�µMÅ Ä ´�µ ¯°ª ² ¼ ±³´ ¬ ´ Ä�¼Ì¶ ´ ¯ Ç Í Ã0´ º�ª�¯°¼½¶j¶�¹�«c¶ ´�­!² ¹ Â#´ « ´�µ ¾ Å¸²Mµ ª�«c¯ ÂÑ´	µ º ´�²�Èd´	´ «>À »!²M» ª ± ¼³« Í
¬ » ¶ ² ¹ µ ¯d¼½¯ » ¯ ´�ÂÑ»0±v´ «0¹ » ¾ Ã º ´�²�Èd´	´ «[ªa¯°¼³«0¾ ±³´�­0µ ¼³Àjª µMÅ ªB«c¬Á¯°¼³«0¾ ±³´ ¯ ´ ¶-¹�«c¬0ª µMÅ ¶-¹�¼ ± ¿�º »!²#²°µ ªB«c¯ Â ¹ µ À ´�µ ¯%¬!¹�«N
 ²
Ã ª�Ä ´4² ¹jº ´ Àjª�¬ ´HÈ ¼ ²°Ã ï » ¯ ²Ê²�È ¹a¯ ´-² ¯·¹ ÂDÈ ¼³«�¬!¼³«c¾�¯ Ç Ùd¹�«c¯°¼½¬ ´�µ#²°Ã ¼½¯ ²Mµ ª�«c¯ Â ¹ µ À ´	µ ¶�¼ µ ¶ » ¼ ² 


load #1

load #2

HÊ´	µ°´ ¿ ²MÃ0µ°´	´ ¼½«c¬ » ¶ ² ¹ µ ¶-¹�¼ ± ¯4¯ Ã ª µM´ ªb¶�¹�À�À�¹�«ZÀjªB¾�« ´-² ¼Ì¶X¶�¹ µM´ ¿cÀjª�¾�« ´�² ¼Ì¶�ª ±½±½Å ��¶�¹ »0­c± ¼½«0¾7��¹ µ � ± ¼½«0Ë�¼³«0¾��
²°Ãc´ À ² ¹�¾ ´-²°Ãc´�µ*Ç Í Ãc´HµM´�± ª ² ¼³¹�«c¯ Ã ¼ ­ ¹ ÂDÈ ¼³«c¬0¼³«0¾ ²M»0µ « µ ª ² ¼³¹
¯'ª�«c¬[Ä�¹ ±³² ª�¾ ´Hµ ª ² ¼½¹�¯'¯ ´	´ « È ¼ ²MÃ ªa¯°¼½«0¾ ±½´¤­ ªB¼ µ ¹ Â
À »0²°» ª ± ¼½«c¬ » ¶ ² ¹ µ ¯H¯ ² ¼ ±½±DÃ ¹ ± ¬0¯ ²°µM»0´ÓÃ0´	µ°´XÂ ¹ µ À »0±³² ¼ ­0±½´É­ ª�¼ µ ¯Ê¹ Â ¶-¹�¼ ± ¯ Ç � ² ¼Ì¯ ´ « ² ¼ µ°´	±³ÅÁ­ ¹
¯°¯°¼½º ±³´Ó² ¹Áª�¯M¯ ´ ÀÓº ±½´
ª ²Mµ ª�«c¯ Â ¹ µ À ´	µ ¯ » ¶ Ã ª�¯ ²°Ãc´ ¹�« ´ ª�º�¹SÄ ´ �Ñ¹�« ´Ó­0µ ¼½À�ª µ°ÅZÈ ¼½«c¬!¼½«0¾c¿ ²�È ¹)¯ ´ ¶-¹�«c¬0ª µ°ÅÁÈ ¼³«�¬!¼³«c¾�¯)�·¼½« È·Ã ¼Ì¶ Ã ¹�« ´
¯ ´ ¶-¹�«c¬0ª µ°ÅKÈ ¼³«c¬0¼³«0¾R¼½¯aªÏ¯ ²°´�­FÍ ¬!¹ È «�ª�«c¬ ²°Ãc´ ¹ ²MÃ0´�µ ¼½¯ÉªÏ¯ ²°´�­FÍ®»0­�Ç ��« Â ª�¶ ² ¿ ²°Ã ¼½¯a¬ ´ ¯°¼½¾�«§¹ Â·²Mµ ª�«c¯ Â ¹ µ À ´	µ
È ª�¯ Ä
» ¼ ²°´ ¶-¹�À�À�¹�«j¼½«jÄSª�¶ »0» À ²°» º ´4­ ¹ È'´�µ ¯ »0­0­0±½Å ¶-¼ µ ¶ » ¼ ² ¯�¿ È·Ã ¼Ì¶ ÃjÈd´	µ°´·µM´�Ä
» ¼ µM´ ¬ ² ¹É¯ »0­c­0±³Åa± ¹ È Ä�¹ ±³² ª�¾ ´
Â ¹ µb²°Ã0´¸²M» º ´ ¯�
 Éc± ªBÀ ´ « ² ¯d� ²�Å�­ ¼Ì¶�ª ±³±½ÅpO ¹ µ Å e Ä�¹ ±³² ¯)��ªB«�¬ Ã ¼³¾ Ã Ä�¹ ±³² ª�¾ ´ÁÂ ¹ µ)²°Ã0´Ï²°» º ´ ¯�
 ­0± ª ²M´ ¯	�ë¯ ´ Ä ´	µ ª ±
Ã�» «c¬ µM´ ¬)Ä�¹ ±C² ¯ � ÂÑµ ¹�À ªÉ«0¹�À�¼½«cª ±v­0µ ¼³Àjª µ°Å Ä�¹ ±C² ªB¾ ´ ¹ Â Å@Å�ÆÉÄ�¹ ±C² ¯ å Ù Ç Ø4¹ ² ¹�« ±³Å ª µ°´ Ä�¹ ±³² ª�¾ ´ ¯dª�«c¬)¶ »0µ°µM´ « ² ¯
¹ Â ¶-¹�À ­c±³´�²°´�±½Å ¬0¼CÐ ´�µM´ « ² ÀjªB¾�«c¼ ²M» ¬ ´ ¯ ­ ¹�¯M¯°¼³º ±½´¤È ¼ ²MÃ ¯ » ¶ Ã ª ²°µ ªB«c¯ Â ¹ µ À ´�µ ¿�º »!² ª ±½± ¶-¼ µ ¶ » ¼ ² ¯Êª µ°´H´�±½´ ¶ ²°µ ¼½¶	ª ±½±³Å
¼Ì¯/¹ ± ª ²°´ ¬ ÂÑµ ¹�ÀV¹�« ´ ªB«0¹ ²°Ã0´	µ	Ç

� ÂN´�±½´ ¶ ²°µ ¼½¶	ª ± ¼Ì¯°¹ ± ª ² ¼½¹�«¸º ´-²�È'´�´ «Ï¯ ´ ¶-¹�«c¬0ª µMÅ ¶�¼ µ ¶ » ¼ ² ¯4¼Ì¯Ê«0¹ ² ¹ Â ¾ µ°´ ª ² ¼½À ­ ¹ µ/² ªB«c¶ ´ ¿�ª)¯°¼³À�¼ ± ª µÊ´ Ð ´ ¶ ² ¶�ª�«
º ´ ¹�º ² ªB¼½« ´ ¬[º Å � ² ª ­0­ ¼³«0¾��Éª�¯°¼³«c¾ ±½´ ¯ ´ ¶�¹�«c¬cª µMÅjÈ ¼³«c¬0¼³«0¾bª ² À »0±³² ¼ ­0±½´^­ ¹�¼³« ² ¯4ª ± ¹�«0¾a¼ ² ¯ ±½´ «0¾ ²°Ã ¿ ± ¼½Ë ´H²°Ã ¼Ì¯�




e Æ e �iË ô ø�öiüdý­¬ ò öiý ô =�õ!ù'÷#ý�®Ïüdý4õ

load #1

load #2

å ² ª ­ ¼½¯9«c¹ ²°Ã ¼³«0¾^À�¹ µ°´#²MÃ ªB«jª È ¼ µ°´ ¶-¹�«0« ´ ¶ ² ¼½¹�«�Àjª�¬ ´ ª ² ¯°¹�À ´#­ ¹�¼³« ² ¹�«�ª È ¼½«c¬!¼½«0¾Xº ´-²�È'´�´ « ²MÃ0´ Ä ´	µ°Å
´ «�¬0¯ Ç ØÊ¹ ² ¯ »0µM­0µ ¼½¯°¼½«0¾ ±½Å ¿ ²MÃ0´bÈ ¼½«c¬!¼½«0¾ ²°»cµ «�aSÄ�¹ ±C² ªB¾ ´ ÀjªB¾�«0¼ ²M» ¬ ´jµM´�± ª ² ¼³¹�«c¯ Ã ¼ ­ ¹ Â ªZ«0¹ µ Àjª ±i²Mµ ª�«c¯ Â ¹ µ À ´	µ
Ã ¹ ± ¬0¯ ²°µM»0´�Â ¹ µ ª ±½±�² ª ­c­�´ ¬)¯ ´ ¾�À ´ « ² ¯%¹ Â�È ¼½«c¬!¼½«0¾�¯ Ç Í Ã ¼½¯ Â ª�¶ ² ¶�ªB«)º ´¤´-×!­0± ¹�¼ ²°´ ¬ ² ¹ ­0µ ¹!¬ » ¶ ´ ª ²Mµ ª�«c¯ Â ¹ µ À ´	µ
¶�ª ­ ªBº ±³´ ¹ Â À »0±³² ¼ ­0±½´Xµ ª ² ¼½¹�¯�


load

multi-pole
switch

Ù'ª µMµMÅ ¼½«0¾ ²MÃ0´ ¶-¹�«c¶ ´	­!² ¹ Â�È ¼½«c¬!¼½«0¾ ² ª ­ ¯ ÂÑ»0µ°²°Ãc´�µ ¿ Èd´H´ «c¬ »0­ÁÈ ¼ ²MÃ ª��BÄSª µ ¼ÌªBº ±½´Ê²Mµ ª�«c¯ Â ¹ µ À ´	µ ¿ � È·Ã0´	µ°´ ª
¯ ± ¼Ì¬!¼½«0¾b¶-¹�« ² ª�¶ ² ¼Ì¯·À�¹SÄ ´ ¬Zª ± ¹�«0¾ ²°Ãc´^±³´ «0¾ ²MÃ ¹ Â ªB« ´-×!­ ¹�¯ ´ ¬Á¯ ´ ¶-¹�«�¬0ª µMÅbÈ ¼½«c¬!¼½«0¾c¿cª�º ±½´¤² ¹b¶-¹�«0« ´ ¶ ²ÊÈ ¼ ²°Ã ¼ ²
ª ² ª�« Å)­ ¹�¼½« ² ª ± ¹�«0¾�¼ ² ¯ ±½´ «c¾ ²°Ã�Ç Í Ã0´^´ Ð ´ ¶ ² ¼Ì¯ ´SÄ
» ¼³ÄSª ±³´ « ²·² ¹ Ã ª�Ä�¼³«c¾bª È ¼³«c¬0¼³«0¾ ² ª ­ ª ²Ê´ Ä ´	µ°Å)²°»0µ «Z¹ Âi²°Ãc´
È ¼½«c¬!¼½«0¾c¿cª�«c¬Áªa¯ È ¼ ² ¶ ÃZÈ ¼ ²MÃZ­ ¹ ±³´ ¯·ª ²Ê´ Ä ´�µMÅ�² ª ­Á­ ¹�¯°¼ ² ¼½¹�«N


load

Variable transformer

^ « ´ ¶-¹�«�¯ » À ´	µ ª ­0­0± ¼½¶	ª ² ¼½¹�«R¹ ÂN²MÃ0´ ÄSª µ ¼ÌªBº ±½´X²Mµ ª�«c¯ Â ¹ µ À ´	µ ¼Ì¯H¼³«Î¯ ­�´�´ ¬R¶-¹�« ²°µ ¹ ± ¯ Â ¹ µ À�¹!¬ ´�±D²Mµ ª�¼³«R¯ ´-² ¯�¿
´ ¯ ­�´ ¶-¼Ìª ±½±½ÅR²MÃ0´b²Mµ ª�¼³«.¯ ´-² ¯X¹ Â·²°Ã0´ Å Û7? ÆF
 ¯^ªB«c¬|Å Û@O ÆF
 ¯ Ç Í Ã0´ ¯ ´)²°µ ªB«c¯ Â ¹ µ À ´�µ ¯ Èd´	µ°´)´ ¯M¯ ´ « ² ¼½ª ±³±½Å ¯ ²M´�­�Í ¬!¹ È «
» «0¼ ² ¯	¿ ²°Ã0´aÃ ¼½¾ Ã0´ ¯ ² Ä�¹ ±C² ªB¾ ´ ¹�º ² ª�¼³«�ªBº ±½´XÂÑµ ¹�À ²°Ã0´ ¯ ´ ¶-¹�«c¬0ª µ°Å[È ¼³«c¬0¼³«0¾[º ´ ¼³«c¾[¯ » ºc¯ ² ªB« ² ¼½ª ±³±½ÅZ±³´ ¯°¯ ²°Ã ª�« ²°Ãc´
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­0µ ¼³Àjª µ°Å Ä�¹ ±C² ªB¾ ´ ¹ Â Å7Å�Æ ² ¹£Å e Æ¸Ä�¹ ±³² ¯ å Ù Ç Í Ã0´ ÄSª µ ¼ÌªBº ±½´3Í ¯ Èd´	´�­ ¶-¹�« ² ª�¶ ²É­0µ ¹SÄ�¼½¬ ´ ¬�ªÎ¯/¼½À ­0±½´ À ´ ª�«c¯É¹ Â
Ä�¹ ±C² ªB¾ ´ ¶�¹�« ²°µ ¹ ±vÈ ¼ ²°ÃZ± ¼ ²/²M±³´ÓÈ ª�¯ ²M´ ¬ ­ ¹ È'´�µ ¿�À » ¶ Ã À�¹ µM´H´�Ç ¶-¼ ´ « ²·²°Ã ª�«¸¶-¹�« ²Mµ ¹ ±�» ¯/¼½«0¾jªaÄ�ª µ ¼ÌªBº ±³´¤µM´ ¯°¼½¯ ² ¹ µ fð ¹SÄ�¼½«0¾ Í ¯ ± ¼Ì¬ ´ ¶-¹�« ² ª�¶ ² ¯�ª µM´9² ¹
¹4¼³À ­0µ ª�¶ ² ¼Ì¶�ª ±B² ¹Êº ´%» ¯ ´ ¬¤¼½« ± ª µ ¾ ´ ¼½«c¬ » ¯ ²°µ ¼½ª ±�­ ¹ Èd´	µF²°µ ªB«�¯ Â ¹ µ À ´�µ ¬ ´ ¯°¼³¾�«c¯	¿
º »!² À »0±³² ¼ Í®­ ¹ ±½´ ¯ È ¼ ² ¶ Ã0´ ¯^ªB«c¬ È ¼½«c¬!¼½«0¾ ² ª ­ ¯^ª µM´ ¶�¹�À�À�¹�« Â ¹ µ Ä�¹ ±³² ªB¾ ´ ª�¬�ï » ¯ ² À ´ « ²	Ç å ¬�ï » ¯ ² À ´ « ² ¯^« ´�´ ¬
² ¹Zº ´ À�ª�¬ ´�­�´	µ ¼½¹!¬!¼Ì¶�ª ±½±½Å ¼³« ­ ¹ Èd´	µ ¯ Å ¯ ²M´ Àj¯ ² ¹¸ª�¶	¶-¹�ÀaÀ�¹!¬0ª ²°´ ¶ Ã ªB«0¾ ´ ¯H¼½« ± ¹�ª�¬0¯¤¹SÄ ´	µ À�¹�« ²MÃ ¯¤¹ µ¤Å�´ ª µ ¯
¼½« ² ¼½À ´ ¿9ªB«c¬ ²MÃ0´ ¯ ´ ¯ È ¼ ² ¶ Ã ¼³«c¾Ï¶-¼ µ ¶ » ¼ ² ¯ ­0µ ¹SÄ�¼½¬ ´ ª¸¶-¹�«�Ä ´ «0¼ ´ « ² À ´ ª�«c¯ Ç Í Å
­ ¼½¶	ª ±½±³Å ¿D¯ » ¶ Ã � ² ª ­ ¯ È ¼ ² ¶ Ã0´ ¯ �
ª µM´ «c¹ ²d´ «0¾�¼½« ´	´�µM´ ¬ ² ¹ Ã ª�«c¬ ±½´ÊÂÑ»0±½±<Í®± ¹�ª�¬)¶ »cµ°µM´ « ² ¿
º »!² À » ¯ ² º ´ ª�¶ ²°» ª ²°´ ¬j¹�« ±½ÅjÈ·Ã0´ « ²°Ãc´4²Mµ ª�«c¯ Â ¹ µ À ´	µ%Ã ª�¯
º ´�´ «¸¬ ´�Í®´ « ´�µ ¾�¼cb ´ ¬��ë«0¹ ­ ¹ È'´�µ � Ç� ´	´ ¼½«0¾bª�¯ Ã ¹ È�È'´ ¶�ª�« ² ª ­ ª�« Å)²°µ ªB«c¯ Â ¹ µ À ´�µ·È ¼½«c¬!¼½«0¾ ² ¹j¹�º ² ªB¼½« ²MÃ0´X´SÄ�» ¼³ÄSª ±½´ « ² ¹ Â ¯ ´ Ä ´�µ ª ±FÈ ¼½«c¬!¼½«0¾�¯�ëª ± º ´ ¼ ²¤È ¼ ²MÃK± ¹�¯M¯Ê¹ Â%´�±½´ ¶ ²°µ ¼½¶	ª ± ¼½¯°¹ ± ª ² ¼³¹�«Ïº ´�²�Èd´	´ « ²MÃ0´ À��-¿�¼ ² ÀjªBË ´ ¯H¯ ´ «c¯ ´Ó²°Ã ª ² ¼ ² ¯ Ã ¹ »0± ¬Ïº ´É­ ¹�¯M¯/¼½º ±½´X² ¹
Â ¹ µM´ ¾�¹ ´�±½´ ¶ ²°µ ¼½¶	ª ± ¼½¯°¹ ± ª ² ¼³¹�«Rª ±³² ¹�¾ ´�²°Ã0´	µ ª�«c¬Ïº » ¼ ± ¬Rª ²°µ ªB«c¯ Â ¹ µ À ´�µ4ÂÑµ ¹�ÀÆª)¯°¼³«0¾ ±³´aÈ ¼½«c¬!¼½«0¾ Ç ��«c¬ ´�´ ¬ ²°Ã ¼Ì¯H¼½¯
­ ¹�¯M¯/¼½º ±½´ ¿0ªB«�¬ ²MÃ0´^µM´ ¯ »0±C² ¼³«c¾�¬ ´ Ä�¼½¶ ´ ¼½¯Ê¶	ª ±½±³´ ¬[ª�« ÔP¯�Ñ�ÕPÑ ì Ô�ç0æ Ö-ÕBìÜé�è�ì 


load

Autotransformer
x

Í Ã0´ ª »!² ¹ ²°µ ªB«�¯ Â ¹ µ À ´�µ ¬ ´�­ ¼Ì¶ ²M´ ¬.ª�º�¹SÄ ´j­�´	µ/Â ¹ µ Àj¯aª¸Ä�¹ ±C² ªB¾ ´ ¯ ²M´�­�Í�»0­§ÂÑ» «c¶ ² ¼³¹�« Ç å ¯ ²M´�­�Í ¬!¹ È «�ª »!² ¹ Í
²°µ ªB«�¯ Â ¹ µ À ´�µ#È ¹ »0± ¬ ± ¹�¹�Ë[¯/¹�À ´�²°Ã ¼½«0¾ ± ¼³Ë ´�²MÃ ¼Ì¯�


load

Autotransformer

å »0² ¹ ²Mµ ª�«c¯ Â ¹ µ À ´	µ ¯ É «c¬ ­ ¹ ­0»c± ª µ9» ¯ ´ ¼½«jª ­0­c± ¼Ì¶�ª ² ¼½¹�«c¯ µM´�Ä
» ¼ µ ¼½«0¾¤ª¤¯ ± ¼³¾ Ã
² º�¹�¹�¯ ² ¹ µ9µM´ ¬ » ¶ ² ¼½¹�«a¼½«aÄ�¹ ±³² ª�¾ ´
² ¹Ïª ± ¹
ª�¬ Ç Í Ã0´ ª ±³²°´	µ «cª ² ¼½Ä ´jÈ ¼ ²°Ã ªZ«0¹ µ Àjª ± �Ñ¼Ì¯/¹ ± ª ²°´ ¬`� ²°µ ªB«c¯ Â ¹ µ À ´�µ^È ¹ »0± ¬Îº ´b² ¹ ´ ¼ ²MÃ0´�µXÃ ª�Ä ´ ï » ¯ ²Ó²°Ãc´



e Æ � �iË ô ø�öiüdý­¬ ò öiý ô =�õ!ù'÷#ý�®Ïüdý4õ
µ ¼³¾ Ã�²Ê­cµ ¼½Àjª µMÅ aB¯ ´ ¶-¹�«c¬0ª µMÅjÈ ¼½«c¬!¼½«0¾ µ ª ² ¼½¹jÀjª�¬ ´XÂ ¹ µÊ²MÃ0´ ï�¹�º¸¹ µÊ» ¯ ´ ª)¯ ²M´�­�Í ¬!¹ È «¸¶-¹�« É ¾ »cµ ª ² ¼½¹�« È ¼ ²MÃ¸²°Ãc´
¯ ´ ¶-¹�«c¬0ª µ°Å¸È ¼½«c¬!¼½«0¾R¶�¹�«0« ´ ¶ ²M´ ¬Î¼³«§¯ ´�µ ¼ ´ ¯ Í ªB¼Ì¬!¼½«0¾~�6��º�¹�¹�¯ ² ¼½«0¾��7��¹ µ ¯ ´�µ ¼ ´ ¯ Í ¹ ­c­ ¹
¯/¼½«0¾I�6�Bº » ¶@Ë�¼³«0¾��7� Â ª�¯ Ã ¼½¹�« Ç� µ ¼½À�ª µ°Å ¿!¯ ´ ¶-¹�«�¬0ª µMÅ ¿!ªB«�¬ ± ¹�ª�¬)Ä�¹ ±³² ªB¾ ´ ¯#ª µM´ ¾�¼½Ä ´ « ² ¹j¼ ±½±³» ¯ ²°µ ª ²M´¤Ã ¹ È¥²MÃ ¼½¯ È ¹ »0± ¬ È ¹ µ Ë ÇÒD¼ µ ¯ ² ¿ ²°Ã0´ �Bº�¹�¹�¯ ² ¼½«0¾7�¸¶�¹�« É ¾ »0µ ª ² ¼½¹�« ÇdHÊ´�µM´ ¿ ²MÃ0´ ¯ ´ ¶�¹�«c¬0ª µ°Å ¶-¹�¼ ± 
 ¯ ­ ¹ ± ª µ ¼ ²�Å ¼½¯Ó¹ µ ¼ ´ « ²M´ ¬§¯°¹ ²°Ã ª ² ¼ ² ¯
Ä�¹ ±C² ªB¾ ´ ¬!¼ µM´ ¶ ²M±³Å ª�¬0¬0¯ ² ¹ ²°Ã0´^­cµ ¼½Àjª µMÅ Ä�¹ ±³² ª�¾ ´ 


"boosting"

120 V 30 V 150 V

Ø ´�×�² ¿ ²MÃ0´ �Bº » ¶@Ë�¼½«0¾7�K¶-¹�« É ¾ »cµ ª ² ¼½¹�« ÇÀH4´�µM´ ¿ ²MÃ0´ ¯ ´ ¶-¹�«�¬0ª µMÅ ¶-¹�¼ ± 
 ¯ ­ ¹ ± ª µ ¼ ²�Å ¼Ì¯�¹ µ ¼ ´ « ²M´ ¬�¯°¹ ²°Ã ª ² ¼ ² ¯
Ä�¹ ±C² ªB¾ ´ ¬!¼ µM´ ¶ ²M±³Å ¯ » º ²°µ ª�¶ ² ¯ ÂÑµ ¹�À ²°Ãc´^­0µ ¼½Àjª µMÅ Ä�¹ ±C² ªB¾ ´ 


"bucking"

120 V 30 V 90 V
y

Í Ã0´[­0µ ¼½À ´ ª�¬!ÄSªB« ² ª�¾ ´ ¹ Â ªB« ª »!² ¹ ²°µ ªB«�¯ Â ¹ µ À ´�µ ¼½¯ ²°Ã ª ²É²MÃ0´ ¯°ª�À ´ º�¹�¹
¯ ² ¼³«0¾K¹ µ º » ¶@Ë�¼½«0¾ ÂÑ» «�¶ ² ¼½¹�«2¼½¯
¹�º ² ªB¼½« ´ ¬ È ¼ ²°Ã ¹�« ±½Å ªÁ¯°¼³«0¾ ±³´ÉÈ ¼³«�¬!¼³«c¾c¿FÀjªBË�¼½«0¾)¼ ² ¶ Ãc´ ª ­�´�µ ªB«�¬ ± ¼³¾ Ã�²M´�µ�² ¹[À�ª�« »!Â ª�¶ ²°»0µM´Ó²MÃ ªB«Kª µM´ ¾ »0± ª µ�Ñ¼Ì¯°¹ ± ª ² ¼½«0¾\� ²Mµ ª�«c¯ Â ¹ µ À ´	µ#Ã ª�Ä�¼³«0¾aº�¹ ²°Ã¸­cµ ¼½Àjª µMÅ ªB«c¬Á¯ ´ ¶-¹�«c¬0ª µMÅjÈ ¼½«c¬!¼½«0¾�¯ Ç4 ¼½Ë ´'µM´ ¾ »c± ª µ�²Mµ ª�«c¯ Â ¹ µ À ´	µ ¯	¿Sª »!² ¹ ²°µ ªB«�¯ Â ¹ µ À ´�µDÈ ¼½«c¬!¼½«0¾�¯9¶	ªB«aº ´'² ª ­0­�´ ¬ ² ¹ ­0µ ¹SÄ
¼Ì¬ ´ ÄSª µ ¼½ª ² ¼½¹�«c¯D¼½« µ ª ² ¼³¹ Ç
å ¬c¬!¼ ² ¼³¹�«cª ±½±½Å ¿ ²°Ã0´	Å ¶�ª�«Ïº ´ Àjª�¬ ´ ¶-¹�« ² ¼³« » ¹ » ¯ ±³Å ÄSª µ ¼½ª�º ±³´ÉÈ ¼ ²MÃ ª)¯ ± ¼½¬!¼½«0¾Z¶-¹�« ² ª�¶ ²Ê² ¹ ² ª ­¸²°Ã0´aÈ ¼½«c¬!¼½«0¾[ª ²
ªB« Åb­ ¹�¼½« ² ª ± ¹�«0¾�¼ ² ¯ ±½´ «c¾ ²°Ã�Ç Í Ã0´^± ª ²/²M´�µ ¶�¹�« É ¾ »0µ ª ² ¼½¹�«[¼½¯ ­ ¹ ­0»0± ª µ·´ «c¹ » ¾ Ã)² ¹ Ã ª�Ä ´H´ ª µ « ´ ¬)¼ ² ¯ ´�±³Â ¼ ² ¯·¹ È «
«cª�À ´ 
 ²°Ã0´���ÔSì1"6Ô�Ö�Ç

load

The "Variac"
variable autotransformer

��Àjª ±½± ÄSª µ ¼½ª�¶�¯ Â ¹ µ º ´ «c¶ Ã
² ¹ ­[» ¯ ´ ª µ°´�­ ¹ ­0»0± ª µ'­ ¼ ´ ¶ ´ ¯'¹ ÂG´SÄ
» ¼ ­ À ´ « ²dÂ ¹ µd²MÃ0´H´�±½´ ¶ ²Mµ ¹�«0¼Ì¶�¯ ´-×!­�´�µ ¼³À ´ « ²M´�µ ¿



¬ ò<;�ò�� ÷#û�ö ô 	·ü�ýÊü�	.²Gû ô öDú�÷>= e Æ ?
º ´ ¼½«0¾bªBº ±½´H² ¹j¯ ²°´�­ZÃ ¹ » ¯ ´�Ã ¹ ± ¬ å Ù�Ä�¹ ±³² ª�¾ ´ ¬0¹ È «I�ë¹ µ ¯°¹�À ´-² ¼³À ´ ¯ »0­ ª�¯ Èd´	±³± � È ¼ ²°Ã ª È ¼½¬ ´ ¿ É « ´^µ ªB«c¾ ´ ¹ Â
¶-¹�« ²°µ ¹ ± º Å ª�¯/¼½À ­0±½´¤²�È ¼½¯ ² ¹ Â ªÉË�«0¹�º Ç

Ý.Þ)ß�à[á-ß�âäã
Ý Í µ ªB«c¯ Â ¹ µ À ´�µ ¯�¶�ªB«�º ´Ï´SÄ�» ¼ ­0­�´ ¬ È ¼ ²°Ã À�¹ µ°´Z²MÃ ªB«>ï » ¯ ² ª§¯°¼½«0¾ ±½´¸­0µ ¼³Àjª µMÅ ª�«c¬�¯°¼³«0¾ ±³´ ¯ ´ ¶�¹�«c¬cª µMÅ
È ¼³«c¬0¼³«0¾ ­ ª�¼ µ*Ç Í Ã ¼Ì¯Êª ±½± ¹ È ¯ Â ¹ µ À »0±³² ¼ ­0±½´ ¯ ²M´�­�Í�»0­ ªB«c¬�a�¹ µ ¯ ²°´	­�Í ¬0¹ È « µ ª ² ¼³¹
¯d¼½« ²°Ã0´ ¯MªBÀ ´ ¬ ´ Ä
¼Ì¶ ´�Ç

Ý Í µ ªB«c¯ Â ¹ µ À ´�µ#È ¼½«c¬!¼½«0¾�¯Ê¶	ªB«¸ª ± ¯°¹jº ´ � ² ª ­0­�´ ¬9
 � ²MÃ ª ² ¼½¯	¿c¼½« ²°´�µ ¯ ´ ¶ ²M´ ¬Zª ² Àjª�« Å[­ ¹�¼³« ² ¯ ² ¹)¯ ´ ¾�À ´ « ² ª
¯/¼½«0¾ ±½´¤È ¼³«�¬!¼³«c¾a¼½« ² ¹b¯ ´ ¶ ² ¼½¹�«c¯ Ç

Ý � ª µ ¼½ª�º ±³´4²°µ ªB«c¯ Â ¹ µ À ´�µ ¯%¶	ªB«)º ´ Àjª�¬ ´ º Åj­0µ ¹SÄ�¼Ì¬!¼½«0¾ÉªÉÀ�¹SÄ�ª�º ±½´ ª µ À ²°Ã ª ² ¯ È'´�´	­ ¯'ª�¶ µ ¹�¯M¯ ²MÃ0´¤±³´ «0¾ ²MÃ
¹ Â ª È ¼½«c¬!¼½«0¾c¿!ÀjªBË�¼½«0¾�¶-¹�« ² ª�¶ ²#È ¼ ²°Ã[²°Ã0´¤È ¼½«c¬!¼½«0¾jª ² ªB« Åj­ ¹�¼½« ² ª ± ¹�«0¾É¼ ² ¯ ±½´ «c¾ ²°Ã�Ç Í Ãc´HÈ ¼½«c¬!¼½«0¾�¿!¹ Â
¶-¹ »cµ ¯ ´ ¿ Ã ª�¯ ² ¹jº ´ ºcª µM´ �ë«0¹j¼½«c¯ »c± ª ² ¼½¹�«��d¼½« ²MÃ0´ ª µM´ ª È·Ã0´	µ°´H²°Ãc´ ª µ À ¯ È'´�´	­ ¯ Ç

Ý.å «[ª »!² ¹ ²°µ ªB«c¯ Â ¹ µ À ´�µ ¼½¯·ªa¯/¼½«0¾ ±³´ ¿ ² ª ­0­�´ ¬)¼³«�¬ » ¶ ² ¹ µ ¶-¹�¼ ±v» ¯ ´ ¬ ² ¹�¯ ²°´�­[»0­ ¹ µ ¯ ²M´�­ ¬!¹ È «)Ä�¹ ±³² ªB¾ ´Ê± ¼³Ë ´
ª ²Mµ ª�«c¯ Â ¹ µ À ´	µ ¿ ´�× ¶ ´�­!²·È ¼ ²°Ã ¹ »!²Ê­0µ ¹SÄ�¼½¬!¼½«0¾ ´�±½´ ¶ ²°µ ¼½¶	ª ± ¼Ì¯/¹ ± ª ² ¼½¹�« Ç

Ý.å ��ÔSì1"6Ô�Ö ¼½¯4ªÉÄSª µ ¼ÌªBº ±½´ ª »!² ¹ ²°µ ªB«�¯ Â ¹ µ À ´�µ*Ç
�'&)( � + ý -iÜ���Ù 2LÙ�� �tý Ü§-L¢3+�Þ
å ¯ Èd´ ¯Mª È ¼½«bª ÂÑ´�È �����°Ù'Ú>ª�«cª ±½Å ¯ ´ ¯ ´ ª µM± ¼ ´	µ ¼³« ²°Ã ¼½¯d¶ Ã ª ­!²M´�µ ¿ ²°Ãc´ ¹ »!²M­0»!² Ä�¹ ±³² ªB¾ ´ ¹ Â ª ²°µ ªB«c¯ Â ¹ µ À ´�µ ÄSª µ ¼ ´ ¯
¯°¹�À ´ÉÈ ¼ ²°Ã ÄSª µMÅ ¼³«0¾ ± ¹
ª�¬ µ°´ ¯/¼Ì¯ ² ªB«c¶ ´ ¯	¿ ´ Ä ´ « È ¼ ²°Ã ª[¶�¹�«c¯ ² ª�« ² Ä�¹ ±C² ªB¾ ´ ¼½« ­0»!²*Ç Í Ã0´ ¬ ´ ¾ µ°´	´ ¹ Â ÄSª µ ¼½ª�«c¶ ´ ¼½¯
ªSÐ ´ ¶ ²°´ ¬Ïº ÅZ²°Ã0´�­0µ ¼½À�ª µ°Å ª�«c¬R¯ ´ ¶�¹�«c¬0ª µ°ÅÁÈ ¼½«c¬!¼½«0¾Z¼³«c¬ » ¶ ² ªB«c¶ ´ ¯	¿�ªBÀ�¹�«0¾[¹ ²MÃ0´�µ�Â ª�¶ ² ¹ µ ¯	¿F«0¹ ²H²°Ã0´a±½´ ª�¯ ² ¹ Â
È·Ã ¼Ì¶ Ã ¼³«c¶ ±³» ¬ ´ ¯ È ¼½«c¬!¼½«0¾ µM´ ¯°¼½¯ ² ª�«c¶ ´ ª�«c¬ ²°Ã0´ ¬ ´ ¾ µM´�´ ¹ Â À »0²°» ª ± ¼³«�¬ » ¶ ² ªB«c¶ ´ �ÑÀjªB¾�« ´-² ¼½¶·¶�¹ »0­c± ¼½«0¾��Dº ´-²�È'´�´ «
²°Ãc´^­0µ ¼½Àjª µMÅ ªB«c¬Á¯ ´ ¶-¹�«c¬0ª µ°ÅjÈ ¼½«c¬!¼½«0¾�¯ Ç Ò0¹ µ#­ ¹ È'´�µ#²Mµ ª�«c¯ Â ¹ µ À ´	µ ª ­0­0± ¼½¶	ª ² ¼½¹�«�¯�¿ È·Ã0´	µ°´H²MÃ0´¤²°µ ªB«c¯ Â ¹ µ À ´�µ ¼½¯
¯ ´�´ «¸º ÅÁ²°Ãc´Ó± ¹�ª�¬~�ë¼½¬ ´ ª ±½±½Å �4ª�¯�ªb¶-¹�«c¯ ² ªB« ² ¯°¹ »0µ ¶ ´ ¹ Â Ä�¹ ±C² ªB¾ ´ ¿c¼ ² ¼Ì¯4¾�¹�¹�¬ ² ¹ Ã ª�Ä ´^²°Ã0´ ¯ ´ ¶-¹�«c¬0ª µMÅ Ä�¹ ±³² ª�¾ ´
ÄSª µMÅ ª�¯ ± ¼ ²/²°±½´ ª�¯ ­ ¹�¯M¯°¼³º ±½´HÂ ¹ µ·È ¼Ì¬ ´ ÄSª µ ¼½ª�«c¶ ´ ¯'¼³« ± ¹�ª�¬Á¶ »cµ°µM´ « ²	Ç

Í Ã0´ À ´ ª�¯ »0µ°´ ¹ ÂFÃ ¹ È2È'´�±½± ª ­ ¹ È'´�µ9²Mµ ª�«c¯ Â ¹ µ À ´	µ À�ª�¼³« ² ªB¼½«c¯%¶�¹�«c¯ ² ª�« ² ¯ ´ ¶�¹�«c¬cª µMÅ Ä�¹ ±C² ªB¾ ´ ¹SÄ ´�µ ª µ ªB«0¾ ´
¹ Âv± ¹�ª�¬a¶ »cµ°µM´ « ² ¯i¼Ì¯N¶	ª ±½±³´ ¬ ²MÃ0´#²°µ ªB«�¯ Â ¹ µ À ´�µ 
 ¯ îSÕSÔ ÑÕÔ�¸�èHì°èÕ¸@¯!Ô<Ô�Ñ$"ëÕ�ç�Ç � ² ¶�ªB«�º ´ ¶�ª ± ¶ »0± ª ²°´ ¬ ÂÑµ ¹�À ²°Ã0´#Â ¹ ±³± ¹ È ¼½«0¾
Â ¹ µ À »c± ª`


Regulation percentage =
Eno-load - Efull-load

Efull-load

(100%)
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Regulation percentage = (100%)
9.990 V - 9.348 V
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Regulation percentage = 6.4264 %
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1000 watts dissipation at the load resistor

125 V
I = 8 A
ï I = 4 A

ï

250 V
ð

62.5 
¦

Ω
Rload

!

OQ.�&g;8!5,>3 �-�*<¥,/.�&�,/;8!*)�+�<=�#;>$'&?;(Æ +Z6�3 )�"�3 )�C
+Z0�;>�5cT3�"�&B+Q,>.�&�c��#� ,>!*C�&g+X,>&?0 Í ��0 ÔPçJñ 7���;>;/&B)
,�+X,>&?0 Í "H�56�)�6_&
)�&B&B"1<=�#;`,>.�&F�*,>.�&?;>6�3�+/&K$K3A+/$'!*,>78.�&(":����!�"�,>�4�#0J&?;8!5,>&
0�;>�#0J&?;>��M��#)1,/.�3A+g+/MH+X,>&?$�NFOe!#\#&F!�7�����+/&
���T�#\:!*,
,/.�&�0�;/3�$F!*;>MF7�3�;>7?��3W, É C���;>&B+B¸�Å ¼#à c#���W,8+_!*,Z½K!#$'0�+?N�h�+_<V!*;Z!#+_,>.�&`02�56_&?;�+/��0�0���M-µ#\
)��56Z+?a µg3 ,BÆ +�0J�56�&B;/3�)�C
!	Å à N ë ¼�à Î£¶°é�ê�^_È5´�·Z����!�"�!5,'Å ¼�à c��#� ,>+BaJ)��*,�!Eë ¼ N à Îd����!�"f»gOQ.�&Kc#���W,8!*C#&K!*)�"17���;>;>&?)
, É C#��;>&B+�<=�#;�,/.�&
0�;>3 $F!#;/M'6�3�)�"H3�)�CF!*;>&�3�)�"H3A7?!5,>3 c�&��#<5Å à N ë ¼#à ÎR� �
!#"-3 $'0J&B"�!#)�7�&�aH)��*,_,/.�&�!�7�,/�2!*�fë ¼ N à Î��*<¨,/.�&`����!#"-3W,8+�&B�W<XN
´§)��*,/.�&?;`6���;>"�+?af)��#,��#)���M4.�!#+`����;�+X,>&?0 Í ��01,/;8!*)�+�<=�#;>$'&?;�,/;8!*)�+�<=�#;>$'&B":c#�#� ,>!#C#&K!*)�"�7���;>;>&?)
,BafL���,`3 ,g.�!�+
,/;8!*)2+X<=��;/$'&B" Ãª±Zò�¬8ñ@ÔPçJÅ8¬ !�+Q6�&B� �ÓN

OQ.�&�,>;>!#)�+�<=�#;>$'!*,/3��#)K;>!*,/3����*<b3�$'02&("�!*)�7?&Z3A+�,/.�&�+ Ä �2!*;>&��*<�,/.�&�c#�#� ,>!#C#&5È57���;/;>&?)
,¥,/;8!*)�+�<=�#;>$F!5,>3 ��)
;8!5,>3 �2a
,/.�&g+/!#$K&�!�+_,/.�&�6�3�)�"H3�)�CF3�)�"H��7�,>!*)27�&`;>!*,/3���¸



¼ ÅSÆ ¾ Ë������¥¿�À ã ���¥ÀZ��Á��HÂ_�QÀZç�¿�À��

Voltage transformation ratio =
N
ó

secondary

N
ó

primary

Current transformation ratio =
N
ó

primary

N
ó

secondary

N = 
ó

number of turns in winding

Where,

Impedance transformation ratio =
N
ó

primary

N
ó

secondary

2

Inductance ratio =
ï N

ó
secondary

N
ó

primary

2
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Speaker
Audio amplifier
	

Thevenin/Norton
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impedance

impedance ratio = 500 : 8
winding ratio = 7.906 : 1

Z = 500 Ω
Z = 8 Ω
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loadhigh-voltage
power source

fusefuse

V

precision
step-down

ratio
PT

grounded for
safety

Instrument application: the "Potential Transformer"

13.8 kV

0-120 VAC voltmeter range
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load

fusefuse

V

precision
step-down

ratio
PT

grounded for
safety

13.8 kV

0-120 VAC voltmeter range

Instrument application: the "Current Transformer"

A
grounded for

safety
0-5 A ammeter range

CT
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600 : 5 
�

ratio  (for measuring up to 600 A line current)

100 : 5 ratio   (for measuring up to 100 A line current)

1k : 5 ratio   (for measuring up to 1000 A line current)
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power conductor current�
CT

close switch BEFORE
disconnecting ammeter!

ground connection�
(for safety)

0-5 A meter movement range
�
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discharge terminal
�

"Tesla Coil"
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spark gap�

high voltage
low frequency

HIGH voltage!
HIGH frequency!
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1000 VA

120 V
= 8.333 A   (maximum primary winding current)

1000 VA

48 V
á = 20.833 A   (maximum secondary winding current)
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load load
#1
,

#2
,

+'4�G!=DMT384-H@9�pc2�L�4<=DC"9�L�4�[8vqC5=?u;G.>�4(z(oQM�=�[�M�`!=�3-j�°Im�357.4(>?2�9�H;[84-C5=?CF352�[-« C�Gc2�:#4-["HS=DC5C5=�GV9�35=?2�J@:i4�[84%C5`!p.CF389�J.-
35=D9�>sNS:i4'u6=?d�7a3xM-9�>?>c357!=DCx9 ¬ GV2�:i4�[xM�=?[8M�`!=�3 ¬ 2�[ ¬ Gc2�:#4-[iC5vSCg384�u ¬ =?J.CF354-9�He2�mO[84�d�9�[8H!=�J!d^=�3<9�CO g`.CF3%9^[84�d�`!>?9�[
M�=?[�M�`!=�3-j<Ax7!4^H!=?CF35=?J.MT38=�2�J_pV4�3g:#4-4�JE9 ¬ GV2�:i4�[%M�=�[�M�`.=�3 ¬ 9�J.H�9 ¬ [54-d�`!>D9�[%M�=�[�M�`.=�3 ¬ u69�v}CF4-4�u§9�[8p!=�35[�9�[8v�NSp!`S3
357.4]G![89�MT38=?M-9�>nM�2�J.M�4-[5JVCi9�[54]HS4�/.J!=�354->�vtJ!2�3*j

ù'J!4(C5`.M�7eM�2�J.M�4�[8J@=?C"357!4hCF=?ª�4'9�J.HeM�2�CF3"2�mn:<=?[8=�J!d^J!4-M�4-C8C59�[5v^352qH!4�>?=�L�4�["Gc2�:i4�[lm/[82�uB357.4'z(oyC52�`![�M�4x382
357.4�>�2a9�H�jx1%2�[5u@9�>�>?v�N!:i4�HS2eJ.2�3%d�=?L�4]uq`.M�7�357.2�`!d�7�3<382@357.=?C%3gvaGc4�2�m�M�2�J.M�4�[8J}=�ml:#4�« [84]u64�[84�>?vt9�J.9�>?v�ª�=?J!d
9EM�=�[�M�`!=�3^m/2�[^387!4tC89�w�4e2�m<>?4-9�[5J!=?J!d\9�pV2�`S3^387!4b>D9�:%C�2�m%4�>?4-M�35[8=?M�=�3gv�j\,%2�:i4�L�4�[*NO=?J�357.4b[84-9�>#:#2�[5>DHK=�3;M�9�J
pc4q9eu@9� g2�['M�2�J.M�4�[8Jnj<°Im":i4�d�=?L�4�357!46CF2�`![�M�4]=?J_357!469�pc2�L�4�M�=�[�M�`.=�3�9eL�2�>�3�9�d�4]L�9�>�`.4q9�JVH_9�>DCF2ed�=�L�4�Gc2�:#4-[
HS=DC5C5=?G.9�38=�2�J�L�9�>?`!4*Ch352�357.463g:#2�>?2�9�H�[84-C5=?CF352�[8C-N�:#4@M-9�J�HS4�384�[8u6=�J!46387!4@:<=?[5=?J!d�J!4�4*H!Chm/2�[�387!=DC]G.9�[535=DM�`.>?9�[
M�=?[�M�`!=�3-­

load load
#1
,

#2
,

P = 10 kW
0

P = 10 kW
0

120 V

¸�¸ æ
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I =
P
0
E

I = 
; 10 kW

120 V

(for each load resistor)

I
;

total = Iload#1 + Iload#2

Itotal = 166.67 A

83.33 AI = 
;

Itotal = (83.33 A) + (83.33 A)

Ptotal = (10 kW) + (10 kW)

P
0

total = 20 kW

à2<.j <=<q9�u6G.Cim/2�[%4*9�M�7}>�2a9�H}[84-C5=?CF352�[x9�H!H!C<`.Gt382&> 1=1 j 121 9�u6G.Ci352�389�>{M�=?[8M�`!=�3(M�`![8[54-Ja3-j"Ax7!=DC<=DC<J!2@C5u69�>�>
9�u62�`!Ja3�2�miM�`![5[84�Ja3*N{9�J.Hr:i2�`!>DH�J!4-M�4-C8CF=�389�354@M�2�G!GV4-[]:<=�[84@M�2�J.HS`.M�352�[�Ch2�mx9�3�>?4-9�CF3?>A@CBbda9�d�4�j ¾ `.M�7K:<=�[84
=DC(:i4�>?>�2�L�4�[D>A@ ú =�JVM�7E=�JrHS=D9�u64�384�[*Nc:i4�=?d�7.=�J!db2�L�4�[:<2B=B@GV2�`!J.H!ChGc4�['357!2�`.C89�J.H�m/4-4�3*j�Þ#4*9�['=�J�u;=?J.HE357.9�3
M�2�G!Gc4�[h=?ChJ!2�3�M�7!4*9�GE4-=�387!4�[FE�°I3h:i2�`.>?H\pV4;=�J�2�`![hpc4-CF3h=?Ja354�[84-CF3h352G/VJ.H\:x9�vSC<382tu6=?J!=�u6=?ª�46CF`VM�7\M�2aCg3�C'=�m
:i4h:i4�[84]HS4-C5=?d�J!=?J!d@9;GV2�:i4�[<C5v�CF354-u¯:<=�357�>?2�J!d@M�2�J.HS`.M�352�[i>?4�J.d�357VC�j

ù'J!4e:x9�v�352\HS2\357!=DCq:#2�`!>?H�pV4b352\=?J.M�[54*9�C546357!4tL�2�>�389�d�4e2�mx357!4}GV2�:i4�[qCF2�`![8M�4b9�JVH�`.C54e>�2a9�H!C^p!`!=?>�3
352EH!=?C8CF=?G.9�354&>HB}w�� 4-9�M�7�9�3]357!=DC]7!=?d�7!4-[]L�2�>�3�9�d�4�jeAx7!4@>?2�9�H.C�NO2�m<M�2�`.[8C54�Nn:i2�`.>?Hr7.9�L�4q382_7.9�L�46d�[54*9�354-[
[84-C5=?CF389�J.M�4#L�9�>�`.4-CO352�HS=DC5C5=�GV9�354"357!4<C89�u64"Gc2�:i4�[�9�C�pV4�m/2�[84'ÁI>HB'wa� 4-9�M�7cÂ{9�3�9(d�[84-9�384�[�L�2�>�3�9�d�4f357.9�J^pc4�m/2�[84�j
Ax7!4@9�H!L�9�Ja389�d�4q:i2�`.>?H\pV4@>?4-C8C�M�`![8[54-Ja3h[84HJa`!=?[54*H�NnGc4�[8u6=�3535=?J!d}357!4@`.C54;2�miC5u@9�>?>�4-[-N{>�=?d�7a354-[-Nn9�J.HrM�7!4-9�GV4-[
:<=?[54�­

load load
#1
,

#2
,240 V

K

P = 10 kW
0

P = 10 kW
0
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I =
; P

E
V

I = 
10 kW

(for each load resistor)

Itotal = Iload#1 + Iload#2

I = 

P
0

total = (10 kW) + (10 kW)

Ptotal = 20 kW

240 V

41.67 A

I
;

total = (41.67 A) + (41.67 A)

Itotal = 83.33 A
1%2�:~2�`![XW X WZY ³ M�=?[8M�`!=�3%M�`![5[84�Ja3i=?C<à=<!j <2<^9�u6G.C�NS7V9�>�m{2�m�:<7.9�3<=�3x:x9�Cipc4�m/2�[54�j��r4]M�9�JtJ!2�:~`.CF4hJ�`!u^pc4�[

ú d�9�d�4b:<=?[54�N":<7!=DM�7y:#4-=�d�7.C^>?4-C8Cq357.9�JQ7V9�>�m'2�mh:<7.9�3 >A@CB\da9�d�4b:<=?[54�HS2�4-C;Gc4�[@`!J!=�3@>�4-J!d�387njQAx7.=?C6=DC69
M�2�J.C5=?HS4-[89�p!>?4E[54*HS`.M�35=?2�J�=?JöC5v�CF354-u�M�2�CF3b:<=�357öJ!2QHS4-d�[�9�H!9�35=?2�J�=?J�GV4-[Fm/2�[5u@9�J.M�4�jÓAx7!=DCb=DCt:<7avyGc2�:#4-[
HS=DCg38[5=?p!`S38=�2�JbM�2�u6G.9�J!=?4-C"4�>?4-M�3"352�35[�9�J.C5u6=�3i4�>?4-MT38[5=DM<Gc2�:#4-["`.C5=?J!d�L�4-[5v;7!=?d�7eL�2�>�389�d�4-C<ÁZu@9�J�v;357!2�`.C59�J.H!C"2�m
L�2�>�3�C8Â�­�352eM�9�G!=�389�>?=?ª�4�2�Jt357!4�C89�L�=�J.d�Ci[54*9�>?=�ª-4-Htp�v@357!4]`VCF4�2�mlC5u69�>�>?4�[*NS>?=�d�7�384�[*N!M�7!4-9�GV4-[x:<=�[84�j
[%2�:i4�L�4�[*Ni357!=DC�CF2�>�`S38=�2�J�=?CtJ!2�3}:<=�357!2�`S3}H!=?C89�HSL�9�J�3�9�d�4-C-j¢z%J!2�357!4-[tG.[89�MT35=DM�9�>'M�2�J.M�4�[8J�:<=�387�Gc2�:#4-[

M�=?[�M�`!=�38Cq=?C^357.4}H!9�J!d�4-[^2�m(4�>?4-M�35[8=?MtCF7!2SM�w�m/[52�uÊ7!=�d�7�L�2�>�3�9�d�4-C-j�z%da9�=?JnN�357.=?Cq=?C;J!2�3q`.C5`.9�>�>?vr357!4�CF2�[F3q2�m
357.=�J!d;:i4'M�2�J.M�4-Ja35[�9�354(2�Je:<7!=?>?4'>?4-9�[5J!=?J!d;9�pc2�`S3#357!4h>?9�:%C#2�mn4->�4*MT38[5=DM�=�3gv�N�p!`S3x=�3i=DC#9^L�4-[5v6L�9�>?=?HbM�2�JVM�4�[8Je=?J
357.4�[54*9�>�:i2�[8>?HnNS4-C5GV4*M�=D9�>?>�vt:<7!4�J�>D9�[8d�4]9�u62�`.J�3�Cx2�m�GV2�:i4�[%9�[54�pc4�=?J!deHS4*9�>�3%:<=�387nj#Ax7!4]da9�=?J�=�J�4]\eM�=�4-J.M�v
[84-9�>?=?ª�4-Hqp�v^CF354�G.G!=�J.dh`.Gq387!4%M�=?[�M�`!=�3fL�2�>�3�9�d�4iG![84-C54�Ja38C�`.Cf:<=�387;=?J.M�[54*9�C54-H^H.9�J!d�4�[�2�m�4�>?4-M�35[8=?MxC57!2SM�wcj�ê�2�:i4�[
HS=DCg38[5=?p!`S38=�2�JbM�2�u6G.9�J!=?4-Cl389�M�w�>?4<357.=?C#G![82�p!>?4�uBp�v;CF35[8=�J.d�=?J!d�357!4-=�[iGc2�:#4-[f>�=?J!4*C"9�>?2�J.d�7!=?d�7@Gc2�>?4-Cf2�[f382�:#4-[8C-N
9�JVHb=?J.C5`!>?9�35=?J!d6357.4]>�=?J!4-Cim/[82�u¯357!4�C5`!G!Gc2�[535=?J!d@CF35[8`.MT38`![54*Ci:<=�387_>?9�[5d�4�N�GV2�[8M�4�>D9�=?Jb=?J.C5`!>?9�352�[8C-j
zi3l357.4<GV2�=�Ja3f2�m�`.C54]Á�357.4%4�>?4-M�35[8=?MiGc2�:#4-[fM�`.CF352�u;4-[�Â�N�357.4�[84<=?CfCF35=?>?>S357!4<=DC8CF`!4x2�mc:<7.9�3fL�2�>�3�9�d�4#352]`VCF4xm/2�[

Gc2�:#4-[5=?J!d�>�2a9�H!C-j^[%=?d�7@L�2�>�3�9�d�4id�=�L�4-C�d�[54*9�354-[fCFvSCF354-uÓ4�\@M�=�4-J.M�vqp�vqu64-9�J.Cl2�m�[84-H!`.M�4*H;M�2�J.H!`.MT382�["M�`![5[84�Ja3*N
p!`S3x=�3#u6=�d�7a3#J!2�3i9�>?:x9�v�CfpV4'G![89�MT38=?M-9�>!382^w�4�4�GbGV2�:i4�[f:<=?[8=�J!dq2�`S3i2�mn[84-9�M�769�3"387!4'Gc2�=?Ja3#2�mn`.CF4(357!4':i9�v;=�3
M�9�Jtpc4]4�>?4�L�9�354-Ht2�`!3%2�mO[84-9�M�7t=?J�HS=?CF35[8=?p!`S35=?2�J_C5vSCg384�u@C�jlAx7!=DCx38[89�HS4�2��EpV4�3g:#4-4�J}4]\eM�=?4�J.M�vt9�J.HtH.9�J!d�4�[x=?C
2�J.4%357V9�3`_f`![82�Gc4-9�J@GV2�:i4�[iCFvSCF354�u©H!4-C5=�d�J!4�[�Cf7.9�L�4(HS4*M�=DHS4-He352^[8=DCFw�N�9�>?>V387!4�=?[i7!2�`.C54�7.2�>DH!C#9�J.He9�G!G!>?=?9�J.M�4*C
2�Gc4�[�9�38=�J.dE9�3q9�J!2�u6=�J.9�>"L�2�>�389�d�462�m ¸�ú BtL�2�>�38C]=?J.CF354*9�HK2�mS> ¸ B�L�2�>�3�C�9�C�=�3^=DC�=?J�1%2�[F387�z%u64�[8=DM�9!j�Ax7.9�3
=DCq:<7�v�382�`![8=DCg3�C^m/[82�uûz(u64�[8=?M-9\L�=DCF=�35=?J!da_f`![82�Gc4tuq`.CF3@M-9�[8[5vKC5u69�>�>%CF354-Gb-�HS2�:<J�35[�9�JVCgm/2�[5u64�[�C^m/2�[;357!4-=�[
Gc2�[5389�p.>�4]9�G.G!>�=D9�JVM�4-C-N�352@CF354-Gt387!4 ¸�ú B^ß�z(o¢Á/L�2�>�3�C<z(oxÂiGV2�:i4�[<HS2�:<Jt352e9;u62�[84]CF`.=�3�9�p!>?4c> ¸ Bqß�z(o'j
°gCl387!4�[84'9�J�vq:x9�v�382^[84-9�>?=?ª�4<387!4'9�HSL�9�Ja389�d�4-Cf2�mnpc2�357b=�J.M�[54*9�C54-H;4]\eM�=�4-J.M�v@9�JVH@[54*HS`.M�4-H@C89�m/4�3gv;7.9�ª-9�[�H

9�3�387!4<C59�u;4#35=?u64Fd_ù'J!4xCF2�>�`!35=?2�J;:#2�`!>?H^pV4i382'=?J.CF389�>?>!CF354�G.-IHS2�:<J^35[�9�J.CFm/2�[8u64�[�C{9�3�387!4x4�J.Hb-sGc2�=?Ja3�2�m.Gc2�:#4-[
`.C54�N� g`.CF3�9�C<357.4qz%u64-[5=DM�9�J�352�`.[5=DCg3hu^`.CF3hH!2e:<7!=?>�4q=�Je_"`![82�Gc4�j�[(2�:#4-L�4�[*NS387!=?C':i2�`!>DH_pc4^4��SGc4�J.C5=?L�4^9�J.H
=?J.M�2�JaL�4�J!=?4�Ja3�m/2�[#9�J�va357!=?J!d�p!`S3"L�4�[8v^C5u69�>�>S>?2�9�H!C<Á/:<7.4�[84x357!4<38[89�J.CFm/2�[8u;4-[8C�M-9�J;pV4%p.`!=�>�3#M�7!4*9�G!>?v!ÂO2�[lL�4-[5v
>D9�[8d�4h>�2a9�H!C]ÁZ:<7!4�[84h357!4]4���Gc4�JVCF4]2�m{357.=?M�w}M�2�G.GV4-[<:<=�[84-Cx:i2�`!>DHt4��!M�4-4-Hb357!4]4���Gc4�JVCF4�2�ml9q35[�9�J.CFm/2�[8u64�[TÂTj
z%Jr9�>�354-[5J.9�35=?L�4^C52�>?`S38=�2�JE:#2�`!>DH_pV4q352}`.C54q9b7!=�d�7!4�[hL�2�>�3�9�d�4^CF`.G!G!>?v�352}G![52�L�=DHS4�Gc2�:#4-[%382b3g:i2b>?2�:#4-[

L�2�>�3�9�d�4e>�2a9�H!Cq=?JQC54�[8=�4*C�jKAx7!=DC;9�G!G![82�9�M�7�M�2�uqp!=?J!4-C^357!4}4]\eM�=�4-J.M�vK2�mh9E7!=?d�7b-IL�2�>�3�9�d�4bCFvSCF354-u£:<=�357Q357.4
C89�m/4�3gvb2�ml9q>?2�:f-IL�2�>�389�d�4hCFvSCF354�u�­
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load

load

#1
,

#2
,

+

-
240 V
K

83.33 A

83.33 A

240 V
K10 kW

10 kW

120 V

120 V

+

-

+

-

+

-

1%2�35=DM�4t357!4_Gc2�>D9�[8=�3gvru@9�[5w�=?J!d�C�Áhg 9�J.Hi-�Â^m/2�[;4*9�M�7QL�2�>�389�d�4}CF7!2�:<J{N#9�C;:i4�>?><9�Cq357!4_`.J!=?H!=�[84-M�35=?2�J.9�>
9�[8[82�:%C(m/2�[�M�`![8[84�Ja3-jkj.2�[�387!4@u62�CF3�G.9�[53-NO°T« L�4e9�L�2�=DHS4*HE>D9�pc4�>?=�J!d ¬ GV2�>?9�[5=�35=?4-C ¬ =�JK387!4ez(o·M�=�[�M�`.=�3�C]:#4�« L�4
pc4�4�J�9�JV9�>?vaª-=�J.d.Na4�L�4-J@357.2�`!d�7e357.4hJ.2�389�35=?2�Jt=?CiL�9�>?=?He352;G![82�La=DHS4h9�m/[�9�u64(2�mO[84�m/4-[54-J.M�4(m/2�[iG!7.9�C54�j�°�J}>?9�354-[
C54-MT38=�2�J.Cq2�m(387!=DC;M�7V9�GS384�[*NlG!7.9�C54}[54->?9�35=?2�J.C57!=?G.C^:<=?>?>ipc4-M�2�u64}L�4�[8vK=�u6Gc2�[5389�J�3*N"C52�°T« u�=�Ja38[52SHS`.M�=�J.d\387!=?C
J!2�389�38=�2�Jt4*9�[8>�vb2�J}=�J}357.4�M�7.9�GS384�[im/2�[(v�2�`.[#mZ9�u6=�>?=?9�[5=�3gv�j
Ax7!4iM�`![8[54-Ja3{357.[52�`!d�7�4*9�M�7�>?2�9�H]=DCn387!4iC89�u64i9�CO=�3�:i9�C{=?J�387!4xCF=?u6G!>�4:> ¸ B<L�2�>�3�M�=?[8M�`!=�3-N�p!`S3�357.4iM�`![5[84�Ja3�C

9�[84(J.2�3%9�H!H!=�38=�L�4'pc4-M-9�`.C54(387!4h>�2a9�H!Cx9�[84(=?JtC54�[8=?4-Ci[89�357!4-["387.9�JtG.9�[�9�>?>?4�>sj�Ax7.4'L�2�>�389�d�4'9�M�[82�C8Cf4-9�M�7b>?2�9�H@=?C
2�J.>�v&> ¸ B�L�2�>�38C-N�J!2�3 ¸�ú B!N�CF2q357.4�C89�m/4�3gv6mZ9�M�352�[i=DCxpV4�3F354-[-jmlE=�J.Htv�2�`nN�:#4�CF35=?>�>�7.9�L�4'9^m/`!>?> ¸�ú B^L�2�>�3�Ci9�M�[82�C8C
357.4qGc2�:#4-['C5vSCg384�u :<=?[54*C�Ncp!`S3 U Y�²on ³�X Y ë =?C'2�Gc4�[�9�38=�J.dt9�3�9b[84-H!`.M�4*H_L�2�>�3�9�d�4�j(°Im#9�J�v�2�J.4�=?C'd�2�=�J.de352td�4�3
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load

load

#1
,

#2
,

+

-

+

-

"hot"

"hot"

"neutral"

120 V
∠ 0o

120 V
∠ 0o

83.33 A

83.33 A

+

-

+

-

240 V
K +

-

120 V
∠ 0o

120 V
∠ 0o

0 A
�
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E
V

total = (120 V ∠ 0o) + (120 V ∠ 0o) 

E
V

total = 240 V ∠ 0o

I =
; P

0
E
V

I =
; 10 kW

120 V

I = 83.33 A   
;

(for each load resistor)

P
0

total = (10 kW) + (10 kW)

P
0

total = 20 kW
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Step-down transformer with
center-tapped secondary winding

2.4 kV

120 V

120 V

240 V
+x
-

+

-
+

-

+x
-
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+

-

+

-

+

-

"hot"

"hot"

120 V
∠ 0o

120 V
∠ 180o

240 V
∠ 0o

AO2Eu@9�357.4�u@9�38=?M-9�>?>�v�M�9�>?M�`!>D9�354bL�2�>�389�d�4epc4�3g:i4�4-J ¬ 7.2�3 ¬ :<=�[84-C-N�:#4tu^`.CF3bW z ¤�W R Y�²]W#L�2�>�3�9�d�4*C�N�pc4-M�9�`.C54
357.4�=?[%GV2�>?9�[5=�3gv@u@9�[8wSC<CF7!2�:�357!4-u©352@pc4]2�G.GV2aCF4*He382;4*9�M�7}2�387!4�[*­

120 + j0 V

240 + j0 V
K

120 ∠ 0o

120 ∠ 180o

240 
K

∠ 0o

Polar Rectangular

- - (-120 + j0) V

°Im{:i4�u69�[5w;387!4h3g:#26CF2�`![�M�4-C-«�M�2�u6u62�J}M�2�J!J!4-M�35=?2�JtGV2�=�Ja3�Á�387!4�J!4�`S38[89�>�:<=�[84*Â":<=�387b387!4]C59�u64'Gc2�>D9�[8=�3gv
u@9�[8wqÁy-�Â�N�:#4fuq`.CF3{4��SG![84-C8C�387!4�=?[{[84�>D9�38=�L�4lG!7.9�C54"C57!=�m�38C�9�Cnpc4�=?J!d�>*à2BU}�9�G.9�[F3*j�ù(357!4-[5:<=DC54�N*:#4�« H]pc4"HS4-J!2�38=�J.d
3g:i2;L�2�>�389�d�4]CF2�`![�M�4-Ci=?J_HS=�[84-M�3%2�G!Gc2�C5=�35=?2�J�:<=�387�4-9�M�7}2�387!4�[*N!:<7!=DM�7�:#2�`!>DHtd�=�L�4SBqL�2�>�38Cxpc4�3g:i4�4-Jt387!4]3g:i2
¬ 7.2�3 ¬ M�2�JVHS`.MT382�[�C�j<��7�v�9�u§°i389�wa=?J!d@387!4�38=�u64q352e4->?9�pV2�[89�354]2�JEGV2�>?9�[5=�3gvbu@9�[5wSC(9�J.H�G!7.9�CF4;9�J!d�>�4*C�d�°I3
:<=?>�>nu@9�w�4�u62�[84hC54�J.C54�=�J}387!4]J!4���3(C54-M�35=?2�J�E
ê�2�:i4�[eC5v�CF354-u@Cb=?Jöz(u;4-[5=DM�9�J�7!2�`VCF4-7!2�>DH!C}9�J.H�>?=?d�7a3t=?J.HS`.CF35[8v�9�[84Eu62�CF3t2�m�354�Jö2�m]387!4rC5G!>?=�3v-sG.7.9�C54

L�9�[8=�4�3gv�N!G.[52�L�=DHS=�J.deCF22-IM-9�>?>�4*He> ¸ BU@ ¸�ú B�ß�z(o�Gc2�:i4�[*j#Ax7!4]384�[8u ¬ CFG!>?=�3I-IG!7.9�C54 ¬ u64�[84�>?v}[54�m/4�[�Ci352@387!4^C5G!>�=�3I-
L�2�>�3�9�d�4;C5`!G!G!>?vE=?JrC5`.M�7K9�CFvSCF354�u�j6°�JK9tu62�[546d�4-J!4�[�9�>�C54�J.C54�N�387!=DC]w�=�J.H�2�m<z(oãGc2�:i4�[]CF`.G!G!>?vE=?C]M-9�>?>�4*H
WT¿ uU��³�U q.n.Y�W U pc4-M�9�`.C54]pV2�357�L�2�>�3�9�d�4h:x9�L�4�m/2�[5u@Ci9�[84�=�J}G!7.9�CF4�N!2�[x=?J�CF354-GnN!:<=�357�4-9�M�7t2�357!4-[-j
Ax7!4^354�[8u ¬ C5=�J.d�>?4�G!7.9�CF4 ¬ =DC'9tM�2�`.J�384�[8GV2�=�Ja3%382}9�J!2�387!4�['w�=�J.HE2�m"Gc2�:#4-['C5vSCg384�u M�9�>�>?4-H ¬ GV2�>�v�G!7V9�C54 ¬

:<7!=DM�7\:i4;9�[54;9�pc2�`S3h352}=?JaL�4-CF35=?d�9�354^=?J�H!4�389�=�>sj�z%Gc2�>?2�d�=�4*C'm/2�['357!46>?2�J!dt=�Ja35[82SHS`.M�35=?2�J\>?4-9�HS=?J!db`!G�352t357.4
35=�35>?4]-s352�G!=DM'2�mn357.=?C<M�7.9�GS354-[-j�Ax7!4]9�H!L�9�Ja389�d�4-C#2�m{Gc2�>?v�G!7.9�CF4hGV2�:i4�[xC5v�CF354-u@Ci9�[54hu62�[84(2�paL�=?2�`.C#=�mO2�J.4�/.[�CF3
7.9�C<9qd�2�2�Ht`!J.H!4�[�Cg3�9�J.HS=?J!d62�mlC5=�J!d�>�4�G!7V9�C54�C5vSCg384�u@C-j

Ã�ÄbÅ'ÆtÇ�Å'ÈÊÉ
Ã�� ¿ uU��³�U qsn.Y�W U GV2�:i4�[nC5vSCg384�u@C{9�[54lHS4�/.J!4*H�pavh7.9�L�=?J!d<9�J�z(o�CF2�`![�M�4�:<=�387]2�J!>?vh2�J!4lL�2�>�389�d�4�:i9�L�4�m/2�[8u�j
Ã z¯Whq ³ ¿rW ¥ qsn.Y�W U GV2�:i4�[]C5vSCg384�u =DC�2�J!46:<=�357ru^`!>�35=?G!>?4EÁ/=?Jb-sG.7.9�C54*Âhz(oãL�2�>�389�d�4qC52�`.[8M�4-C�M�2�J!J!4-M�354*H\=?J
CF4-[5=?4-C-N�HS4�>?=�L�4�[8=�J.dbGc2�:#4-['382t>?2�9�H!C�9�3�u62�[84^387.9�J�2�J!4;L�2�>�3�9�d�4�N�:<=�387�u62�[84q357.9�J\3g:i2b:<=?[54*C�jqAx7!4�v
9�[84'`.C54-H}G![8=?u69�[5=?>?v@352@9�M�7.=�4-L�4�p.9�>D9�JVM�4�pV4�3g:#4-4�J�CFvSCF354-u¯4]\eM�=�4-J.M�v\ÁZ>�2�:ãM�2�J.HS`.M�352�[xM�`![8[54-J�3�C8Âi9�J.H
C59�m/4�3gv\ÁZ>�2�:ö>�2a9�HtL�2�>�389�d�4*C8Â�j
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load

load

#1
,

#2
,

+

-

+

-

"hot"

"hot"

"neutral"
+

-

120 V
∠ 0o

120 V
∠ 120o

83.33 A

83.33 A

+

-

+

-

120 V
∠ 0o

120 V
∠ 120o

∠ -30o

∠ 0o

∠ 120o

207.85 V
K

¾ =?J.M�4<4*9�M�7;L�2�>�3�9�d�4xC52�`![�M�4x=DC`> ¸ B(L�2�>�38C-N�9�JVH^4*9�M�76>�2a9�Hq[54*CF=DCF352�[�=DCfM�2�J!J!4*MT354*H6HS=�[84-M�35>?v^=?J6G.9�[�9�>?>�4->S:<=�387
=�38C<[84-C5GV4*MT38=�L�4�C52�`.[8M�4�N�357.4]L�2�>�389�d�4�9�M�[52aC5Ci4-9�M�7b>?2�9�H Ypz W�W�pV4?> ¸ B;L�2�>�3�C<9�Cx:i4�>?>�jQ�h=?L�4-Jt>?2�9�HtM�`![5[84�Ja3�Cx2�m
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Etotal = (120 V ∠ 0o) - (120 V ∠ 120o)

Etotal = 207.85 V ∠ -30o
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load

load

#1
,

#2
,

"hot"

"hot"

"neutral"
Node

83.33 A ∠ 0o

83.33 A ∠ 120o

+x

-

+

-

120 V ∠ 0o

120 V ∠ 120o

I
;

neutral

Ineutral = Iload#1 + Iload#2

-Iload#1 - Iload#2 - Ineutral = 0

-

I
;

neutral = -Iload#1 - Iload#2

I
;

neutral = - (83.33 A ∠ 0o) - (83.33 A ∠ 1200)

Ineutral = 83.33 A ∠ 240o   or   83.33 A ∠ -120o

¾ 2VNS:#4:/.J.Ht387.9�3<387!4 ¬ J!4-`S35[�9�> ¬ :<=�[84�=?C%M-9�[8[5v�=?J!dq9;m/`.>�>{à=<!j <2<;9�u6G.C-N� g`.CF3%>�=?w�4�4-9�M�7 ¬ 7!2�3 ¬ :<=�[84�j
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load

load

#1

#2

+

-

+

-

+�

-

load #3- +

83.33 A ∠ 0o

83.33 A ∠ 240o

83.33 A ∠ 120o

120 V

120 V

120 V

∠ 0o

∠ 120o

∠ 240o

208 V
∠ -30o

120 V

120 V

120 V

10 kW

10 kW

10 kW

z�m/`.>�>�u@9�387!4�u@9�38=?M-9�>c9�J.9�>�vSC5=?C"2�m{9�>?>V357!4'L�2�>�389�d�4*Cf9�J.HbM�`![8[54-Ja38Cf=?J@387!=?CxM�=�[�M�`!=�3#:i2�`.>?H6J!4*M�4*C5C5=�3�9�384%357.4
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+

-

+

-

- +

1

2

3
0

3

1

2

4

120 V

120 V

120 V

∠ 0o

∠ 240o

∠ 120o

R1

R3

R2

1.44 Ω

1.44 Ω

1.44 Ω
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³Q°I�U��� ÃbÒ �$� ��°I����� Ã�Ò ��� �8°I���U� ÃbÒ ��� �8°~����� ÃbÒ ���
½s¾=¿=À�ÁbÂUÃ±ÓbÃUÀUÔbÃ�Ã�Õ�ÖHÈs¾2À�Ö×Ä.¾CÕ�É=ØsÄUÀ.¾2Å.ÆÊ ¢. =Ë ¥ºµ �·¶��»¸ ¥mµ �º¶ ­ ¸ ¥mµ�­ ¶F�=¸³Q°I�U��� ÃbÒ �$� �m°I��Ù�� Ã�Ò ��� �Q°I��ÙU� ÃbÒ ��� �Q°~��Ù�� ÃbÒ ���
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¾�Ú.Û�Ü:Ü�Ý.Þ=Ú.ß2à�ábâ"ÜXß2Ü�ã >AäCBMå Þ=æwãoç"è=é]Û�Þ=ç�çQÜFè2éoàêæëÞUè2ìêÛvÜFçIí�ç~ã�Þ2ÛFá=â`íëãvà×îïèCð.ð.Û�ÞAñbíëò?èCãvÜ�æôó.õ ä2B�àMå Þ=æwãoçOö$Ü]ã~â"Ü�ÜHÝèCÝ�óDã~âOÞ�÷2à.ÞCão÷Sé]Þ2Ý»ìbÚsé�ã�Þ2ÛoçmèCÝ»ìpé�Þ2Ýsì.Úsé�ã�Þ2ÛQé�Ú.ÛvÛ�Ü�ÝUãoçºÜ J Úsè2æ.ãvÞ à=<!j <2< èCòcðsç jºø ãmãvà»è6ãOé�Ú.ÛvÛ�Ü�ÝUãQè2Ýsì å Þ=æwãoèCß2Ü=áÜHè=éoà?æëÞUè2ìcâ`íôæëæ$ö$Ü:ìbí�ç�çIíôðsè6ã�íëÝsß >HBSù�ú Þ2û�ð»Þ6â"Ü�Û j�ü ÞCã�íôé�Üýãvà»è6ãQã�à.í�çOé�íëÛoé]Ú.íëãOà»è2çmÝsÞM÷CÝsÜ�Úbã�Û�è2æô÷Sé�Þ2ÝsìbÚ»é�ãvÞ=Ûmã�ÞÜ�Ý»çIÚ.Û�Ü�çIã�è2ö.æëÜ å Þ2æëã�è2ß2Üfã�ÞDèCæôæsæôÞ=è=ì.çºíëû�Þ2Ý.Ü�çvà.Þ=Ú.æôìcÞ=ð»ÜHÝ j^ú àsè6ã"âOÜ�àsè å Ü`à.ÜHÛvÜ�íôçOè�çIíëãvÚ»è6ãvíôÞ2ÝGçvíôòpíôæ�èCÛmã�Þ�Þ2ÚsÛçvð.æëíëã - ð.àsè=çIÜMð»Þ6â"Ü�Û:é]íôÛ�é�Ú.íëã�â`íëãvàeÝsÞê÷CÝsÜ�Úbã�Û�è2æô÷Gé�Þ2Ýsì.Úsé�ã�Þ2ÛFþ"íëûQÞ=Ý.ÜDæôÞ=è=ì&çIà.Þ=Ú.æ�ì&àsèCðsð»ÜHÝ�ãvÞkûÿèCíôæ^Þ2ð$Ü�Ý�á$ãvàsÜå Þ=æwãoèCß=Ü:ìbÛ�Þ2ð»ç"è=é]Û�Þ=ç�çOãvà.ÜSÛ�Ü�ò?èCíôÝ.íôÝ.ßpæëÞUè2ì�îïç�õ"â`íôæëæ�éoà»èCÝ.ß=Ü j�� ÞcÜHÝsçIÚsÛvÜXæôÞ=è2ì å Þ=æwãoèCß=Ü:çIã�è2ö.íëæôíëã~óGíëÝ|ã�à.ÜSÜ å Ü�ÝÞCû�èCÝ.Þ2ãvà.ÜHÛQæôÞ=è2ìGÞ2ð$Ü�Ý.íôÝ.ßsá�â"Ü�Ý.ÜHÜHìêè�Ý.ÜHÚbãvÛoèCæ$â`íëÛ�Üýã�Þpé�Þ2Ý.ÝsÜHé�ãOãvà.ÜXçvÞ2Ú.Ûoé]ÜýÝsÞ�ì.Ü:è2Ýsì?æôÞ=è2ìGÝ.ÞbìbÜ�ã�Þ2ß=Ü]ãvàsÜ�ÛFþ

load

load

#1
�

#2
�

+

-

+

-

load #3- +

83.33 A ∠ 0o

83.33 A ∠ 240o

83.33 A ∠ 120o

120 V

120 V

120 V

∠
�

 0o

∠
�

 120o

∠
�

 240o

120 V

120 V

120 V

10 kW

10 kW

10 kW

"neutral"

"hot"

"hot"

"hot"

0 A
�

��Þ�æôÞ2ÝsßMè2çmãvà.Ü:æôÞ=è2ìsçmÛ�Ü�ò?èCíôÝ?ösèCæ�èCÝ»é]ÜHìeîyÜ J Úsè2æ»Û�ÜHçví�ç~ãoèCÝsé�Ü2á2Ü J ÚsèCæ¹é]Ú.Û�Û�Ü�ÝUã�çoõ�á=ãvà.Ü�Ý.Ü�Ú.ãvÛoèCæ$â`íëÛ�Ü�â`íôæëæ$Ý.Þ2ãàsè å ÜXãvÞkéHèCÛ�Ûvókè2Ý�óêé]ÚsÛvÛ�Ü�ÝUã�èCã�èCæôæ j�� ã�í�ç`ã�à.Ü�Û�Ü	�~ÚsçIã�íôÝ�é�è=çIÜ�Þ=Ý.ÜSÞ2Û�òpÞ=ÛvÜDæëÞUè2ì|ÛvÜFçIí�çIãvÞ2Ûoç`çvà.Þ2Ú.æ�ì|ûÿèCíôæ8Þ=ð»ÜHÝîyÞ=Û`ö»Ü�çvà�ÚbãýÞ�
&ã�à.Û�Þ2Ú.ß=à|ècìbí�çvé�Þ2Ý.ÝsÜHé�ã�íëÝsßcçvâ`íëã�éoà»õ j
� à.í�çSé]íôÛ�é�Ú.íëã:â"Ü
� å Ücö$Ü�Ü�ÝaèCÝ»èCæôó��HíëÝsßêâ`íëãvà�ãvà.Û�Ü�Ü å Þ2æëã�èCß=ÜpçvÞ2ÚsÛ�é�ÜHç�íôçSéHèCæôæëÜFì�è q�������q.nsY���� é]íôÛ�é�Ú.íwã j�� àsÜð.Û�Ü / ña÷Cð$Þ2æôób÷|çvíôòpðsæëó òcÜHèCÝ»ç�÷CòcÞ2Û�Üpãvàsè2Ý×Þ2Ý.Ü=á ÷ è=çSíëÝ¯÷ q������ ãvàsÜ�í�çIò?÷¯îÿö»ÜHæëíôÜ]ûýíôÝaòpÞ=ÛvÜcã�àsèCÝ×Þ=Ý.ÜGìbÜHíwã~ó.õ�á÷ q������ ß=èCòMób÷�îÿòcè2ÛvÛ�í�èCß2ÜGãvÞaòcÞ2Û�Ükã�àsèCÝ�Þ2Ý.Ü â`íëûyÜFõ�á q������ èCÝ»ìbÛvó«îyò?èCÛ�Ûví�èCß=ÜGã�Þ�òcÞ2Û�Üêãvàsè2Ý�Þ=Ý.Üêà�Úsçvösè2Ýsìsõ�áèCÝ»ì¯÷ q������ ò?èCãvàs÷Çîÿèeòcè=ç~ã�Ü�ÛMÞCû�òcÞ2Û�Ü?ã�àsèCÝ¯Þ=Ý.Üêè2ÛvÜFè&ÞCû�çIãvÚ»ìbó.õ j ��íôÝsé]Ükãvà.Ü å Þ=æwãoèCß2ÜGçvÞ2ÚsÛ�é�ÜHçDè2ÛvÜêèCæôæ"èCãìbí�
$ÜHÛvÜHÝUã"ð.à»è2çvÜ:è2Ý.ß2æôÜHç�îyíôÝkã�à.íôçféHè2çvÜ2áUãvà.Û�Ü�Ü:ìbí�
$ÜHÛvÜHÝ=ãfð.àsè=çIÜXèCÝsß2æôÜHçoõ�á=ãvà.í�çfíôçfèM÷ q������ ð.à»è2çvÜH÷pé]íôÛ�é�Ú.íwã jºl Þ2Û�Üçvð»ÜFé]í / é�è2æëæôó2á�íwã íôç|è Wyn�� � ��!ôq.nsY����#"�$%�&" z $rW á�ãvà.Ü ù íëÝsì¦ÚsçvÜHì¨ðsÛvÜFìbÞ2òcíôÝsèCÝUãvæôóÇíëÝ«æôè2Ûvß=Üeð$Þ6âOÜHÛêìbí�ç~ã�Ûvíôö.Úbã�íëÞ=Ýçvó�çIãvÜHò?ç j
â Ü�ã'� ç�çvÚ.Û å Ü�ó`ã�à.ÜQè=ì å èCÝUã�è2ß2ÜHç$Þ2ûbè"ã�à.Û�Ü�Ü - ð.àsè=çIÜ^ð$Þ6âOÜHÛ�çIóbçIãvÜHò¦Þ å ÜHÛ�è`çIíôÝ.ß=æëÜ - ð.à»è2çvÜ^çvóbç~ã�Ü�ò«ÞCû�Ü J Ú.í å è2æëÜHÝUãæôÞ=è2ì å Þ2æëã�èCß=ÜºèCÝsìXð$Þ6âOÜHÛ�é�è2ðsè2é�íwã~ó j8ø çvíëÝ.ß=æëÜ - ðsàsè2çvÜºçIóbçIãvÜ�ò â`íëãvàXãvàsÛvÜHÜmæëÞUè2ì.ç·é�Þ2Ý.ÝsÜHé�ã�ÜHìSìbíôÛ�ÜHé�ã�æëó�íëÝSð»èCÛoèCæôæëÜHæâ"Þ2Ú.æ�ìkà»è å ÜSè å Ü�Û�ó?à.íôß2à|ãvÞ2ã�è2æ�é]Ú.Û�ÛvÜHÝUãSî)( <.j <=< ã�íëòcÜHç < ábÞ2Û ä�æCB èCòcðsçHþ
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load load
#1
,

#2
, load

#3
,120V

250 A
K

10 kW 10 kW 10 kW
� à.í�çSâ"Þ2Ú.æ�ì Ý.ÜHé�ÜHç�çIíëã�èCãvÜ <U@CB ß=èCß=Ü?é]Þ2ðsð»ÜHÛ�â`íëÛ�Üeî21 ���3� æôè2Ûvß=Ü E õ�á*èCãMèCö$Þ2Ú.ã54 >HB ð$Þ2Ú.Ý»ì.ç�ð$Ü�ÛSã�à.Þ2Ú»çvè2ÝsìûyÜ�Ü�ãHá¹èCÝsì|â`íëãvà�è?é�Þ2Ýsçvíôì.Ü�ÛoèCö.æôÜSð.Û�íôé�ÜXã�èCßGèCãIãoè2éoà.ÜFì j-� û^ãvàsÜDìbí�ç~ãoèCÝsé�ÜSûyÛvÞ=ò çvÞ2Ú.Ûoé]ÜXã�Þ?æëÞUè2ì|âfè2ç >FB2B2B ûyÜ�Ü�ãHáâ"ÜMâ"Þ2Ú.æ�ì�ÝsÜ�ÜHìeÞ å ÜHÛ�èêàsèCæëû - ã�Þ2Ý�ÞCûOé�Þ2ð.ð$Ü�ÛXâ`íôÛvÜDãvÞ ìbÞkã�à.Ü6�~Þ2ö j87 Ý�ãvàsÜMÞ2ãvà.ÜHÛ:à»èCÝsì·á·â"Ücé]Þ2Úsæôìeö.Ú.íôæôì�èçvð.æëíëã - ð.àsè=çIÜSçvóbç~ã�Ü�ò â`íëãvà|ã~â"Þ > 4 ùUú á >FäCBMå Þ=æwã`æôÞ=è=ì.ç�þ

load

load

#1
,

#2
,

240 V

+

-

+

-

"hot"

"hot"

"neutral"

0 A

+

-

125 A ∠ 0o

125 A ∠ 180o

120 V
∠ 0o

120 V
∠ 180o

120 V

120 V

15 kW

15 kW

∠ 0o

7 Ú.Û"é]Ú.Û�ÛvÜHÝUãQíôçOàsè2æwû8Þ2û�â`àsè6ã"íwãfâfè2çmâ`íëãvàkãvà.Ü:çIíôòcð.æôÜ�ðsè2Û�è2æëæôÜ�æ$é]íôÛ�é�Ú.íëãHáUâ`à.íôéoàkíôç"è�ß=ÛvÜFè6ãQíôòcð.ÛvÞ å Ü�òcÜ�ÝUã jú Üêé]Þ=Ú.æ�ì×ß2Ü�ãpèAâfèAó�â`íwã�àiÚsçvíôÝ.ß�Ý�Ú.òDö$Ü�Û ä ßUèCß=ÜGé]Þ2ðsð»ÜHÛDâ`íôÛvÜ|è6ãMè�ãvÞCãoèCæ"ò?è2ç�ç�ÞCû�è2ö»Þ=Úbã 1 B2B ð$Þ2Ú.Ý»ì.ç�á/ ß=Ú.ÛvíôÝ.ßGè2ö»Þ=Úbã äCB=B ð»Þ=Ú.Ýsì.ç�ð»ÜHÛýã�à.Þ2Úsç�èCÝ»ìkûyÜHÜ]ã:â`íwã�à ãvà.Û�Ü�Ü�Û�Ú.Ýsç�ÞCû >HB=B2B ûyÜ�Ü�ã�ÜHè=éoà&ö»Ü�ã~âOÜHÜ�Ý&çvÞ2Ú.Ûoé]Ü�è2ÝsìæôÞ=è2ìsç j|[ Þ6â"Ü å ÜHÛHá8âOÜkè2æôçvÞ àsè å Üpã�Þeé]Þ=ÝsçIí�ìbÜHÛSãvà.ÜkíëÝsé�ÛvÜFè2çvÜHì çvèCûyÜ]ã~ó�àsè��FèCÛoì�Þ2û"à»è å íôÝ.ß ä�9=B|å Þ=æwãoçSð.Û�ÜHçvÜ�ÝUãíôÝ ãvà.Ü�çvóbç~ã�Ü�ò á.Ü å Ü�Ý|ãvàsÞ2Ú.ß=à|ÜFè2éoà æôÞ=è2ìêÞ2ÝsæëóêÛvÜFé]Ü�í å ÜFç >Fä2BMå Þ2æëã�ç j:7�å ÜHÛ�è2æëæhá�ãvàsÜ�Û�ÜSíôç`ß=ÛvÜFè6ã�Ü�Ûfð»Þ2ãvÜHÝ=ã�íôè2æ�ûyÞ=Ûì.è2Ý.ß2ÜHÛvÞ=Úsç"Ü�æôÜHé�ã�Ûví�éXçIàsÞ�é ù ãvÞcÞbé�é]ÚsÛ j
ú à.ÜHÝ|â"ÜSé]Þ=Ý=ã�Û�è=ç~ã"ãvàsÜHçvÜ�ã~â"ÞcÜ]ñ.èCòcð.æôÜHçfè2ß=èCíôÝsçIã`Þ2Ú.Û"ãvàsÛvÜHÜ - ð.àsè2çvÜSçIóbçIãvÜHò|á�ã�à.Ü�è2ì å è2ÝUã�èCß=ÜHç"èCÛ�Ü J Úsíwã�Üé]æôÜHè2Û j j íôÛoç~ãFá`ãvà.Ü é]Þ=ÝsìbÚsé]ãvÞ2Û|é]Ú.Û�Û�Ü�ÝUã�çêèCÛ�Ü J Úsíwã�Ü è×ösíwã|æëÜFçvç î;( <!j <2< èCòcðsç å ÜHÛ�çvÚsç >Aä 4aÞ=Û ä 4 B èCòcðsçoõ�áð$Ü�Û�òpíëãIã�íëÝsß?ãvà.ÜDÚsçIÜSÞ2û�òMÚséoà|ãvà.íôÝ.Ý.ÜHÛ�è2Ýsì|æëíôß2àUãvÜHÛýâ`íôÛvÜ jQú ÜDé�è2Ý|Ú»çIÜSÝ�Ú.òMö»ÜHÛ 9 ß=è2ß2ÜXâ`íëÛ�Ü�è6ã�è2ö»Þ=Úbã >Fä 4ð$Þ2Ú.ÝsìsçQð$Ü�Û"ãvàsÞ2Úsç�èCÝsìpûyÜHÜ]ãFábâ`à.íôéoàkâ`íëæôæsã�ÞCãoèCæ<4 B2B ð»Þ=Ú.Ýsì.ç:îrûyÞ=Ú.ÛfÛvÚ.Ý»çmÞCû >HB2B=B ûyÜ�Ü�ã"ÜFè2éoà»õ�ûyÞ=ÛOÞ=Ú.Û"Ü]ñ.èCòcð.æôÜé]íôÛoé]Ú.íëã j=� à.í�çXÛ�Ü�ð.Û�ÜHçvÜ�ÝUã�çXè çvíëß=Ý.í / é�èCÝUã�é]ÞUç~ã�ç�è å íëÝ.ßUç:Þ å Ü�Û�ãvàsÜGçIð.æôíëã - ð.àsè2çvÜ?çIóbçIãvÜHò|á*â`íwã�à ãvà.ÜGè=ì.ìbíëãvíôÞ2Ýsè2æö$Ü�Ý.Ü / ã`ãvàsèCã`ãvà.ÜSò?èCñ�íôòDÚsò å Þ=æwãoèCß=Ü�íôÝ|ãvà.Ü�çvóbç~ã�Ü�ò í�çfæëÞ6â"Ü�ÛSî äCB ( å Ü�ÛoçIÚsç ä�9=B õ j
7 Ý.Ü J ÚsÜHçIãvíôÞ2Ý�Û�Ü�ò?èCíôÝsç8ãvÞ:ö»ÜfèCÝ»çIâ"Ü�Û�ÜHì·þ·àsÞ6â×íëÝDãvà.Üfâ"Þ2Û�æôìSìbÞ:â"ÜQß2Ü�ã*ã�à.Û�Ü�Ü ø+>aå Þ2æëã�è2ß2ÜQçvÞ2ÚsÛ�é�ÜHç*â`à.Þ=çvÜð.àsè=çIÜ èCÝsß2æôÜHçcèCÛ�ÜêÜ�ñ.è2é�ã�æëó >AäCB } è2ðsèCÛvã d?7 ö å íôÞ2Ú»çIæôóaâOÜ&é�è2Ý@� ãcé�Ü�ÝUãvÜHÛ - ã�è2ð�è�ãvÛoèCÝsçIûyÞ2Û�òcÜ�ÛpÞ2Û?èCæëãvÜHÛvÝ»è6ãvÞ=Ûâ`íôÝsìbíôÝ.ß æëí ù Ücâ"Ücì.íôì íôÝ�ã�à.Ü?çIðsæëíëã - ð.àsè=çIÜ?çvó�çIãvÜHò á*çvíëÝsé�ÜpãvàsèCãSéHèCÝ Þ2Ý.æôó�ß=í å ÜpÚ»ç å Þ2æëã�è2ß2Üpâ"è å Ü]ûyÞ=Ûvò?ç�ãvàsèCãèCÛ�ÜDÜHíwã�à.Ü�ÛSíôÝeðsàsè2çvÜMÞ=Û > ( BU} Þ2Ú.ãXÞ2ûQð.àsè=çIÜ jBA Ü�Û�àsè2ðsçýâ"Üpé�Þ2Ú.æ�ì / ß2Ú.Û�ÜDÞ=Úbã�çIÞ=òcÜDâfèAóêã�Þ ÚsçIÜcé�è2ðsè2é�íwã�Þ2ÛoçèCÝ»ìGíôÝsìbÚsé]ãvÞ2ÛoçQãvÞMé�ÛvÜFè6ã�Ü�ð.àsè=çIÜ:çIàsíwûrãoçOÞ2û >Fä2B=} ábö.Ú.ãOã�à.Ü�Ýkãvà.ÞUçIÜ�ð.àsè2çvÜ�çvà.íëûrã�çfâ"Þ2Ú.æ�ìGìbÜHð»ÜHÝsìGÞ=ÝGã�à.Ü�ðsàsè2çvÜèCÝsß2æôÜHçmÞ2û·Þ2Ú.ÛOæëÞUè2ìcíôòpð$ÜHìsèCÝsé�ÜHçQè=çmâ"Ü�æôæ�îïçIÚsösç~ã�íwã�ÚbãvíôÝ.ßpè�é�è2ðsè2é�íwã�í å ÜýÞ2ÛmíôÝsìbÚ»é�ãví å Ü�æëÞUè2ìpûyÞ=ÛOèSÛ�ÜHçvíôçIãví å Ü�æëÞUè2ìâ"Þ2Ú.æ�ìêéoà»èCÝ.ß=Ü:Ü å ÜHÛvóUãvàsíëÝ.ß E õ j
� à.ÜSö$ÜHçIã�âfèAó?ãvÞkß2Ü]ã�ãvà.Ü�ðsàsè2çvÜ�çIàsíwûrãoçýâ"Ü
� ÛvÜSæôÞ�Þ ù íëÝsßcûyÞ2Ûýí�ç`ã�ÞGß2ÜHÝ.Ü�Ûoè6ã�Ü:íëã:èCã`ãvà.ÜMçIÞ=Ú.Û�é�Ü2þ"é]Þ2Ý»ç~ã�ÛvÚsé]ããvàsÜ ø+> ß2ÜHÝ.Ü�Ûoè6ã�Þ2ÛcîÿèCæëãvÜHÛvÝ»è6ãvÞ=Ûoõýð.Û�Þ å í�ìbíôÝ.ßêãvà.Ücð$Þ6âOÜHÛ�íôÝ çvÚséoàaèkâfèAó ãvà»è6ãXãvà.ÜcÛ�ÞCãoè6ãvíôÝ.ßêòcè2ß2Ý.Ü�ãví�é / Ü�æ�ìðsè=çvçvÜHç�ö�ó ãvà.Û�Ü�Ü?çvÜ]ã�ç:Þ2ûQâ`íëÛ�Üpâ`íëÝsì.íëÝ.ßUç�á·ÜFè2éoà çIÜ�ãXçvðsè2é�ÜHì >FäCBU} è2ðsèCÛvã:è2ÛvÞ=Ú.Ýsì&ã�à.Ü?é]íôÛ�é�Ú.òpûyÜ�Û�Ü�Ýsé�ÜDÞ2ûQãvàsÜò?è2éoà.íôÝ.Ü=þ
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N

S

N

S

winding
1a

winding
1b

winding
1a

winding
1b

winding
2a

winding
2b

winding
3a

winding
3b

Single-phase alternator

Three-phase alternator

� Þ2ß2Ü�ãvà.ÜHÛHá�ãvà.ÜGçvíwña÷Cð$Þ2æôÜH÷|â`íôÝsìbíôÝ.ß=çSÞ2ûfè|ã�à.Û�Ü�Ü - ð.àsè=çIÜ?è2æwã�Ü�Û�Ýsè6ã�Þ2ÛSèCÛ�Ü?é]Þ2ÝsÝ.ÜHé]ãvÜHì�ã�Þ�é]Þ2òcð.Û�í�çIÜpãvàsÛvÜHÜâ`íôÝsìbíôÝ.ßýðsè2íëÛoç�áFÜHè=éoàXðsèCíôÛ�ð.Û�ÞbìbÚsé]íôÝ.ß ø+>eå Þ=æwãoèCß=Üºâ`íwã�à�è`ð.àsè=çIÜmè2Ý.ß2æôÜ >Fä2B=} çIàsíwûrã�ÜHìXûyÛ�Þ2ò Ü�íëãvà.ÜHÛ�ÞCû�ã�à.ÜQÞ2ãvà.ÜHÛã~â"Þkâ`íôÝsìbíôÝ.ßêð»èCíôÛ�ç jI� à.ÜMíôÝUãvÜHÛ�é�Þ2Ý.Ý.ÜFé�ã�íëÞ=Ýsç�ö$Ü]ã~â"Ü�ÜHÝeðsè2íëÛoç�ÞCûQâ`íôÝsìbíôÝ.ß=çcîïè2ç:çIà.Þ6â`ÝeûyÞ2Û�ãvà.Ü?çvíëÝsß2æôÜ - ð.àsè2çvÜèCæëãvÜHÛvÝ»è6ãvÞ=ÛHþQãvà.ÜJ�~Ú.òcð$Ü�Û:â`íëÛ�Ü�ö$Ü]ã~â"Ü�Ü�Ýeâ`íëÝsì.íëÝ.ßUç > è?èCÝsì > ö»õýàsè å ÜSö$Ü�ÜHÝ�Þ2òcíëãIãvÜFì&ûyÛ�Þ2ò ãvà.ÜDãvà.Û�Ü�Ü - ðsàsè2çvÜèCæëãvÜHÛvÝ»è6ãvÞ=Û`ìbÛ�èAâ`íôÝ.ßMûyÞ2Ûýçvíëòcð.æôí�é]íëã~ó j
� ÝkÞ=Ú.ÛfÜ]ñ.èCòcð.æôÜXé]íôÛ�é�Ú.íwãFábâOÜSçvà.Þ6â"ÜHìcã�à.Ü:ãvà.Û�Ü�Ü å Þ=æwãoèCß=Ü�çvÞ2Ú.Ûoé]ÜFçOé�Þ2Ý.Ý.ÜFé�ã�ÜHì?ã�Þ2ß=Ü]ãvàsÜ�ÛfíëÝ èp÷�K:÷pé]Þ=Ý / ß -Ú.Ûoè6ã�íëÞ=Ý�îÿçvÞ2òcÜ�ãvíôòpÜFçýé�è2æëæôÜHìkãvàsÜX÷=ç~ãoèCÛo÷Mé�Þ2Ý / ß2Ú.Ûoè6ã�íëÞ=Ý»õ�á�â`íëãvà|Þ2Ý.ÜXæôÜHè2ìêÞCû�ÜHè=éoà|çvÞ2Ú.Ûoé]Ü�ãvíôÜHìêã�Þcècé�Þ2òcòcÞ2Ýð$Þ2íôÝ=ã îrãvàsÜeÝ.ÞbìbÜ�â`à.Ü�Û�Ü&âOÜ�è6ãIãoè2éoà.ÜFìÇãvà.Ü�÷CÝ.ÜHÚbãvÛoèCæ�÷×é]Þ=ÝsìbÚsé]ãvÞ2Û�õ jL� à.Ü�é]Þ2òcòcÞ2Ý�âfèAó¯ã�ÞiìbÜHð.íôé]ãkã�à.íôçé]Þ=Ý.Ý.ÜFé�ãvíôÞ2Ý ç�éoà.Ü�òcÜXíôç`ãvÞ?ìbÛoèAâ¨ãvàsÜSâ`íëÝsì.íëÝ.ßUçfíëÝ|ã�à.Ü�çIà»èCð$Ü:Þ2û^èc÷�K:÷pæëí ù Ü:ã�à.íôçHþ

+

-
-

+

-

+

120 V 120 V

120 V

∠ 0o ∠ 120o

∠ 240o

� à.Üa÷�KX÷ié]Þ=Ý / ß=Ú.Û�èCãvíôÞ2Ý¨í�ç|Ý.ÞCã|ãvàsÜ Þ=Ý.æôó�Þ2ðbã�íëÞ=Ý¦Þ2ð$Ü�Ý¦ãvÞÇÚsçHá�ö.Ú.ã|íëã&íôç|ð.Û�Þ2ösè2ö.æôó�ã�à.ÜaÜHè=çIíôÜHçIãkã�ÞÚ.Ýsì.Ü�Ûoç~ãoèCÝsì|è6ã / ÛoçIã jºl Þ2Û�Ü:ãvÞGé�Þ2òcÜXÞ2Ýêãvà.í�çýçvÚ.ö.�~ÜHé]ãýæôèCãvÜHÛ`íëÝêãvà.Ü�éoà»èCðbã�Ü�Û j
MONQPJRTSUPJV?W
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M ø[�3$ uU� ����!ôq.n.Y���� ð»Þ6â"Ü�ÛpçIóbçIãvÜHò í�çpÞ2Ý.Üêâ`à.Ü�Û�ÜGã�à.Ü�Û�Ükí�çpÞ2Ý.æôóaÞ2Ý.Ü ø+>4å Þ=æwãoèCß=ÜkçIÞ=Ú.Ûoé]ÜeîÿÞ2Ý.Ü|çIÞ=Ú.Û�é�Üå Þ2æëã�è2ß2Ü:â"è å Ü]ûyÞ=ÛvòGõ j
M øE�ïq\��$rW]!ôq.n.Y���� ð$Þ6âOÜHÛmçIóbçIãvÜHò í�çºÞ2Ý.Ü`â`àsÜ�Û�ÜOã�à.Ü�Û�ÜýèCÛ�Ü"ã~âOÞ å Þ2æëã�è2ß2ÜfçIÞ=Ú.Û�é�ÜHçHá > ( B=} ð.àsè=çIÜ - çvà.íëûrãvÜFì�ûyÛ�Þ2òÜHè2éoà?Þ2ãvà.ÜHÛHáUð$Þ6âOÜHÛvíôÝ.ß�èSã~â"ÞDçvÜ�Û�íëÜFç - é]Þ=Ý.Ý.ÜFé�ãvÜFìpæëÞUè2ì.ç jG� àsÜ�è2ì å è2ÝUã�èCß=ÜýÞCû¹ã�à.íôç"í�çºã�à.Ü:è2ö.íôæëíëã~óDã�ÞDàsè å ÜæëÞ6â"Ü�Û`é]Þ=ÝsìbÚsé]ãvÞ=Ûfé�Ú.Û�ÛvÜHÝ=ãoçfâ`à.íôæëÜXò?èCíôÝUã�èCíôÝ.íôÝ.ßcæëÞ6â«æëÞUè2ì å Þ=æwãoèCß2ÜFçOûyÞ2Ûýç�è6ûyÜ]ã~ókÛvÜFè2çvÞ2Ýsç j
M ø q�������q.nsY���� ð»Þ6â"Ü�ÛDçvóbç~ã�Ü�ò ÚsçIÜFçSòDÚsæwã�íëð.æôÜ å Þ2æëã�èCß=Ü?çIÞ=Ú.Û�é�ÜHçSèCãDìbí�
¹Ü�Û�Ü�ÝUã�ð.à»è2çvÜGèCÝ.ß=æëÜFçXûyÛvÞ=ò ÜFè2éoàÞCãvàsÜ�ÛDîÿòcè2Ý�ó ÷2ð.àsè=çIÜFçv÷pÞCû å Þ2æëã�è2ß2ÜSâfè å Ü]ûyÞ=Ûvò?ç`èCã�âOÞ=Û ù õ jýø ð$Þ2æôóUðsàsè2çvÜSð»Þ6â"Ü�Û:çIóbçIãvÜHò éHèCÝ�ìbÜHæëí å ÜHÛòpÞ=ÛvÜ:ð$Þ6âOÜHÛýè6ã`æëÜFçvç å Þ2æëã�è2ß2Ü:â`íwã�à çvò?èCæôæëÜHÛ - ß=è2ß2Ü:é]Þ2Ý»ìbÚsé�ã�Þ2Ûoç"ãvàsè2Ý|çvíôÝ.ß2æôÜ - Þ=ÛýçIð.æôíëã - ð.àsè2çvÜSçIóbçIãvÜHòcç j
M � à.Ücð.àsè2çvÜ - çvà.íwûrã�ÜHì å Þ=æwãoèCß2ÜpçIÞ=Ú.Ûoé]ÜHç:Ý.ÜFé]ÜFçvç�èCÛ�ó|ûyÞ2Û�è|ð»Þ=æëó�ð.à»è2çvÜMð$Þ6âOÜHÛSçIóbçIãvÜ�ò èCÛ�Üpé�ÛvÜFè6ãvÜFì�íôÝ×èCæ -ãvÜ�Û�ÝsèCãvÞ2Ûoç?â`íëãvà«òDÚ.æëãvíôð.æôÜ�çvÜ]ã�çêÞCû�â`íôÛ�Üeâ`íôÝsìbíôÝ.ß=ç j^� à.ÜFçIÜeâ`íëÝsì.íëÝ.ßÇçIÜ�ã�ç|èCÛ�Üeçvðsè2é�ÜHì¨è2ÛvÞ=Ú.ÝsìÇãvàsÜé]íôÛ�é�Ú.òpûyÜ�Û�Ü�Ýsé�Ü:Þ2û8ã�à.ÜSÛvÞ2ãvÞ=Û'� ç"ÛvÞ2ã�è6ã�íëÞ=ÝêèCã`ãvà.Ü�ìbÜFçIíôÛ�ÜHì|èCÝ.ß=æëÜUîÿçoõ j

���T_ ` a %cbIdGegf�hIi0b6i0j�h5k

l Ü�ã'� çOã�è ù Üýã�à.Ü:ãvà.Û�Ü�Ü - ð.à»è2çvÜ�èCæëãvÜHÛvÝ»è6ãvÞ=ÛOìbÜFçIíôß2Ýêæôè2íôìkÞ2ÚbãfÜHè2ÛvæôíôÜ�ÛOè2ÝsìGâfè6ãoéoàkâ`àsèCã"à»èCð.ð$Ü�Ýsçfè=çmã�à.Ü�ò?è2ß2Ý.Ü�ãÛ�ÞCã�èCãvÜFç�þ

N

S
windingm

1a
windingm

1b

windingm
2a

windingm
2b

windingm
3a

windingm
3b

Three-phase alternator

� à.ÜSð.à»è2çvÜXè2Ý.ß2æôÜSçIàsíwûrã�Þ2û >AäCBU} í�çýèMûyÚ.Ýsé]ãvíôÞ2Ý&Þ2û*ã�à.ÜDè2é]ãvÚsè2æ·ÛvÞ2ã�èCãvíôÞ2Ýsè2æ�èCÝ.ß=æëÜSçvà.íwûrã�ÞCû�ãvà.ÜXã�à.ÛvÜHÜSðsèCíôÛoçÞCû�â`íëÝsì.íëÝ.ßUç jn� û�ãvà.Ü|ò?èCß2ÝsÜ]ãcíôçMÛvÞ2ã�èCãvíôÝ.ß�é�æëÞbé ù â`íôçvÜ2áºâ`íôÝsìbíôÝ.ß < â`íôæôæ"ß=Ü�Ý.ÜHÛ�èCãvÜêíwãoçMð$ÜHè ù íëÝsçIã�è2ÝUã�èCÝsÜ�Þ2Ú»çå Þ=æwãoèCß=Ü"Ü�ñ.è2é�ã�æëó >Fä2B=} îyÞ2û·è2æwã�Ü�Û�Ýsè6ã�Þ2Ûmçvàsè6ûrãOÛvÞ2ã�è6ã�íëÞ=Ý»õ^è6ûrã�Ü�Ûmâ`íôÝsìbíôÝ.ß ä á2â`à.í�éoàcâ`íëæôæsàsíwãoçmíëã�çmð$ÜHè ùk>AäCB=} èCûrãvÜ�Ûâ`íôÝsìbíôÝ.ß >�j6� à.Üpò?èCß=Ý.Ü]ã:ðsè2ç�çIÜFçýö�ó ÜHè=éoà�ð»Þ=æëÜMðsèCíôÛXè6ã:ì.í�
¹Ü�Û�Ü�ÝUãXð»ÞUçIíëãvíôÞ2Ýsç�íôÝ&ãvà.ÜpÛ�ÞCã�èCãvíôÞ2Ýsè2æ8òcÞ å ÜHòcÜ�ÝUãÞCû*ãvà.Ü�çvàsèCûrã jºú à.ÜHÛvÜXâ"ÜXì.ÜHé]í�ìbÜ:ãvÞ?ðsæôè=é]Ü:ãvà.ÜXâ`íôÝsìbíôÝ.ß=çfâ`íôæôæ8ìbí�é�ã�èCãvÜ:ãvàsÜ�èCòcÞ2Ú.ÝUã`ÞCû�ð.àsè=çIÜSçvà.íwûrãýö$Ü]ã~â"Ü�ÜHÝãvàsÜ�â`íôÝsìbíôÝ.ß=ç'� ø+>�å Þ2æëã�è2ß2Ü`âfè å Ü]ûyÞ=Ûvò?ç jo� û8â"Üýò?è ù Üýâ`íôÝsìbíôÝ.ß > Þ2Ú.Û"÷CÛ�Ü]ûyÜ�Û�Ü�Ý»é]ÜH÷ å Þ2æëã�è2ß2ÜýçvÞ2Ú.Ûoé]Ü`ûyÞ=ÛOðsàsè2çvÜèCÝsß2æôÜ î B=} õ]áQã�à.Ü�Ý±â`íôÝsìbíôÝ.ß ä â`íëæôæ`àsè å Ü è ð.àsè=çIÜ&èCÝsß2æôÜêÞ2û -o>FäCBU} î >FäCBU} æ�èCß=ß2íôÝ.ßsáQÞ2Û ä�9UB=} æëÜFè2ìbíôÝ.ßUõpè2Ýsìâ`íôÝsìbíôÝ.ß < èCÝ èCÝ.ß=æëÜXÞCû -Zä�9=BU} îÿÞ2Û >Fä2B=} æëÜFè2ìbíôÝ.ß�õ j
� à.í�ç`çIÜ J Ú.Ü�Ýsé�ÜSÞCû^ð.àsè=çIÜSçvà.íwûrãoç`àsè=çýècìbÜ / Ýsíwã�Ü�Þ2ÛoìbÜ�Û jºj Þ=Ûýé]æôÞ�é ù â`í�çIÜXÛ�ÞCãoè6ãvíôÞ2Ý|ÞCû�ãvàsÜ�çIàsèCûrãHábã�à.ÜSÞ2ÛoìbÜHÛí�ç >�-Zä6-´< îÿâ`íëÝsì.íëÝ.ß > ð$ÜHè ù ç / Ûoç~ãFá»ã�à.Ü�ò â`íôÝsìbíôÝ.ß ä á$ãvà.ÜHÝ�â`íëÝ»ìbíëÝsß < õ jJ� à.í�ç�Þ2ÛoìbÜ�Û ù Ü�ÜHðsçýÛ�Ü�ð$ÜHèCãvíôÝ.ßkíëã�çvÜ�æëûè2çfæôÞ2Ýsßcè=çfâOÜSé�Þ2ÝUãvíôÝ�Ú.Ü:ãvÞ?Û�ÞCã�èCãvÜ�ãvà.Ü�è2æwã�Ü�Û�Ýsè6ã�Þ2Ûp� çfçvàsè6ûrãFþ
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1 2 3

1 2 3- - - 1 - 2 - 3 - 1 - 2 - 3
phase sequence:

TIME 

[ Þ6â"Ü å Ü�ÛFáOíëû�â"Ü �&� 1 ���q��� ã�à.ÜeÛ�ÞCãoè6ãvíôÞ2Ý±Þ2ûSãvà.Üeè2æwã�Ü�Û�Ýsè6ã�Þ2Ûp� çkçIàsèCûrã îyãvÚ.Û�Ý�íwã é]Þ=Ú.ÝUãvÜ�Û - é]æôÞ�é ù â`í�çIÜAõ�á"ãvàsÜò?èCß=Ý.Ü]ãQâ`íôæôæ»ðsè=çvçQö�óMã�à.Ü�ð$Þ2æôÜýðsè2íëÛoçmíôÝ?ã�à.Ü�Þ=ð.ð»ÞUçIíëãvÜ:çIÜ J Ú.Ü�Ýsé�Ü jG� ÝsçIãvÜHè=ì?ÞCû >�-Zä6-´< á2â"Ü
� æëæ»àsè å Ü <C-Zä6-�>�j*ü Þ6âSáâ`íôÝsìbíôÝ.ß ä � çfâ"è å Ü]ûyÞ2Û�ò�â`íëæôæ·ö$Ü ���oY
r�$ u�� >AäCB=} èCà.ÜFè2ìêÞCû > íôÝsçIãvÜFè2ìêÞCû*æ�èCß=ß2íôÝ.ßsábè2Ýsì < â`íôæëæ�ö$ÜSèCÝ.Þ2ãvà.ÜHÛ >Fä2B=}èCàsÜHè2ìêÞCû ä þ

123

3 - 1-2 -
phase sequence:

TIME 

3 - 2 - 1 - 3 - 2 - 1

� à.Ü�Þ2ÛoìbÜ�ÛOÞCû å Þ=æwãoèCß=Üýâ"è å Ü]ûyÞ=Ûvò�çIÜ J Ú.Ü�Ýsé�ÜHçQíëÝ|è�ð$Þ2æôóUðsàsè2çvÜ�çvóbç~ã�Ü�ò�íôç"é�è2æëæôÜHì q.n.Y����I�&�CW´YCW)$;� u Þ=Û qsn.Y����
���qs z � u "q��j#� û�â"Ü
� ÛvÜêÚsçvíëÝ.ßaè�ð»Þ=æëó�ð.àsè=çIÜ å Þ=æwãoèCß=ÜkçIÞ=Ú.Ûoé]ÜêãvÞ ð»Þ6â"Ü�ÛpÛvÜFçIí�çIãví å ÜkæôÞ=è=ì.çHámð.àsè=çIÜ|ÛvÞ2ã�èCãvíôÞ2Ý¯â`íôæëæò?è ù ÜMÝ.Þ&ìbí�
¹Ü�Û�Ü�Ýsé�ÜcèCã�èCæôæ jcú à.Ü�ãvà.ÜHÛ >]-~äA-Z< Þ2Û <C-Zä6-�> á$ãvà.Ü å Þ2æëã�èCß=ÜMè2Ýsì�é�Ú.Û�ÛvÜHÝ=ãSò?èCß=Ý.íëãvÚsìbÜFç:â`íëæôæQèCæôæºö$ÜãvàsÜ�çvè2òpÜ j�� à.Ü�Û�ÜSèCÛ�ÜXçvÞ2òcÜXèCð.ðsæëí�é�èCãvíôÞ2ÝsçfÞ2û8ãvàsÛvÜHÜ - ð.àsè2çvÜXð»Þ6â"Ü�ÛFábè2çfâ"ÜXâ`íëæôæ8çvÜ�ÜSçIàsÞ2Ûvãvæôó2áUãvàsèCã�ìbÜ�ð$Ü�Ý»ìêÞ=Ýàsè å íôÝ.ßDð.à»è2çvÜ�Û�ÞCãoè6ãvíôÞ2Ýêö»ÜHíëÝsßMÞ=Ý.ÜXâ"èAócÞ2Û"ã�à.Ü�Þ2ãvà.ÜHÛ j ��íôÝsé�Ü å Þ2æëãvòcÜ]ã�Ü�ÛoçfèCÝsìêèCòcòcÜ]ãvÜHÛ�ç"â"Þ2Ú.æ�ìGö$ÜXÚsçvÜ�æôÜHç�çíôÝ&ãvÜHæëæôíëÝsßGÚsçýâ`à»è6ãýã�à.ÜDð.à»è2çvÜ�ÛvÞ2ã�èCãvíôÞ2Ý ÞCûmèCÝ&Þ=ð»ÜHÛ�èCãvíôÝ.ßGð$Þ6âOÜHÛ�çvó�çIãvÜHò í�çHásâ"Ü�Ý.Ü�ÜFì ãvÞkàsè å Ü�çvÞ2òcÜ�Þ2ãvà.ÜHÛù íëÝ»ìêÞ2û*íôÝsçIãvÛ�Ú.òcÜ�ÝUã�é�è2ðsèCö.æôÜXÞCû^ìbÞ2íôÝ.ßpãvà.Ü��~Þ=ö j

7 Ý.ÜêíëÝ.ß=Ü�Ý.íôÞ2Ú»çpé�íëÛoé]Úsíwã?ìbÜHçvíôß2Ý¯ÚsçvÜHçcè é�è2ðsè2é�íwã�Þ2Û�ã�Þ�íôÝUãvÛ�ÞbìbÚsé]Ü è�ðsàsè2çvÜ|çvà.íëûrã?ö»Ü�ã~âOÜHÜ�Ý å Þ2æëã�è2ß2Ükè2Ýsìé]ÚsÛvÛ�Ü�ÝUãHábâ`àsíôéoà í�çfãvà.ÜHÝ&ÚsçvÜHìêãvÞGìbÜ�ãvÜFé�ãýã�à.Ü�çIÜ J Ú.Ü�Ýsé�ÜSö�óGâ"èAókÞCûºé]Þ2òcðsè2Ûví�çvÞ2Ý|ö»Ü�ã~âOÜHÜ�Ý|ãvà.ÜSösÛvíôß2àUãvÝsÜHç�çfÞCûã~â"ÞpíôÝsìbí�é�èCãvÞ=Û`æôè2òpð»ç�þ
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to phase
v

#1
w to phase

v
#2
w

to phase
v

#3
w

C

� à.Ü|ã~â"Þ æ�èCòcðsç?è2ÛvÜ|ÞCûXÜ J Úsè2æ / æ�èCòcÜ�ÝUã?ÛvÜFçIí�çIã�èCÝ»é]Ü èCÝsìÇâfè6ãIãoèCß=Ü jx� à.Ü&é�èCð»è2é]íëãvÞ=ÛcíôçGçvíy��ÜHìiãvÞaàsè å ÜèCðsð.ÛvÞAñbíôò?è6ãvÜHæëóGãvà.ÜDç�èCòcÜDè2òcÞ2Ú.ÝUãýÞCûºÛ�ÜHè=é�ã�è2Ýsé]Ü�èCã�çIóbçIãvÜHò ûyÛ�Ü J Ú.ÜHÝsé]ó è2ç`ÜFè2éoà æ�èCòcð@� çýÛ�ÜHçvíôçIã�è2Ýsé]Ü j-� ûºãvàsÜé�è2ðsè2é�íwã�Þ2ÛXâ"Ü�Û�ÜDã�Þ|ö$ÜcÛvÜHð.æ�è2é]ÜFìeö�óeèêÛ�ÜHçvíôçIãvÞ=Û:Þ2ûOÜ J Ú»èCæ å èCæôÚ.ÜpãvÞ|ãvàsÜpæ�èCòcðsç'�·Û�ÜHçvíôçIã�è2Ýsé]Ü=á¹ãvà.Ücã~â"Þêæ�èCòcðsçâ"Þ2Ú.æ�ì×ß2æôÞ6â²è6ãpÜ J ÚsèCæ"ö.Û�íëß=àUãvÝ.ÜFçvçHá�ãvà.Ü é]íôÛ�é�Ú.íëãMö$Ü�íôÝ.ß�ö»èCæ�èCÝsé�ÜHì j [ Þ6â"Ü å ÜHÛHá*ãvàsÜ|éHèCðsè=é]íëãvÞ2ÛMíëÝUã�ÛvÞbìbÚsé�ÜHçMèð.àsè=çIÜ|çIàsíwûrã?ö$Ü]ã~â"Ü�Ü�Ý å Þ=æwãoèCß2ÜêèCÝsì�é]Ú.Û�ÛvÜHÝUãMíôÝ¯ãvàsÜêã�à.íôÛ�ìiæëÜHßeÞCû�ãvà.Ü&é]íôÛoé]Ú.íëãMÜ J Ú»èCæ"ãvÞ t2BU}�j#� à.í�çMðsàsè2çvÜçvà.íwûrãFábß2Û�ÜHèCãvÜ�ÛOãvà»èCÝ B=} ö.Úbã`æëÜFçvçOã�àsèCÝ >FäCBU} ábç ù Ü�âýçOãvàsÜ å Þ2æëã�è2ß2Ü�è2Ýsìêé�Ú.Û�ÛvÜHÝ=ã å èCæôÚ.ÜHçfè2é�ÛvÞUçvçQãvàsÜ�ã~â"ÞDæ�èCòcðsçè2éHé]Þ=Û�ìbíôÝ.ß:ãvÞXã�à.Ü�íôÛQðsàsè2çvÜýçIàsíwûrãoçmÛ�Ü�æ�è6ãví å Üfã�ÞSð.àsè=çIÜ <.jG� à.ÜýûyÞ2æôæëÞ6â`íôÝ.ßB� A-�&>"_ è2ÝsèCæôóbçIí�çmìbÜHòcÞ2ÝsçIãvÛoè6ã�ÜHç^â`àsèCãâ`íôæëæ�à»èCð.ð$Ü�Ý�þ
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ä�9UB C P�Ì�Í�Î0,-*�����ÏiÍ:Ð�Do�ºÍQP�Ì�Ñ.,ÇÌ CECGF * C6�HF ÎºÑ
� à.Ü?Û�ÜHçvÚ.æëãvíôÝ.ß&ð.àsè=çIÜGçvà.íëûrã�ûyÛvÞ=ò ã�à.Üké�è2ðsè2é�íwã�Þ2Û�éHèCÚsçvÜHçXã�à.Ü å Þ2æëã�èCß=Ü?è2é]Û�Þ=ç�ç:ð.àsè=çIÜ > æ�èCòcð¨îyö$Ü]ã~â"Ü�ÜHÝÝ.ÞbìbÜFç > è2Ýsì 9 õmã�ÞDûÿè2æëæ¹ã�Þ 9 ( jô>�å Þ2æëã�çfèCÝ»ìGã�à.Ü å Þ2æëã�è2ß2Ü:è2é]Û�Þ=ç�çmðsàsè2çvÜ ä æ�èCòcð�îÿö»Ü�ã~âOÜHÜ�Ý|Ý.ÞbìbÜHç ä èCÝ»ì 9 õºã�ÞÛ�íôçvÜDã�Þ > T t.j 4 å Þ=æwãoç�á·ò?è ù íôÝ.ß|ãvà.Ü��sÛoçIãXæ�èCòcð ìbíëò èCÝsì�ãvà.ÜGçvÜHé�Þ2Ýsìeæôè2òcð�ö.Û�íôß2àUã j�� ÚsçIãXãvà.ÜcÞ=ð.ð»ÞUçIíëãvÜcâ`íôæëæàsè2ð.ð»ÜHÝ íwû�ãvà.ÜSðsàsè2çvÜSçIÜ J ÚsÜ�Ýsé�Ü:í�ç`Û�Ü å Ü�ÛoçIÜFì·þ

���s�.�2 ±¢.�=£.�=£$©C�2ª¨¼b 2£. s§6£.�2¢~}�} �2 UËu�s Cª¹§2 �� ¥.­ } ¥ �.} ¥ �¥ �¦���¦�s§��A���¨�=®.���b©Fª¥ �¦�«�¦�s§��A���¬�A�����b©Fª¥.­¦­ �¦�s§��A���¨���b©Fª¢��¦�¯® ��³��U�¢.�¦�¨® ��³��U�§s� ­ ®4���°I�s§±�s©Hª²�i³��¦³��°´�b¢$©Fªb£¦�s§ ¥mµ �·¶~®¹¸ ¥mµ �º¶~®¹¸ ¥mµo­ ¶~®¹¸°I 2ªb¼

Ê ¢. =Ë ¥mµ �¹¶I®¹¸ ¥ºµ �º¶I®¹¸ ¥mµo­ ¶~®¹¸³Q°I�U��� ÃbÒ �$� �8°IÙ���� ÃbÒ �U� ®O°I�¹�A� Ã�Ò �¹� �8°I³¹�F� ÃbÒ ���

[ ÜHÛvÜ=á�ãvà.Ü��»Û�çIã`æôè2òpð Û�ÜHé�Ü�í å ÜHç > T t!j 4 å Þ2æëã�ç"â`à.íôæôÜXãvà.Ü�çvÜHé�Þ2ÝsìêÛvÜFé]ÜHí å ÜHç"Þ2Ý.æôó 9 ( jô>:å Þ2æëã�ç j
ú Ü
� å Ü|íëÝ å ÜFç~ã�íëßUè6ã�ÜHì×à.Þ6â²ðsàsè2çvÜêÛ�ÞCãoè6ã�íëÞ=Ý¯íôçpð.Û�ÞbìbÚsé�ÜHì¦îyãvà.Ü Þ=Û�ìbÜHÛMíôÝiâ`àsíôéoà�ð»Þ=æëÜ ðsè2íëÛoçDß=Ü]ãcðsè2ç�çvÜHìö�óGã�à.ÜMè2æwã�Ü�Û�Ýsè6ã�Þ2Ûp� ç"Û�ÞCã�èCãvíôÝ.ß?ò?èCß=Ý.Ü]ã�õ`èCÝsì|à.Þ6â íëã:é�è2Ý ö»ÜDéoà»èCÝ.ß=ÜHì|ö�ókÛ�Ü å ÜHÛ�çvíôÝ.ßpãvà.ÜDè2æwã�Ü�Û�Ýsè6ã�Þ2Ûp� ç`çvàsèCûrãÛ�ÞCã�èCãvíôÞ2Ý j�[ Þ6â"Ü å Ü�ÛFáFÛ�Ü å Ü�Ûoçvè2æ=Þ2ûsã�à.ÜýèCæëãvÜHÛvÝsèCãvÞ=Û'� ç*çvàsèCûrã^Û�ÞCãoè6ã�íëÞ=ÝDí�ç^Ý.ÞCãmÚsçvÚsè2æëæôó�èCÝpÞ2ðbã�íëÞ=ÝMÞ=ð»ÜHÝDã�ÞSèCÝpÜ�Ýsì��ÚsçvÜ�ÛOÞCû�Ü�æôÜHé]ãvÛ�íôéHèCæ.ð$Þ6â"Ü�ÛOçvÚ.ð.ðsæëíôÜHì?ö�ócèSÝsèCãvíôÞ2Ý�â`íôì.Üýß2Û�íôì&îï÷6ã�à.ÜH÷MèCæëãvÜ�Û�ÝsèCãvÞ2ÛOè2é�ã�ÚsèCæôæôóMö$Ü�íôÝ.ßSã�à.Ü�é�Þ2òDösíëÝ.ÜFìãvÞ2ã�è2æ8ÞCûQè2æëæ^èCæëãvÜHÛvÝ»è6ãvÞ=Û�çfíôÝeè2æëæ�ð»Þ6â"Ü�Û�ð.æôè2ÝUã�ç�ûyÜ�ÜHì.íëÝ.ßGãvà.Üpß2Û�íôì»õ j�� à.ÜHÛvÜMíôç�è�� z "�n ÜFè2çvíëÜHÛ�âfèAóGã�ÞkÛ�Ü å ÜHÛ�çvÜð.àsè=çIÜpçIÜ J Ú.Ü�Ýsé�Ü�ã�àsèCÝ�Û�Ü å Ü�ÛoçIíôÝ.ßkè2æwã�Ü�Û�Ýsè6ã�Þ2ÛýÛ�ÞCãoè6ã�íëÞ=Ý�þ0�~ÚsçIã:Ü�ñbéoà»èCÝ.ß=ÜDèCÝ�óêã~âOÞêÞCûºãvàsÜDã�à.ÛvÜHÜM÷2à.ÞCão÷Gâ`íôÛvÜFçß2Þ=íëÝsßDã�ÞGèDã�à.Û�Ü�ÜU�´ð.àsè=çIÜXæôÞ=è=ì j
� à.í�ç^ãvÛ�í�é ù ò?è ù ÜFç^òcÞ2Û�ÜýçIÜHÝsçIÜfíëû·âOÜfãoè ù Ü`è2Ý.ÞCã�à.Ü�ÛºæôÞ�Þ ù èCãQè:ÛvÚ.ÝsÝ.íëÝsßSð.àsè2çvÜýçvÜ J Ú.Ü�Ý»é]ÜfÞCû·è:ãvà.Û�Ü�Ü��hðsàsè2çvÜå Þ=æwãoèCß=Ü:çvÞ2Ú.Ûoé]Ü=þ

��}U��} ­ ¢.�=£.�=£$©C�2ª�� ��}U�.} ­ }$��}U��} ­ }$��}=�.} ­ }»��}U��} ­ }$��}=�.} ­ °¦°«°­ }U��}$�a¢.�=£.�=£$©C�2ª�� ­ }U�.}»��} ­ }U��}$��} ­ }=�.}»��} ­ }U��}$��} ­ }=�.}s��°¦°«°

ú àsèCã"í�çOé�Þ2òcòcÞ2Ý.æôó?ìbÜHçvíôß2ÝsèCãvÜHìkè2ç"èD÷ > � ä � < ÷Xð.àsè=çIÜ�ÛvÞ2ã�è6ã�íëÞ=Ýké]Þ=Ú.æ�ì��~ÚsçIã`è=çQâ"Ü�æôæ$ö»ÜXé�è2æëæôÜHìG÷ ä � < � > ÷XÞ=Û÷ < � > � ä á ÷Xß=Þ2íôÝ.ßMûyÛvÞ=ò²æëÜ�ûrã"ã�ÞMÛ�íôß2àUã"íôÝGã�à.ÜXÝ�Ú.òDö$Ü�Û`çIãvÛ�íëÝ.ßcèCö$Þ å Ü jGl í ù Ü�â`í�çIÜ=áUãvà.Ü:Þ2ð.ð$Þ=çvíëãvÜ:ÛvÞ2ã�è6ã�íëÞ=Ý�î < � ä � > õé]Þ=Ú.æ�ì��~ÚsçIã�è=çfÜHè2çvíôæëó?ö$Ü�é�è2æëæôÜHì ÷ ä � > � < ÷SÞ2Ûý÷ > � < � äSj ÷
�UãoèCÛvãvíôÝ.ßDÞ=Úbã`â`íwã�à|èMð.àsè=çIÜ:ÛvÞ2ã�èCãvíôÞ2ÝGÞ2û < � ä � > á=âOÜXé�è2ÝGã�Ûvókè2æëæ$ã�à.ÜXð»ÞUçvçvíëösíëæôíwã�íëÜFçOûyÞ2Û`çIâfèCðsð.íëÝsßMèCÝ�ócã~â"ÞÞCû�ãvàsÜSâ`íëÛ�ÜHçfè6ã�èMã�íëòcÜ�èCÝ»ì|çvÜ�ÜXâ`àsèCã`àsèCð.ð$Ü�Ý»çfãvÞpãvàsÜSÛvÜFçIÚ.æëãvíôÝ.ß?çvÜ J Ú.Ü�Ý»é]Ü2þ
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Original 1-2-3
�
phase rotation End result

1

2

3
�

3
�

2

1
(wires 1 and 2 swapped)

1

2

3
�

2

3
�
1

(wires 2 and 3 swapped)

phase rotation = 2-1-3

phase rotation = 1-3-2

1

2
�

3
�

1

3
�

2
� (wires 1 and 3 swapped)

phase rotation = 3-2-1

ü ÞMò?è6ãIã�Ü�Û"â`à.í�éoàGðsèCíôÛQÞ2û8÷Cà.Þ2ã�÷Dâ`íëÛ�ÜHçQÞ2Úbã"ÞCû·ãvàsÜ�ã�à.ÛvÜHÜ�â"Ü�éoà.Þ�ÞUçIÜ`ã�ÞMçvâ"è2ð�á=ãvà.Ü�ð.àsè2çvÜ�Û�ÞCãoè6ã�íëÞ=Ý?Ü�Ýsì.çÚ.ð ö$Ü�íôÝ.ß?ÛvÜ å ÜHÛ�çvÜHì�î > � ä � < ß=Ü]ãoç`éoàsèCÝ.ß=ÜHìkãvÞ ä � > � < á > � < � ä Þ2Û < � ä � > ábè2æëæ·Ü J Úsí å èCæôÜ�ÝUã�õ j

MONQPJRTSUPJV?W

M�� n.Y��U�B�&�CW´YCW)$;� u ábÞ2Û qsn.Y����B���qs z � u "q� áUí�ç"ãvàsÜ:Þ=Û�ì.Ü�ÛfíëÝ|â`à.í�éoàkã�à.Ü å Þ=æwãoèCß2Ü�â"è å Ü]ûyÞ=Ûvò?çOÞCû*èpð$Þ2æôóUðsàsè2çvÜø+> çIÞ=Ú.Ûoé]Ü:ÛvÜFè2éoà?ã�à.Ü�íôÛ`ÛvÜFçIð$ÜHé]ãví å Ü:ð»ÜFè ù ç j^j Þ2Û`èDãvà.Û�Ü�Ü��hð.à»è2çvÜ:çvóbç~ã�Ü�ò á�ãvà.ÜHÛvÜXèCÛ�Ü:Þ2Ý.æôócã~âOÞpð$Þ=ç�çIíôö.æôÜð.àsè2çvÜ?çIÜ J Ú.Ü�Ýsé�ÜHçHþ > � ä � < è2Ýsì < � ä � > á�é�Þ2Û�ÛvÜFçIð$Þ2Ýsì.íëÝ.ßêãvÞ ã�à.Ü?ã~â"Þ ð»ÞUçvçvíëösæëÜ?ìbíôÛvÜFé�ã�íëÞ=ÝsçSÞCû`èCæëãvÜHÛvÝ»è6ãvÞ=ÛÛvÞ2ã�è6ã�íëÞ=Ý j

M A àsè=çIÜ"ÛvÞ2ã�èCãvíôÞ2Ýpàsè2ç^Ý.ÞSíôòcðsè2é]ãmÞ2ÝpÛvÜFçIí�çIãví å ÜfæëÞUè2ì.çHáCö.Ú.ãmíwãmâ`íôæëæsàsè å Üfíôòpð»è2é�ãmÞ=ÝMÚsÝUö»èCæ�èCÝsé�ÜHìMÛvÜFè2é�ã�í å ÜæëÞUè2ì.çHábè2ç`çvà.Þ6â`ÝêíôÝ|ãvà.ÜSÞ=ð»ÜHÛ�èCãvíôÞ2ÝêÞCûºèMðsàsè2çvÜXÛvÞ2ã�è6ã�íëÞ=Ý|ì.Ü]ãvÜFé�ã�Þ2Ûýé]íôÛoé]Ú.íëã j

M A àsè=çIÜýÛ�ÞCãoè6ã�íëÞ=Ýké�è2Ýkö$Ü�Û�Ü å Ü�ÛoçIÜFìcöUóGçvâfèCð.ð.íôÝ.ßpèCÝ�ópã~âOÞMÞCû�ã�à.Ü�ã�à.Û�Ü�ÜX÷Cà.Þ2ã�÷�æôÜHè=ì.ç"çIÚ.ðsð.æëó�íôÝ.ßMãvà.Û�Ü�Ü��ð.àsè2çvÜXð»Þ6â"Ü�Û"ã�Þcèpã�à.Û�Ü�ÜU�´ð.àsè=çIÜ:æôÞ=è2ì j

�+�T_�� a�h��3�T ¢¡cbIdGe¤£¥hIiGh5f§¦¢e�d0jU¨�k

A Ü�Û�àsè2ðsçMãvà.Ü&òcÞ=çIãGíôòpð$Þ2Ûvã�è2ÝUãcö$Ü�ÝsÜU�.ãkÞ2û�ð$Þ2æôó�ð.àsè2çvÜ ø+> ð$Þ6â"Ü�Û?Þ å ÜHÛ?çIíôÝ.ß2æôÜU�´ð.àsè=çIÜ|í�çcãvà.Ü�ì.ÜHçvíëß=ÝÇè2ÝsìÞ2ð$Ü�Ûoè6ã�íëÞ=Ý ÞCû ø+> òpÞ2ãvÞ=Û�ç j"ø çýâ"Ü�ç~ã�ÚsìbíôÜHì&íôÝ ãvàsÜI�sÛoç~ã�éoà»èCðbã�Ü�ÛýÞ2û�ã�à.í�çýö$ÞUÞ ù á»çvÞ2òcÜXã~ó�ð»ÜFçýÞCû ø+> òcÞCã�Þ2ÛoçèCÛ�Ü å íôÛIã�ÚsèCæôæëóÇí�ìbÜ�ÝUãví�é�è2æ�íôÝ¦é�Þ2ÝsçIãvÛ�Úsé�ã�íëÞ=Ý±ãvÞiãvà.ÜHíëÛ èCæëãvÜHÛvÝsèCãvÞ=Ûeîyß=Ü�Ý.ÜHÛ�èCãvÞ2Û�õ?é�Þ2Ú.ÝUãvÜHÛvð»èCÛvã�çHáfé�Þ2Ýsçví�ç~ã�íëÝ.ßiÞCûçIã�è6ã�íëÞ=ÝsèCÛ�ókâ`íôÛ�ÜDâ`íôÝsìbíôÝ.ß=ç:èCÝsì&èkÛvÞ2ã�èCãvíôÝ.ßGò?èCß=Ý.Ü]ã�è=çvçvÜ�òMö.æôó j î 7 ãvà.ÜHÛ ø+> òcÞCã�Þ2Û:ìbÜHçvíëß=Ýsç�è2ÛvÜDÝ.ÞCã J Úsíwã�ÜãvàsíôçýçvíôòpðsæëÜ=á.ö.Úbãýâ"ÜXâ`íëæôæ�æôÜHè å Ü�ãvàsÞ=çvÜXì.Ü]ã�è2íëæ�çfã�Þcè2Ý.ÞCã�à.Ü�Û`æôÜHç�çvÞ2Ý»õ j
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Step #1 Step #2

Step #3 Step #4

S SNN

NS NS

AC motor operation

� û¹ãvà.Ü�ÛvÞ2ã�è6ã�íëÝsßSòcè2ß2Ý.Ü�ãQí�çQèCösæëÜ`ã�Þ ù ÜHÜ�ð?Ú.ð?â`íëãvà?ã�à.Ü`ûyÛ�Ü J Ú.ÜHÝsé]ópÞCû¹ãvàsÜ�èCæëãvÜHÛvÝsèCãvíôÝ.ß�é]ÚsÛvÛ�Ü�ÝUãmÜ�ÝsÜ�Û�ß2íy��íôÝ.ßãvàsÜmÜ�æôÜHé]ãvÛ�Þ2ò?èCß=Ý.Ü]ã�â`íôÝsìbíôÝ.ß=çOîÿé�Þ2íôæôçoõ�áAíëã8â`íëæôæ�é]Þ2ÝUã�íëÝ�Ú.Ü^ã�Þýö»ÜOð.Ú.æôæëÜFìSèCÛ�Þ2Ú.Ý»ì:é�æëÞbé ù â`í�çIÜ j8[ Þ6â"Ü å Ü�ÛFáHé]æôÞbé ù â`íôçvÜí�ç`Ý.ÞCã`ã�à.ÜSÞ2Ýsæëó å è2æëí�ì ìbíôÛvÜFé�ãvíôÞ2Ý|ûyÞ=Ûfãvà.í�ç`òcÞCã�Þ2Ûp� ç`çvàsè6ûrã`ã�ÞGçIðsíëÝ j/� ã�é]Þ=Ú.æôì5�~ÚsçIã�è2çýÜHè2çvíôæëóGö$ÜSð$Þ6âOÜHÛvÜFìkíôÝ&èé]Þ=Ú.ÝUãvÜHÛ2�Zé]æôÞbé ù â`í�çvÜ�ìbíôÛvÜFé�ã�íëÞ=Ýêö�óGã�à.Ü�ç�èCòcÜ ø+>±å Þ=æwãoèCß=Ü�âfè å Ü�ûyÞ2Û�ò|þ
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Step #1 Step #2

Step #3 Step #4

S SNN

NS NS

AC motor operation

ü Þ2ãví�é]Ü"ãvà»è6ãmâ`íëãvàcãvàsÜ`Ü]ñ.è2é]ãºç�èCòcÜýçvÜ J Ú.ÜHÝsé]ÜfÞCû¹ð$Þ2æ�èCÛ�íwã~óDé�óbé]æôÜHç`î å Þ2æëã�è2ß2Ü2áCé�Ú.Û�ÛvÜHÝ=ãFá2èCÝ»ìMò?è2ß2Ý.Ü�ãví�éOð$Þ2æôÜHçð.Û�ÞbìbÚsé]ÜFìcö�óMã�à.Ü�é�Þ2íôæôçoõ�á2ãvà.Ü�ò?èCß2ÝsÜ]ãví�éýÛ�ÞCã�Þ2ÛQéHèCÝGçvð.íôÝ?íëÝGÜHíwã�à.Ü�ÛfìbíôÛvÜFé�ã�íëÞ=Ý jG� àsíôçOíôçOè�é]Þ=òcòpÞ=ÝcãvÛoèCíëãOÞ2û·è2æëæçvíëÝ.ß=æëÜ��hðsàsè2çvÜ ø+> ÷2íëÝ»ìbÚsé�ã�íëÞ=Ýs÷�è2Ýsìc÷2çvóUÝ»éoà.ÛvÞ=Ý.Þ2Ú»çv÷�òcÞCãvÞ=Û�çHþ�ã�à.Ü�ópàsè å Ü`Ý.ÞSÝ.Þ2Û�ò?èCæ.Þ=ÛQ÷2é�Þ2Û�ÛvÜFé�ão÷:ì.íëÛ�ÜHé]ãvíôÞ2ÝÞCûmÛ�ÞCãoè6ã�íëÞ=Ý j+� à.ÜMÝsè6ã�Ú.Û�è2æ J Ú.ÜFç~ã�íëÞ=ÝeçIàsÞ2Ú.æ�ì&èCÛ�íôçvÜDèCã�ãvàsíôç�ð»Þ=íëÝUãFþ`à.Þ6â�é�èCÝ�ãvà.ÜMòpÞ2ãvÞ=Û�ß2Ü�ã:çIã�è2ÛIã�ÜHì íôÝ�ãvàsÜíôÝ=ã�Ü�Ýsì.ÜHì?ìbíôÛvÜFé�ã�íëÞ=Ý?íwû·íëãOé�è2Ý?ÛvÚ.Ý?ÜHíwã�à.Ü�ÛQâ"èAó+�~Úsç~ã"è2çmâ"Ü�æôæ dT� àsÜ�èCÝsçvâ"Ü�Ûºí�çºãvà»è6ãmã�à.ÜHçvÜýòcÞCã�Þ2ÛoçºÝ.Ü�ÜFì?èXæëíëãIã�æëÜà.ÜHæëð�ß=Ü]ãvãvíôÝ.ßkçIã�èCÛvãvÜFì jJ7 Ýsé�Ü�à.Ü�æôð$ÜHì ã�ÞkçIðsíëÝ�íôÝ�èGð»èCÛvãví�é]Ú.æ�èCÛ�ì.íëÛ�ÜHé]ãvíôÞ2Ý j ã�à.Ü�ó|â`íëæôæ^é]Þ2ÝUã�íëÝ�Ú.ÜSã�Þkçvð.íëÝ�ãvàsèCãâfèAóGè2çfæôÞ2Ý.ß?è2ç ø+> ð$Þ6âOÜHÛ"í�ç`ò?èCíôÝUã�è2íëÝ.ÜFìGã�Þpãvà.ÜSâ`íôÝsìbíôÝ.ß=ç j

ú à.ÜHÛvÜcã�àsè6ãM÷2à.Ü�æôðs÷ é]Þ=òcÜHçXûyÛ�Þ2ò ûyÞ2ÛDè&çvíëÝsß2æôÜU�´ð.àsè2çvÜ ø+> òpÞ2ãvÞ=ÛSãvÞ&ß=Ü]ã�ß2Þ=íëÝsß&íëÝaÞ2ÝsÜGìbíëÛ�ÜHé]ãvíôÞ2Ý×é�è2Ýå èCÛ�ó jª© çIÚsè2æëæôó2ásíwã�é�Þ2òcÜHç"ûyÛ�Þ2ò èCÝ&è2ì.ì.íwã�íëÞ=ÝsèCæ�çvÜ]ãýÞ2û�â`íôÝsìbíôÝ.ß=çýð»ÞUçIíëãvíôÞ2Ý.ÜFìêì.í�
¹Ü�Û�Ü�ÝUãvæôóGûyÛ�Þ2ò ãvà.ÜSò?è2íëÝ&çvÜ]ãHáèCÝ»ìkÜHÝ.Ü�Û�ß2íy��ÜFìkâ`íëãvà&èCÝ ø+>¨å Þ2æëã�è2ß2Ü�ãvàsèCãýíôçfÞ=ÚbãýÞCû^ð.àsè=çIÜXâ`íëãvà|ãvàsÜSòcè2íëÝ|ð$Þ6âOÜHÛHþ
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N

S
winding

1a
winding

1b

winding
2a

winding
2b

winding 2’s voltage waveform is 90 degrees
out of phase with winding 1’s voltage waveform

winding 2’s voltage waveform is 90 degrees
out of phase with winding 1’s voltage waveform

Unidirectional motor

� à.ÜFçIÜýçvÚ.ð.ð.æôÜ�òcÜHÝ=ãoèCÛ�óMé�Þ2íôæôçmè2ÛvÜfã~ó�ð.í�é�è2æëæôóMé�Þ2Ý.ÝsÜHé�ã�ÜHìpíôÝGçIÜHÛvíôÜHçºâ`íëãvàGèSéHèCðsè=é]íëãvÞ=Û^ãvÞ�íôÝUãvÛ�Þ�ì.Úsé]ÜýèSðsàsè2çvÜçvà.íwûrãýíôÝ&é]Ú.Û�Û�Ü�ÝUã`ö»Ü�ã~âOÜHÜ�Ýêãvà.ÜXã~â"Þ?çIÜ�ã�ç`Þ2û*â`íôÝsìbíôÝ.ß=çHþ

1a

1b

2a

2b

out of phase with each other
these two branch currents are

C
|

I I

� àsèCã�ð.àsè=çIÜpçIàsíwûrã�é]Û�ÜHèCãvÜFçýò?èCß=Ý.Ü]ã�íôé��sÜ�æ�ì.ç�ûyÛvÞ=ò é]Þ2íôæ�ç ä èkèCÝ»ì ä ö�ãvàsèCãXè2ÛvÜMÜ J ÚsèCæôæôó|Þ=Úbã�Þ2ûOçIãvÜ�ð�â`íwã�àãvàsÜ��sÜ�æ�ì.ç"ûyÛ�Þ2ò é�Þ2íôæôç > èpè2Ýsì > ö jª� à.ÜSÛ�ÜHçvÚ.æëã`íôç`ècçvÜ]ãýÞCû�ò?èCß2ÝsÜ]ãví�éJ�sÜ�æ�ì.ç`â`íëãvà&ècìbÜ��sÝ.íëãvÜSð.àsè=çIÜXÛ�ÞCãoè6ãvíôÞ2Ý j
� ãýí�ç"ãvà.í�ç`ð.àsè=çIÜXÛ�ÞCãoè6ãvíôÞ2Ýêãvà»è6ãýð.Ú.æôæ�çfãvà.ÜSÛ�ÞCãoè6ã�íëÝ.ßpò?èCß=Ý.Ü]ãýèCÛ�Þ2ÚsÝsìkíôÝ&ècìbÜU�sÝsíwã�Ü�ìbíëÛ�ÜHé]ãvíôÞ2Ý j

A Þ2æôó�ð.àsè=çIÜ ø+> òcÞ2ãvÞ2Ûoç�Û�Ü J Ú.íôÛ�ÜmÝ.ÞXçIÚséoà�ãvÛ�íôé ù Ü�Û�ó�ã�Þ�çvð.íëÝMíëÝpè�ìbÜ��sÝ.íëãvÜfìbíôÛvÜFé�ãvíôÞ2Ý jH« ÜHéHèCÚsçvÜmã�à.Ü�íôÛ�çvÚ.ð.ðsæëóå Þ=æwãoèCß=Ü?â"è å Ü]ûyÞ2Û�ò?çSèCæôÛvÜFè2ìbó�àsè å ÜGèeìbÜU�sÝsíwã�ÜGÛvÞ2ã�èCãvíôÞ2Ý¯çvÜ J Ú.Ü�Ý»é]Ü2á^çvÞeìbÞ&ã�à.ÜkÛ�ÜHçvð»ÜFé�ã�í å Ü?òcè2ß2Ý.Ü�ãví�é8�sÜHæôì.çß2ÜHÝ.Ü�Ûoè6ã�ÜHì ö�ó|ãvà.ÜpòcÞCã�Þ2Ûp� ç�ç~ãoè6ãvíôÞ2Ý»èCÛ�óêâ`íôÝsìbíôÝ.ß=ç j+� Ýeûÿè2é]ãHá$ãvà.Ücé]Þ=òDö.íôÝsèCãvíôÞ2Ý&ÞCûQè2æëæ*ãvàsÛvÜHÜDð.àsè=çIÜMâ`íëÝ»ìbíëÝsßçvÜ]ã�ç:â"Þ2Û ù íëÝ.ßGãvÞ2ß=Ü]ã�à.Ü�ÛXé]Û�ÜHèCãvÜHç�â`àsè6ãXí�ç�Þ2ûrãvÜHÝ�é�è2æëæôÜHìeè �&�CW´YCW)$ u�� � Y �Cu �]W]$;"	¬:�U��r�j�� ãXâ"è=ç`ãvàsíôçSé�Þ2Ýsé�Ü�ðbã:ÞCûèGÛ�ÞCãoè6ã�íëÝ.ßêò?èCß2ÝsÜ]ãví�éI�»Ü�æ�ì&ãvà»è6ãXíëÝsçvð.íôÛvÜFì ü í ù Þ=æôè � ÜFçIæ�è?ã�ÞêìbÜFçIíôß2Ý�ãvà.ÜpâOÞ=Ûvæ�ì<� ç��»Û�çIã�ð$Þ2æôó�ð.àsè2çvÜDÜHæëÜFé�ã�Ûví�é�è2æçvó�çIãvÜHò?çSîÿçvíëòcð.æôóGã�Þpò?è ù ÜSçIíôòcð.æôÜ�ÛFábòpÞ=ÛvÜ:Ü \ é�íëÜHÝ=ãýòcÞ2ãvÞ2Ûoçoõ j�� à.ÜXæëíôÝ.Ü�é�Ú.ÛvÛ�Ü�ÝUã`èCÝsì ç�è6ûyÜ�ã~ókè2ì å è2Ý=ãoèCß=ÜHçOÞCûð$Þ2æôóUðsàsè2çvÜXð»Þ6â"Ü�ÛfÞ å ÜHÛ`çIíôÝ.ß2æôÜXð.àsè=çIÜXð$Þ6âOÜHÛ`âOÜHÛvÜXìbí�çvé�Þ å Ü�Û�ÜHìkæôèCãvÜHÛ j
ú àsèCã�é�è2Ý�ö»ÜMèké]Þ=ÝbûyÚsçvíëÝsßké]Þ=Ýsé]ÜHðbã�í�çýò?è2ìbÜMòDÚséoà�é�æëÜFèCÛ�Ü�Û`ã�à.Û�Þ2Ú.ß=à�èCÝsè2æëÞ=ß2ó j`[ è å ÜSó2Þ=Ú&Ü å Ü�Û�çvÜ�ÜHÝ�èÛ�Þ6â�ÞCû*ösæëíôÝ ù íëÝsßMæôíëß=àUãfösÚ.æëö»ç"çvÚséoà|è2çOãvà.Ü ù íôÝsìkÚ»çIÜFìGíôÝ > à.Û�í�ç~ã�òcè=çfìbÜHé�Þ2Ûoè6ãvíôÞ2Ý»ç d ��Þ=òpÜXçIãvÛ�íëÝ.ßUçfèCð.ð$ÜHè2ÛQã�Þ÷CòcÞ å ÜH÷píëÝ�èGìbÜU�»Ý.íwã�ÜMìbíôÛ�ÜHé�ã�íëÞ=Ý�è2çýãvà.ÜMö.Ú.æôösç�è2æwã�Ü�Û�Ýsè6ã�Ü�æôóêß=æëÞ6â�èCÝsì&ìsèCÛ ù Ü�Ý&íôÝ�çvÜ J Ú.Ü�Ý»é]Ü jJ7 ã�à.Ü�Û:ç~ã�ÛvíôÝ.ßUç

�~ÚsçIã:ösæëíôÝ ù Þ2Ý èCÝsì�Þ�
×â`íwã�àeÝ.Þ èCðsðsèCÛ�Ü�ÝUã�òcÞCã�íëÞ=Ý jXú àsè6ãXò?è ù ÜHç�ãvà.Ücìbí�
$ÜHÛvÜHÝsé]ÜMö»Ü�ã~âOÜHÜ�Ý�ã�à.ÜMã~âOÞkã~óUð$ÜHç
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ÞCû^ö.Ú.æôö&ç~ã�ÛvíôÝ.ßUç d ø ÝsçIâ"Ü�ÛFþ^ð.àsè=çIÜSçvà.íwûrã E
_ ñ.è2òpíôÝ.ÜXècç~ã�ÛvíôÝ.ßcÞCû^æëíôß2àUãoçfâ`à.Ü�Û�ÜXÜ å ÜHÛvókÞCãvàsÜ�Û`ö.Ú.æôö íôçfæôíëã�è6ã�èCÝ�ó?ß=í å Ü�ÝêãvíôòpÜ=þ

1 2
�

1 2
�

1 2
�

1 2
�

1 2
�

1 2
�

1 2
�

1 2
�

1 2
�

1 2
�

1 2
�

1 2
�

all "2" bulbs lit­

all "1" bulbs lit­

phase sequence: 1-2-1-2

ú à.ÜHÝ¯èCæôæQÞCûfã�à.Ük÷�®F÷|ö.Ú.æôösçMè2ÛvÜ?æôíëãHá�ãvà.Üê÷ ä ÷ ösÚ.æëö»çDèCÛ�ÜGì.è2Û ù á*è2Ýsì å íôç�è�� å ÜHÛ�ç�è jkú íwã�à×ãvà.í�ç�ösæëíôÝ ù íëÝsßçvÜ'¯UÚ.Ü�Ý»é]Ü2á.ãvà.ÜHÛvÜXí�ç`Ý.ÞGìbÜ��sÝ.íëãvÜ�÷CòcÞ2ãvíôÞ2Ýs÷MãvÞcã�à.ÜSö.Ú.æôösç'�sæôíëß=àUã j KmÞ2ÚsÛýÜ�ó=ÜHç`é]Þ=Ú.æ�ìkûyÞ=æëæôÞ6â«è?÷2òcÞCãvíôÞ2Ý»÷�ûyÛ�Þ2òæôÜ]ûrã"ãvÞDÛ�íôß2àUão�~ÚsçIã"è=çQÜFè2çvíëæôócè2çQûyÛvÞ=ò4Û�íôß2àUãmãvÞpæôÜ]ûrã j�� ÜHéoà.ÝsíôéHèCæôæëó=á2ã�à.Ü:÷�®H÷�è2ÝsìG÷ ä ÷Sö.Úsæëöêö.æëíôÝ ù íôÝ.ßMçvÜ'¯UÚ.ÜHÝsé]ÜFçèCÛ�Ün®'(u° } Þ=ÚbãkÞCû�ðsàsè2çvÜiîyÜ�ñ.è2é�ã�æëóÇÞ2ðsð»ÞUçIíëãvÜ�ÜFè2éoà±ÞCã�à.Ü�Û�õ j±� àsíôçkíôçêèCÝsè2æëÞ=ß2Þ2Ú»çpãvÞ×ã�à.Ü�çvíëÝsß2æôÜU�´ð.àsè2çvÜ ø+>òcÞCã�Þ2ÛFá»â`à.í�éoà�éHèCÝ�Û�Ú.Ý²�~Ú»ç~ãSè2ç�ÜHè=çIíôæëó|íôÝeÜ�íëãvàsÜ�ÛXìbíëÛ�ÜHé]ãvíôÞ2Ý�á¹ö.Ú.ã:â`à.í�éoàeéHèCÝ.Ý.Þ2ã:çIã�è2ÛIã:Þ2Ý�íëã�ç:Þ6â`Ý&ö$ÜHé�è2ÚsçvÜíëã�ç`ò?èCß=Ý.Ü]ã�íôéJ�sÜHæôì è2æwã�Ü�Û�Ýsè6ã�íëÞ=Ýkæ�è2é ù ç`ècìbÜU�sÝsíwã�Ü�÷CÛ�ÞCã�èCãvíôÞ2Ý j ÷
ü Þ6â æôÜ]ã'� ç`Ü�ñbè2òcíëÝ.Ü�è?çIãvÛ�íôÝ.ß?ÞCûºæôíëß=à=ãoç`â`à.ÜHÛvÜXã�à.Ü�Û�Ü�èCÛ�ÜXãvà.Û�Ü�Ü�çvÜ]ãoç`ÞCûºö.ÚsæëösçýãvÞ?ö$ÜDçvÜ'¯UÚ.Ü�Ý»é]ÜHì|íôÝsçIãvÜHè=ìÞCû³�~ÚsçIã`ã~âOÞ»á.èCÝsìkãvàsÜHçvÜXãvà.Û�Ü�ÜSçvÜ]ã�ç`è2ÛvÜXÜp¯=Ú»èCæôæëóGÞ=ÚbãýÞCû�ð.àsè=çIÜXâ`íëãvà ÜHè=éoàêÞ2ãvà.ÜHÛHþ
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�
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�
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�
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�
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1 2
�
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�

1 2
�

3
�

1 2
�
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�

1 2
�

3
�

1 2
�

3
�

1 2
�

3
�

1 2
�

3
�

1 2
�

3
�

phase sequence = 1-2-3

all "1" bulbs lit

all "2" bulbs lit

all "3" bulbs lit

all "1" bulbs lit

Time
´

bulbs appear to be "moving" from left to right

� û�ã�à.ÜXæëíôß2àUãvíôÝ.ßpçIÜp¯=ÚsÜ�Ýsé�Ü�í�ç6®U� ä �¶µGîrã�à.ÜSçIÜp¯=ÚsÜ�Ýsé�Ü�çvà.Þ6â`Ý»õ�áUã�à.ÜXö.Ú.æôösç"â`íëæôæ·èCð.ð$ÜHè2ÛOã�Þp÷2òcÞ å ÜH÷SûyÛvÞ=ò4æôÜ]ûrããvÞcÛ�íëß=àUã jmü Þ6â«íëò?è2ß2íôÝ.Ü:ãvà.í�ç`ö.æôíëÝ ù íôÝ.ß?çIãvÛ�íëÝ.ßcÞ2û�ö.Úsæëösç�èCÛ�Û�è2Ý.ß2ÜFì?íëÝUã�Þcècé�íëÛoé]æôÜ2þ
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1 1

2 3

23

all "1" bulbs lit

all "2" bulbs lit

all "3" bulbs lit

The bulbs appear to
"move" in a clockwise
direction

1

32

1

3 2

1

32

1

3 2ü Þ6â�ãvàsÜ�æôíëß=à=ãoçQè2ð.ð»ÜFèCÛºã�Þ�ö$Ü�÷CòcÞ å íëÝsß=÷XíôÝGè�é]æôÞbé ù â`í�çvÜýìbíëÛ�ÜHé]ãvíôÞ2Ý?ö$ÜHéHèCÚsçvÜ`ãvàsÜ�ócèCÛ�ÜýèCÛ�Û�è2Ý.ß2ÜFìMè2ÛvÞ=Ú.Ýsìè?é]íôÛoé]æôÜ:íôÝsçIãvÜFè2ì|ÞCûºè?ç~ã�Û�è2íëß=àUãfæôíôÝ.Ü jª� ã:çIà.Þ=Ú.æ�ì|é�Þ2òcÜSè2ç`ÝsÞGçIÚ.Û�ð.Û�íôçvÜ�ãvàsèCãýãvà.Ü�è2ð.ð$ÜHèCÛoèCÝ»é]ÜXÞCû^òcÞCãvíôÞ2Ý â`íôæëæÛ�Ü å ÜHÛ�çvÜ:íwû�ãvà.ÜSðsàsè2çvÜSçIÜp¯=ÚsÜ�Ýsé�Ü:Þ2û8ã�à.ÜSö.Ú.æôösç`í�ç`Û�Ü å ÜHÛ�çvÜHì j
� à.Ü`ö.æôíôÝ ù íëÝ.ßDðsè6ãvãvÜ�Û�Ý?â`íôæëæ»Ü�íëãvà.ÜHÛOèCðsð»ÜFèCÛºã�Þ�òcÞ å Ü`é]æôÞbé ù â`í�çvÜ`Þ2ÛQé�Þ2Ú.ÝUãvÜHÛ2�Zé]æôÞbé ù â`íôçvÜ`ìbÜ�ð$Ü�Ýsì.íëÝ.ßDÞ2ÝcãvàsÜð.àsè=çIÜXçvÜ'¯UÚ.Ü�Ý»é]Ü j�� à.í�çfí�ç`èCÝsè2æëÞ=ß2Þ2Ú»çºãvÞ?èDãvà.Û�Ü�Ü��hðsàsè2çvÜ ø+> òcÞCãvÞ=ÛOâ`íëãvà|ã�à.ÛvÜHÜ:çvÜ]ãoçfÞCû�â`íëÝsì.íëÝ.ßUç"Ü�Ý.ÜHÛvß=í��HÜHìö�ó å Þ=æwãoèCß=Ü:çvÞ2Ú.Ûoé]ÜFç"ÞCû�ãvà.Û�Ü�ÜSìbí�
$ÜHÛvÜHÝUãýð.àsè2çvÜSçIàsíwûrãoç�þ

N

S
winding

1a
winding

1b

winding
2a

winding
2b

winding
3a
�

winding
3b
�

A phase sequence of 1-2-3 will spin the magnet
in a clockwise direction.  A phase sequence of
3-2-1 will spin the magnet in a counter-clockwise
direction.

Three-phase AC motor

ú íëãvàkðsàsè2çvÜ�çvà.íëûrã�ç"ÞCû8æôÜHç�çQãvàsè2Ý¹®'(u°uºfâ"Ü:ß2Ü]ãOãvÛ�Ú.Ü:ÛvÞ2ã�è6ã�íëÞ=Ý?ÞCû�ã�à.Ü:òcè2ß2Ý.Ü�ãví�é	�sÜHæôì jºú íwã�à|çvíëÝsß2æôÜU�´ð.àsè2çvÜòcÞCã�Þ2Ûoç�áFãvàsÜ"Û�ÞCãoè6ã�íëÝ.ß�ò?èCß2ÝsÜ]ãví�é��»Ü�æ�ìDÝ.ÜFé]ÜFçvç�èCÛ�ó�ûyÞ=ÛºçIÜHæwû%�Zç~ãoèCÛvãvíôÝ.ß�òMÚsçIã*ã�Þ�ö$Ü"é�ÛvÜFè6ã�ÜHì�ö�óXâfèAó:Þ2û»é�è2ðsè2é�íwã�í å Ü
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ð.àsè=çIÜýçvà.íëûrã j^ú íëãvà?ð$Þ2æôóUðsàsè2çvÜfòpÞ2ãvÞ=Û�çHá6ãvàsÜ`Ý.ÜHé�ÜHç�çvè2Ûvó�ðsàsè2çvÜ`çIà.íëûrã�çOèCÛ�Ü"ãvà.ÜHÛvÜýè2æëÛ�ÜHè=ìbó jGA æôÚsç�áCãvà.Ü�ì.íëÛ�ÜHé]ãvíôÞ2ÝÞCûmçvàsè6ûrãýÛ�ÞCãoè6ã�íëÞ=ÝêûyÞ=Ûýð$Þ2æôóUðsàsè2çvÜSòcÞCãvÞ=Û�çfí�ç å Ü�Û�óGÜHè=çIíôæôókÛ�Ü å ÜHÛ�çvÜHì�þ\�~Úsç~ã:çIâfèCð&èCÝ�ókã~âOÞG÷2à.ÞCão÷Mâ`íôÛ�ÜHç`ß=Þ2íôÝ.ßãvÞpã�à.ÜSòcÞCãvÞ=ÛHá.è2Ýsì|íwãýâ`íôæôæ·ÛvÚ.Ý íôÝ|ãvà.ÜSÞ=ð.ð»ÞUçIíëãvÜSìbíôÛ�ÜHé�ã�íëÞ=Ý@Â

MONQPJRTSUPJV?W

M ø+> ÷CíôÝsìbÚsé]ãvíôÞ2Ýs÷ è2Ýsìe÷=çIó�Ýséoà.Û�Þ2ÝsÞ2Úsç�÷?òcÞCã�Þ2Ûoç�â"Þ2Û ù ö�ó�àsè å íëÝsß|èêÛvÞ2ã�èCãvíôÝ.ßêò?è2ß2Ý.Ü�ã�ûyÞ=æëæôÞ6â¬ã�à.Ü?èCæ��ãvÜ�Û�ÝsèCãvíôÝ.ßcòcè2ß2Ý.Ü�ãví�éJ�sÜ�æ�ì.çfð.Û�ÞbìbÚsé]ÜFì|öUóêç~ãoè6ãvíôÞ2Ý»èCÛ�ó?â`íëÛ�ÜXâ`íëÝsì.íëÝ.ßUç j
M ��íëÝsß2æôÜU�´ð.àsè2çvÜ ø+> òcÞCã�Þ2Ûoç^ÞCû$ãvà.í�ç^ã~ó�ð$Ü`Ý.Ü�ÜFìMàsÜ�æôðMã�ÞSß2Ü�ãQç~ãoèCÛvãvÜHìpçvð.íëÝsÝ.íëÝsßSíëÝ?èXðsè2ÛIã�íôé�Ú.æôè2ÛºìbíëÛ�ÜHé]ãvíôÞ2Ý j
M « óMíëÝUã�ÛvÞbìbÚsé�íëÝsß�èXð.àsè2çvÜ�çvà.íëûrãQÞCû·æôÜHç�ç^ãvàsè2Ý¢®'(u°uºQãvÞSã�à.Üýò?èCß=Ý.Ü]ã�íôé:�»Ü�æ�ì.çmíôÝGçIÚ»éoàcè�òpÞ2ãvÞ=ÛHá2èSì.ÜU�sÝ.íëãvÜìbíëÛ�ÜHé]ãvíôÞ2Ý|ÞCû^çIàsèCûrãýÛvÞ2ã�èCãvíôÞ2ÝêéHèCÝ ö$ÜSÜHçIã�èCösæëí�çIàsÜHì j
M ��íëÝsß2æôÜU�´ð.àsè2çvÜcíëÝ»ìbÚsé�ã�íëÞ=ÝaòpÞ2ãvÞ=Û�çXÞ2ûrãvÜ�ÝaÚsçvÜGèCÝ×è2Úbñbíëæôíôè2Ûvó&â`íôÝsìbíôÝ.ßeé�Þ2Ý.ÝsÜHé�ã�ÜHì�íëÝ¯çvÜ�Û�íôÜHçXâ`íëãvà×è&é�è��ðsè2é�íwã�Þ2Û"ãvÞGé�ÛvÜFè6ãvÜ�ãvàsÜSÝ.ÜHé�ÜHç�çvè2Ûvó?ð.à»è2çvÜXçvà.íëûrã j
M A Þ2æôóUðsàsè2çvÜSòcÞCãvÞ=Û�ç�ìbÞ2Ýo� ãXÝ.Ü�ÜFì�çvÚséoà�òcÜHè=çIÚ.Û�ÜHç'Ã$ãvà.ÜHíëÛXìbíôÛvÜFé�ã�íëÞ=Ý�ÞCûQÛ�ÞCãoè6ã�íëÞ=Ý&íôç+�.ñbÜHìeöUó|ã�à.ÜMðsàsè2çvÜçIÜp¯=ÚsÜ�Ýsé�Ü:Þ2û8ã�à.Ü å Þ=æwãoèCß2Ü�ãvàsÜ�ó\� Û�ÜXð»Þ6â"Ü�Û�ÜHìêö�ó j
M ��â"è2ð.ð.íôÝ.ßcèCÝ�ócã~âOÞc÷CàsÞCã�÷Mâ`íôÛvÜFçfÞ2Ýêèpð$Þ2æôó�ð.àsè2çvÜ ø+> òcÞCã�Þ2Ûfâ`íëæôæ�Û�Ü å Ü�ÛoçIÜ�íwãoçfð.àsè2çvÜXçIÜp¯=ÚsÜ�Ýsé�Ü2á�ãvà�ÚsçÛvÜ å Ü�ÛoçvíëÝ.ßMíwãoçýçvàsè6ûrã`Û�ÞCã�èCãvíôÞ2Ý j

�+�T_qÄ ÅÆ¡cf�e�e:Ç³ ¢¡cbIdGeÉÈ b�kc¦ËÊ Ì	h�kÎÍ�¨5Ïcf�b6i�jUh5kcd

� Ý.íëãví�èCæôæëó�âOÜ&Ü�ñbð.æëÞ=ÛvÜFì¯ã�à.Ü&í�ìbÜHè ÞCû:ãvàsÛvÜHÜU�´ð.àsè2çvÜ ð»Þ6â"Ü�ÛGçvóbç~ã�Ü�ò?çcö�ó�é�Þ2Ý.Ý.ÜFé�ã�íëÝ.ß ã�à.ÛvÜHÜ å Þ=æwãoèCß2Ü&çvÞ2Ú.Ûoé]ÜFçãvÞ=ß2Ü�ãvà.ÜHÛ�íëÝaâ`àsèCãDí�ç�é]Þ=òpòcÞ=Ý.æëó ù Ý.Þ6â`Ý×è2çXã�à.ÜG÷�KX÷×îyÞ2ÛM÷2çIã�èCÛo÷=õ:é�Þ2Ý.�sß=Ú.Ûoè6ãvíôÞ2Ý jQ� à.í�ç�é]Þ=Ý.�sß2ÚsÛ�èCãvíôÞ2Ý ÞCûå Þ=æwãoèCß=Ü:çvÞ2Ú.Ûoé]ÜFç"íôçýéoà»èCÛoè2é�ã�Ü�Û�í��HÜHì?ö�ókè?é�Þ2òcòcÞ2Ý é]Þ=Ý.Ý.ÜHé]ãvíôÞ2Ý|ð»Þ=íëÝUã��~Þ=íëÝ.íôÝ.ßcÞ2ÝsÜXçví�ìbÜSÞCû�ÜHè2éoà çvÞ2Ú.Ûoé]Ü=þ

+

-

+

-

- +

120 V

120 V

120 V

∠ 0o

∠ 120o

∠ 240o

� ûmâ"ÜDìbÛoèAâ�èké]íôÛ�é�Ú.íwãXçIàsÞ6â`íëÝ.ßkÜHè2éoà å Þ2æëã�è2ß2Ü�çvÞ2Ú.Ûoé]ÜSã�ÞGö$ÜpèGé�Þ2íôæ8Þ2ûmâ`íëÛ�Ükîÿè2æwã�Ü�Û�Ýsè6ã�Þ2Û�Þ2Ûýã�Û�è2ÝsçIûyÞ2Û�òpÜHÛâ`íôÝsìbíôÝ.ßUõfè2Ýsìêì.ÞGçIÞ=òpÜSçvæëíôß2àUã`Û�ÜHèCÛ�ÛoèCÝ.ß=íëÝ.ß»áCã�à.Ü�÷�KX÷pé�Þ2Ý.�»ß2Ú.Ûoè6ã�íëÞ=Ýkö$ÜHé]Þ=òcÜHç`òcÞ2Û�Ü:Þ2ö å íëÞ=Úsç�þ



ä�9 ( C0¸ Ì�Í�Î0,-*�����ÏiÍ:Ð�Do�ºÍ ¸ Ì�Ñ.,ÇÌ CECGF * C6�HF ÎºÑ

+

-
-

+

-

+

120 V 120 V

120 V

"line"

"line"

"line"

"neutral"

3-phase, 4-wire "Y" connection

∠ 0o ∠ 120o

∠ 240o

� à.Üºã�à.Û�Ü�Ümé]Þ=ÝsìbÚsé]ãvÞ=Û�ç·æôÜHè=ìbíôÝ.ßýèAâ"èAóýûyÛvÞ=ò¦ã�à.Ü å Þ=æwãoèCß=ÜmçIÞ=Ú.Û�é�ÜHçºîÿâ`íëÝsì.íëÝ.ßUç�õ·ãvÞ6âfèCÛoì�èfæôÞ=è=ìSèCÛ�Ü^ã~ó�ð.íôéHèCæôæëóé�è2æëæôÜHì ��$%Ð³�U� á^â`à.íôæôÜ?ãvà.Üêâ`íëÝ»ìbíëÝsß=çSã�à.Ü�ò?çvÜ�æ å ÜFç�èCÛ�Ücã~ó�ð.íôéHèCæôæëóaé�è2æëæôÜHìÒÑ�Ó�Ô �U�U�Tj¢� ÝièÎK+�Zé]Þ=Ý.Ý.ÜFé�ãvÜFì×çIóbçIãvÜHò|áãvàsÜ�Û�ÜMò?èAó&Þ2Û:ò?èAó&Ý.ÞCãXö$ÜcèêÝ.ÜHÚbãvÛoèCæ^â`íôÛvÜcè6ãvã�è2éoàsÜHì�èCã:ã�à.ÜJ�~Ú.Ýsé�ã�íëÞ=Ý�ð$Þ2íôÝUãSíëÝeãvà.ÜcòcíôìsìbæëÜ=á8èCæëãvàsÞ2Ú.ß=àeíëãé]ÜHÛIãoèCíôÝ.æôó&à.Ü�æôðsçSèCæôæôÜ å íôèCãvÜpð»Þ2ãvÜHÝ=ã�íôè2æ^ð.ÛvÞ=ö.æôÜ�ò?çXçIà.Þ=Ú.æ�ìeÞ=Ý.ÜMÜHæëÜHòcÜ�ÝUãSÞCû"èkãvàsÛvÜHÜU�´ð.àsè2çvÜpæëÞUè2ì&ûÿè2íëæºÞ=ð»ÜHÝ�á8è=çìbí�çvé�Úsç�çIÜFìkÜFèCÛ�æëíôÜ�ÛFþ

+

-
-

+

-

+

120 V 120 V

120 V

"line"

"line"

"line"

∠ 0o ∠ 120o

∠ 240o

(no "neutral" wire)

3-phase, 3-wire "Y" connection

ú à.ÜHÝ¨âOÜeòpÜFè2çvÚ.Û�Ü å Þ=æwãoèCß2Ü�è2Ýsì¨é�Ú.ÛvÛ�Ü�ÝUãGíôÝ�ãvàsÛvÜHÜU�´ð.àsè2çvÜeçvóbç~ã�Ü�ò?ç�á`â"ÜeÝsÜ�ÜHì�ãvÞ¯ö$Ü�çvð»ÜFé]í��»éeè=ç?ã�Þ
Õ Ó ���&� â"Ü
� ÛvÜ�òpÜFè2çvÚ.Û�íëÝ.ß j�Ö�$%Ð³� 1 ����× Ô'Ø � Û�Ü]ûyÜHÛ�çQãvÞDãvà.ÜXèCòcÞ2ÚsÝ=ã"ÞCû å Þ2æëã�èCß=ÜýòcÜHè=çIÚ.Û�ÜHìGö»Ü�ã~âOÜHÜ�Ýkè2ÝUópã~â"ÞDæôíëÝsÜé]Þ=ÝsìbÚsé]ãvÞ=Û�çXíôÝ¯è&ösè2æôè2Ýsé]ÜFìeã�à.Û�Ü�ÜU�´ð.àsè=çIÜ?çvóbç~ã�Ü�ò jêú íëãvàaã�à.Ükè2ö»Þ å ÜGé]íôÛ�é�Ú.íwãFá8ã�à.ÜGæôíëÝsÜ å Þ=æwãoèCß2Ücí�çSÛ�Þ2Ú.ß=à.æëóä °u( å Þ=æwãoç j � Ó�Ô ��� 1 ����× Ô'Ø � Û�Ü]ûyÜ�Ûoçfã�Þ?ãvà.Ü å Þ2æëã�è2ß2ÜSòcÜHè=çIÚsÛvÜFì|è=é]Û�Þ=ç�ç`èCÝ�ókÞ=Ý.Ü�é]Þ=òcð»Þ=Ý.Ü�ÝUãMîïçIÞ=Ú.Û�é�ÜSâ`íëÝ»ìbíëÝsßÞ2Û?æôÞ=è=ìiíôòcð»ÜFì.èCÝ»é]ÜFõpíôÝ�è ösèCæ�èCÝsé�ÜHìiãvà.Û�Ü�Ü��hðsàsè2çvÜ&çIÞ=Ú.Û�é�ÜêÞ=Û?æëÞUè2ì jYÙ Þ2ÛcãvàsÜ�é]íôÛ�é�Ú.íwãkçvà.Þ6â`Ý±èCö$Þ å Ü=ámãvàsÜð.àsè=çIÜ å Þ=æwãoèCß2ÜkíôçÎ® ä ° å Þ=æwãoç jn� à.ÜkãvÜHÛvò?ç ��$%Ð³�¹"UÚ.�3�&��Ð�× èCÝsìnÑ�Ó�Ô ����"�Ú.�3�&�UÐÛ× ûyÞ=æëæôÞ6â�ãvàsÜ|ç�èCòcÜkæôÞ2ß=íôé2þ?ãvàsÜûyÞ2Û�òcÜ�Û:ÛvÜ�ûyÜ�Û�ÛvíôÝ.ßkãvÞ é]Ú.Û�ÛvÜHÝUã�ãvàsÛvÞ=Ú.ß2à èCÝ�ó Þ2Ý.ÜpæëíôÝ.Ücé]Þ=ÝsìbÚsé]ãvÞ2ÛFá�èCÝ»ì&ãvàsÜMæ�è6ãvãvÜ�Û:ã�Þ|é�Ú.ÛvÛ�Ü�ÝUã�ãvà.Û�Þ2Ú.ß=à�è2ÝUóÞ2ÝsÜXé�Þ2òcð$Þ2Ý.ÜHÝ=ã j

K+�Zé]Þ=Ý.Ý.ÜFé�ãvÜFì�çvÞ2ÚsÛ�é�ÜHçXèCÝsì�æôÞ=è2ìsçSèCæôâ"èAóbç�àsè å ÜcæôíëÝ.Ü å Þ2æëã�è2ß2ÜHç�ß2Û�ÜHèCãvÜHÛ�ã�àsèCÝað.à»è2çvÜ å Þ2æëã�è2ß2ÜHçHá·èCÝsì æôíëÝsÜé]ÚsÛvÛ�Ü�ÝUã�çQÜ'¯UÚsè2æsã�ÞDð.àsè=çIÜ:é]Ú.Û�Û�Ü�ÝUã�ç jH� û8ãvà.ÜJK+�Zé]Þ=Ý.Ý.ÜHé]ãvÜFìGçIÞ=Ú.Ûoé]ÜýÞ=ÛOæôÞ=è=ìcíôç"ösè2æôè2Ýsé]ÜFì·á2ã�à.Ü:æëíôÝ.Ü å Þ2æëã�è2ß2Üýâ`íôæëæö$ÜSÜ'¯UÚsèCæ¹ã�Þcãvà.ÜSðsàsè2çvÜ å Þ2æëã�è2ß2Ü�ãvíôòcÜHç"ãvàsÜ�ç&¯UÚsè2ÛvÜXÛ�ÞUÞ2ã`ÞCûGµsþ
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Eline = Ephase3

I
Ü

line = Iphase

For "Y" circuits:

Ý Þ6â"Ü å Ü�ÛFámã�à.Üe÷�KX÷×é]Þ=Ý.�sß2ÚsÛ�èCãvíôÞ2ÝÇíôç?ÝsÞCãGã�à.Ü�Þ2Ýsæëó å è2æëí�ì±Þ2ÝsÜ ûyÞ2Ûké�Þ2Ý.Ý.ÜFé�ã�íëÝ.ßaã�à.Û�Ü�ÜU�´ð.àsè=çIÜ å Þ2æëã�è2ß2ÜçvÞ2Ú.Ûoé]ÜSÞ=ÛýæëÞUè2ì|Ü�æôÜ�òcÜHÝ=ãoç`ã�Þ2ß2Ü�ãvà.ÜHÛ j"ø Ý.Þ2ãvà.ÜHÛ�é�Þ2Ý.�sß=Ú.Ûoè6ãvíôÞ2Ý|í�ç ù Ý.Þ6â`Ý&è2çfã�à.ÜM÷uÞ�ÜHæwãoè.á ÷pûyÞ2Ûýíëã�ç�ß2ÜHÞ2òcÜ]ã�Ûví�éÛ�ÜHçvÜ�òDösæôè2Ýsé]ÜMãvÞ|ãvàsÜ²ß:Û�Ü�Ü ù æôÜ]ãIã�Ü�ÛSÞ2ûQãvàsÜGçvè2òpÜpÝsè2òpÜ&î ½ õ j=� è ù Ücé]æôÞ=çvÜMÝsÞCãví�é]ÜcÞ2ûOã�à.Ücð»Þ=æôè2Ûvíëã~ó ûyÞ2ÛSÜFè2éoàâ`íôÝsìbíôÝ.ß?íëÝêãvàsÜ�ìbÛ�èAâ`íôÝ.ßcö$Ü�æôÞ6âSþ

"line"

"line"

"line"

+ -

+

- +

-
120 V120 V

120 V

3-phase, 3-wire ∆ connection

∠ 0o

∠ 240o ∠ 120o

ø ã��sÛoçIãMß2æ�èCÝ»é]ÜGíëãpçvÜ�ÜHòcçMè2ç�ãvà.Þ=Ú.ß2àaã�à.ÛvÜHÜ å Þ2æëã�èCß=ÜGçIÞ=Ú.Ûoé]ÜHç�æëí ù Ü?ã�à.í�çDâ"Þ2Ú.æ�ì×é]Û�ÜHèCãvÜkèeçIà.Þ=ÛIã&�´é�íëÛoé]ÚsíwãFáÜ�æôÜHé]ãvÛ�Þ2Ýsç6à»Þ6â`íëÝ.ß&è2ÛvÞ=Ú.Ýsìeãvà.Ücã�Ûví�èCÝ.ß=æëÜcâ`íëãvàaÝ.Þ2ãvà.íôÝ.ß&ö.ÚbãDãvà.Ü?íôÝUãvÜ�Û�Ýsè2æºíëòcð$ÜHì.è2Ýsé]Ü?Þ2ûOã�à.ÜGâ`íôÝsìbíôÝ.ß=ç:ã�Þà.Þ=æôì�ãvàsÜ�ò ösè2é ù�j Þ�Ú.Ücã�Þ&ãvà.Ü?ðsàsè2çvÜGèCÝ.ß=æëÜFçSÞCû"ãvàsÜHçvÜcãvà.Û�Ü�Ü å Þ2æëã�èCß=Ü?çIÞ=Ú.Û�é�ÜHçHá8à.Þ6â"Ü å Ü�ÛFá¹ãvà.í�ç�í�çSÝ.Þ2ã�ãvàsÜé�è=çIÜ j
7 Ý.ÜQ¯UÚ.í�é ù éoà.ÜHé ù ÞCû`ã�à.í�çDí�ç�ã�ÞeÚsçvÜTáXíôÛoéoà.à.Þ�
	� çBâºÞ=æwãoèCß=Ü l èAâ4ãvÞ çIÜHÜkíëûýãvàsÜGãvàsÛvÜHÜ å Þ=æwãoèCß=ÜHç�è2ÛvÞ=Ú.ÝsìãvàsÜ�æëÞ�Þ=ð è=ì.ì|Ú.ð ãvÞQ��Ü�Û�Þ j-� û�ã�à.Ü�ó ìbÞ»ábãvà.ÜHÝ ãvà.ÜHÛvÜSâ`íôæôæ8ö$Ü�Ý.Þ å Þ=æwãoèCß=ÜXè å è2íëæ�èCö.æôÜ:ãvÞGðsÚsçIà&é�Ú.ÛvÛ�Ü�ÝUã�è2ÛvÞ=Ú.ÝsìèCÝ»ì|è2ÛvÞ=Ú.Ýsìêãvà»è6ãýæôÞUÞ=ð�á»è2Ýsì é]Þ=ÝsçIÜp¯UÚ.Ü�ÝUãvæôó?ã�à.Ü�Û�Ü�â`íôæëæ�ö$Ü�Ý.ÞGé�íëÛoé]ÚsæôèCãvíôÝ.ßGé]Ú.Û�Û�Ü�ÝUã j ��ã�èCÛvãvíôÝ.ß?â`íëãvà ã�à.ÜSãvÞ=ðâ`íôÝsìbíôÝ.ßGèCÝsìêð.Û�Þ2ß=ÛvÜFçvçvíëÝsßMé]Þ=Ú.ÝUãvÜHÛ2�Zé]æôÞbé ù â`í�çvÜ2áUÞ2Ú.Û�á�â l Ü]ñbð.Û�ÜHç�çIíôÞ2ÝêæëÞ�Þ ù çfçvÞ2òcÜ]ã�à.íëÝsßpæôí ù ÜXãvàsíôçHþ

(120 V ∠ 0o) + (120 V ∠ 240o) + (120 V ∠ 120o)

Does it all equal 0?

Yes!
� ÝsìbÜHÜHì·áUíëû�âOÜ:è2ì.ìpã�à.ÜHçvÜýã�à.ÛvÜHÜ å ÜHé�ã�Þ2Û-¯UÚsè2ÝUãvíëãvíôÜHçºã�Þ2ß=Ü]ãvàsÜ�ÛFá2ã�à.Ü�ó?ìbÞDè=ì.ì?Ú.ðGãvÞ��HÜ�Û�Þ j^ø Ý.Þ2ãvà.ÜHÛOâfèAó�ã�Þå ÜHÛvíëûyó�ã�à.Üfûÿè2é]ãmãvà»è6ãmã�à.ÜHçvÜfãvà.Û�Ü�Ü å Þ2æëã�è2ß2Ü`çIÞ=Ú.Ûoé]ÜHçºéHèCÝcö$Ü�é]Þ=Ý.Ý.ÜHé]ãvÜFìDã�Þ2ß=Ü]ãvàsÜ�ÛºíôÝGèXæëÞ�Þ2ðcâ`íëãvà.Þ=ÚbãQÛ�ÜHçvÚ.æëãvíôÝ.ßíôÝ|é�íëÛoé]Ú.æ�è6ã�íëÝsßpé�Ú.ÛvÛ�Ü�ÝUãoçOí�ç"ãvÞcÞ=ð»ÜHÝêÚ.ð|ã�à.ÜXæëÞ�Þ2ð è6ã`Þ=Ý.Ü-�~ÚsÝsé�ã�íëÞ=Ý|ð$Þ2íôÝUãýèCÝsì|é�è2æôé�Ú.æôèCãvÜ å Þ=æwãoèCß2ÜXè2é�ÛvÞUçvçQãvàsÜö.Û�ÜHè ù þ
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+ -

+

- +

-

120 V120 V

120 V ∠ 0o

∠ 240o ∠ 120o

Ebreak should equal 0 V�UãoèCÛvãvíôÝ.ß�â`íëãvà�ãvàsÜ&Ûvíôß2àUãcâ`íëÝsì.íëÝ.ß�î2® ä °¹âäã ® ä °uº�õpèCÝsì�ð.Û�Þ2ß=ÛvÜFçvçvíëÝsßeé]Þ=Ú.ÝUãvÜ�Û&�Zé]æôÞ�é ù â`í�çIÜ=áºÞ2Ú.Û²á�â lÜ'¯UÚsèCãvíôÞ2Ý|æëÞ�Þ ù çfæôí ù Ü:ãvà.í�çHþ
(120 V ∠ 120o) + (120 ∠ 0o) + (120 V ∠ 240o) + Ebreak = 0

0 + E
å

break = 0

E
æ

break = 0��Ú.Û�Ü:Ü�Ý.Þ=Ú.ß2à�áUã�à.Ü�Û�Ü�â`íôæôæ·ö»Ü���ÜHÛvÞ å Þ=æwãoèCß2Ü:è2é�ÛvÞUçvçQãvà.ÜXö.Û�ÜHè ù á2ã�Ü�æôæëíôÝ.ßcÚsçOãvàsèCã`Ý.Þpé�Ú.Û�ÛvÜHÝ=ãfâ`íôæëæ�é�íëÛoé]Ú.æ�è6ã�Üâ`íëãvà.íôÝ|ãvà.ÜXã�Ûví�èCÝ.ß=Ú.æ�èCÛfæëÞ�Þ=ðêÞ2û�â`íôÝsìbíôÝ.ß=çfâ`àsÜ�Ý|ãvàsèCã�é]Þ=Ý.Ý.ÜHé]ãvíôÞ2Ý|íôçýòcè=ìbÜSé]Þ=òpðsæëÜ�ãvÜ j
Ý è å íôÝ.ßpÜHçIã�èCösæëí�çIàsÜHìêãvàsèCã�è ½ �Zé]Þ=Ý.Ý.ÜFé�ãvÜFìêãvà.Û�Ü�Ü��hð.à»è2çvÜ å Þ2æëã�è2ß2ÜXçIÞ=Ú.Û�é�ÜXâ`íëæôæ�Ý.Þ2ãfösÚ.ÛvÝ íëã�çvÜ�æëû^ãvÞ?è?é]Û�íôçvðìbÚ.Ü:ã�Þcé�íëÛoé]ÚsæôèCãvíôÝ.ßpé�Ú.Û�ÛvÜHÝ=ãoç�á�â"Ü�ã�Ú.Û�Ýkã�Þpíëã�çfðsÛ�è=é�ãví�é�è2æ¹ÚsçIÜSè=ç"èpçvÞ2Ú.Ûoé]Ü:ÞCû�ð»Þ6â"Ü�Û"íëÝ|ã�à.ÛvÜHÜU�´ð.àsè=çIÜ:é]íôÛ�é�Ú.íwãoç j

« ÜHéHèCÚsçvÜýÜHè=éoàGðsè2íëÛOÞCû�æôíëÝ.ÜXé]Þ=ÝsìbÚsé]ãvÞ=Û�çQíôç"é]Þ=Ý.Ý.ÜHé]ãvÜFìGìbíôÛvÜFé�ãvæôó?è2é�ÛvÞUçvçmèMçIíôÝ.ß=æëÜ�â`íëÝsì.íëÝ.ßMíëÝ|è ½ é]íôÛoé]Ú.íëãHáUãvàsÜæôíëÝ.Ü å Þ2æëã�è2ß2Ücâ`íôæëæOö»ÜêÜ'¯UÚsèCæmãvÞ&ã�à.ÜGð.àsè=çIÜ å Þ2æëã�è2ß2Ü j¢> Þ2Ý å ÜHÛ�çvÜ�æôó2á*ö»ÜFé�è2ÚsçIÜ?ÜFè2éoàaæôíëÝ.Üêé]Þ2Ý»ìbÚsé�ã�Þ2ÛDèCãIãoè2éoà.ÜFçè6ã�è|Ý.ÞbìbÜcö$Ü]ã~â"Ü�Ü�Ý�ã~â"Þêâ`íôÝsìbíôÝ.ß=çHá�ã�à.ÜcæëíôÝ.ÜGé�Ú.ÛvÛ�Ü�ÝUãXâ`íëæôæºö$Ücãvà.Ü å ÜFé�ã�Þ2ÛSçIÚsò ÞCûOãvà.Üpã~â"Þ��~Þ2íôÝ.íëÝsß|ðsàsè2çvÜé]ÚsÛvÛ�Ü�ÝUã�ç jºü Þ2ã�çIÚ.Û�ð.Û�íôçvíôÝ.ß2æôó2áUãvàsÜSÛvÜFçIÚ.æëãvíôÝ.ßcÜ'¯UÚsèCãvíôÞ2ÝsçOûyÞ=Û�è ½ é]Þ=Ý.�sß=Ú.Û�èCãvíôÞ2Ý|èCÛ�Ü:è=ç"ûyÞ2æôæëÞ6âýçHþ

E
æ

line = Ephase

For ∆ ("delta") circuits:

I
Ü

line = 3 I
Ü

phasel Ü�ã'� ç`çIÜHÜXà.Þ6â¨ã�à.íôçýâOÞ=Û ù ç"íëÝ&è2ÝêÜ�ñbè2òcð.æëÜSé�íëÛoé]Ú.íëãHþ

+ -

+

- +

-

120 V120 V

10 kW

10 kW 10 kW

120 V ∠ 0o

∠ 120o∠ 240o

ú íëãvà×ÜHè=éoà�æôÞ=è=ì ÛvÜFçIí�ç~ãoèCÝsé�ÜcÛvÜFé]Ü�í å íëÝsßç® ä ° å Þ=æwãoçXûyÛvÞ=ò íëã�çSÛ�ÜHçvð$ÜHé�ã�í å Ü?ð.àsè=çIÜcâ`íôÝsìbíôÝ.ßeè6ãSã�à.ÜGçvÞ2Ú.Ûoé]Ü=áãvàsÜ�é]Ú.Û�ÛvÜHÝUãfíôÝ ÜHè=éoàkð.àsè=çIÜXÞ2û*ã�à.íôç�é]íôÛ�é�Ú.íwã`â`íôæëæ8ö»Ü�(uµ j µ
µpèCòcðsçHþ
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I =
P
è

E

I =
Ü 10 kW

120 V

I = 83.33 A  
Ü

(for each load resistor and source winding)

Iline = 3 Iphase

I
Ü

line = 3 (83.33 A)

I
Ü

line = 144.34 A

��Þ»á=ã�à.Ü:ÜHè2éoàkæëíôÝ.ÜSé]Ú.Û�Û�Ü�ÝUãOíôÝGã�à.íôçOã�à.ÛvÜHÜU�´ð.àsè=çIÜ�ð»Þ6â"Ü�ÛfçIóbçIãvÜHò²íôç"Ü'¯UÚsè2æsã�ÞT® 9
9Vj µ 9 èCòcðsçHábçIÚ.ö»ç~ãoèCÝUãví�èCæôæëóòcÞ2Û�Ü�ã�àsèCÝ�ãvà.ÜpæôíëÝ.Ü?é�Ú.ÛvÛ�Ü�ÝUãoç�íôÝ�ã�à.Ü�K+�Zé]Þ2ÝsÝ.ÜHé]ãvÜHì�çIóbçIãvÜHò â"ÜpæëÞ�Þ ù ÜHì�èCã:ÜFèCÛ�æëíôÜ�Û j57 Ý.ÜMòpíôß2àUãSâ"Þ2ÝsìbÜHÛ�íëûâ"Ü
� å ÜcæëÞUç~ãpèCæôæºãvà.ÜGè=ì å èCÝUã�è2ß2ÜFçXÞCû"ãvà.Û�Ü�Ü��hð.à»è2çvÜ?ð»Þ6â"Ü�ÛSà.ÜHÛvÜ=á8ß=í å Ü�Ý ãvà.Ücûÿè=é�ã�ã�àsè6ãMâOÜ?àsè å Ü?çIÚséoàaß=ÛvÜFè6ãvÜHÛé]Þ=ÝsìbÚsé]ãvÞ=Û"é�Ú.ÛvÛ�Ü�ÝUãoç�á�Ý.ÜFé]ÜHç�çvíwãoè6ãvíôÝ.ßMãvà.í�é ù ÜHÛHáUòcÞ2Û�Ü:é�Þ=çIãvæôócâ`íëÛ�Ü j�� à.ÜSèCÝ»çIâ"Ü�Û"íôç"Ý.Þ jºø æëãvà.Þ=Ú.ß2àêãvà.í�çfé]íôÛ�é�Ú.íëãâ"Þ2Ú.æ�ìkÛ�Ü'¯UÚ.íôÛ�Ü�ã�à.Û�Ü�ÜXÝ�Ú.òDö$Ü�Û�®XßUèCß2ÜXé]Þ=ð.ð$Ü�Û�é�Þ2ÝsìbÚ»é�ãvÞ=Û�çXîïè6ã�®'°u°
°DûyÜ�Ü�ãýÞCûºìbíôçIã�è2Ýsé]ÜXö$Ü]ã~â"Ü�ÜHÝ çvÞ2ÚsÛ�é�Ü:è2ÝsìæôÞ=è2ìGãvà.í�çfÜ'¯UÚsèCãvÜFçQã�ÞpèpæôíwãvãvæôÜXÞ å Ü�Û Á 4
°�ð$Þ2Ú.Ý»ì.çfÞCû^é]Þ2ðsð»ÜHÛOûyÞ=Û"ãvà.ÜXâ`à.Þ=æëÜXçIóbçIãvÜHò?õ]ábíwã`í�ç`ç~ã�íëæôæ·æôÜHç�çQã�àsèCÝêãvàsÜ
®'°u°
°�é¬ð$Þ2ÚsÝsì.ç:ÞCûOé�Þ2ð.ð$Ü�Û:Û�Ü'¯UÚ.íôÛvÜFì ûyÞ2ÛSèkçvíôÝ.ß2æôÜU�´ð.àsè=çIÜpçIóbçIãvÜ�ò ì.Ü�æôí å Ü�Û�íëÝ.ßkãvà.Ücç�èCòcÜDð$Þ6âOÜHÛpî)µ
° ù�ú õ�èCããvàsÜ�çvè2òpÜ å Þ2æëã�èCß=Üpî2® ä ° å Þ2æëã�ç`é]Þ=ÝsìbÚsé]ãvÞ=Û2�hãvÞ
�´é�Þ2ÝsìbÚ»é�ãvÞ=Ûoõ j

7 Ý.Ü`ìbí�ç~ã�íëÝ»é�ãmè2ì å è2Ý=ãoèCß=ÜOÞ2û¹è ½ �´é�Þ2Ý.Ý.ÜFé�ã�ÜHìpçIóbçIãvÜ�ò íôçºíëã�ç^æ�è2é ù ÞCû$è:Ý.ÜHÚbãvÛoèCæbâ`íôÛ�Ü j8ú íëãvà?èJK+�Zé]Þ=Ý.Ý.ÜFé�ãvÜFìçvó�çIãvÜHò á*è Ý.ÜHÚbãvÛoèCæºâ`íôÛvÜcâfè2çXÝ.ÜHÜHìbÜFì íëÝ¯éHè2çvÜpÞ=Ý.ÜcÞCû"ãvà.Ü?ðsàsè2çvÜ?æëÞUè2ì.çXâ"Ü�Û�ÜpãvÞ|ûÿèCíôæmÞ=ð»ÜHÝ±îÿÞ2Û�ö$ÜcãvÚsÛvÝ.ÜFìÞ�
Qõ]á$íôÝ�Þ=Û�ìbÜHÛ`ãvÞ ù Ü�ÜHð ãvà.ÜMð.àsè=çIÜ å Þ2æëã�è2ß2ÜHç`èCã�ã�à.ÜDæôÞ=è=ìkûyÛ�Þ2ò éoàsè2Ý.ß2íôÝ.ß j�� àsíôç�íôç�Ý.ÞCã�Ý.ÜHé�ÜHç�çvè2Ûvó îyÞ2Û�Ü å Ü�Ýð$Þ=ç�çIíôö.æôÜ
Â õ íôÝ±è ½ �Zé]Þ=Ý.Ý.ÜFé�ãvÜFì±é]íôÛ�é�Ú.íwã j«ú íëãvà�ÜFè2éoà±æôÞ=è2ìÇð.à»è2çvÜ&Ü�æôÜ�òcÜ�ÝUãkìbíôÛvÜFé�ã�æëó±é]Þ=Ý.Ý.ÜHé]ãvÜFìÇè=é]Û�Þ=ç�çcèÛ�ÜHçvð»ÜFé�ãví å ÜýçvÞ2ÚsÛ�é�Ü`ð.àsè2çvÜ`â`íôÝsìbíôÝ.ßsá=ãvà.Ü�ð.àsè=çIÜ å Þ2æëã�èCß=Ü`â`íëæôæsö$Ü�é�Þ2ÝsçIã�è2Ý=ãmÛ�Ü�ßUèCÛoìbæôÜHç�ç^ÞCû·Þ2ð$Ü�Ýcûÿè2íëæôÚ.Û�ÜHçºíôÝ?ãvàsÜæôÞ=è2ìêÜ�æôÜ�òcÜHÝ=ãoç j

A Ü�Û�àsè2ðsç^ãvàsÜ�ß2Û�ÜHèCãvÜFç~ãOè=ì å èCÝUã�è2ß2ÜýÞ2û·ãvà.Ü ½ �´é�Þ2Ý.Ý.ÜFé�ã�ÜHìGçvÞ2Ú.Ûoé]Ü�íôçOíwãoçmûÿè2Ú.æëãOã�Þ2æôÜ�ÛoèCÝsé�Ü jo� ãfí�çQð$Þ=ç�çIíôö.æôÜýûyÞ=ÛÞ2ÝsÜ:Þ2û8ã�à.ÜXâ`íëÝsì.íëÝ.ßUçfíëÝ è ½ �´é�Þ2Ý.Ý.ÜFé�ã�ÜHì?ã�à.Û�Ü�ÜU�´ð.àsè=çIÜXçvÞ2Ú.Ûoé]Ü�ãvÞpûÿèCíôæ·Þ2ð$Ü�Ý|â`íëãvà.Þ=Úbã�è�
¹ÜHé]ãvíôÝ.ßMæôÞ=è=ì å Þ2æëã�è2ß2ÜÞ2Ûýé�Ú.Û�ÛvÜHÝ=ãpÂ
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120 Vwinding
failed open!

Even with the winding failure in the source,
line voltage will still be 120 V and load phase
ê
voltage will still be 120 V.  The only difference
will be extra current in the remaining functioning
source windings.ë

120 V

120 V 120 V

120 V ∠
ì

 0o

∠
ì

 120o

��í�îÎï
ð�ñ ónò ïuð�ó2î ¯�ô î�ð ò îTï ûJõ ó&ï ô�ö ò îQ÷	øyð�ù.øyð�ú û;õ ø�ñyøyð�úÒïuûÛî'ð û ï ö8õ ½ �üò ï
ð�ð�î ò3ý î'ù#ó&ï ô�ö ò îQøþó5øyð ò�ö î õ ó&î'ù
û�í õ ó2î òUô�ö ö î'ð ý ø�ð ý í�î ö î�ÿ õ øyð�øyð�ú²÷	øyð�ù.øyð�úuó-j+>/ï
ÿ8û õ�ö î ý í�øyó û;õ�ô ñ ý�ý ïuñ�î ö õ ð ò îI÷	ø ý í õ�K+�¶ò ï
ð�ð�î òUý î'ù¢ó��.ó ý î�ÿ
ó ô.
 î ö øyð�ú õ ðÎï
û³î�ð¢ó&ï ô�öqò î6÷	øyð�ù.øyð�ú þ

+

-

+

-
120 V120 V

winding
failed open!

208 V

104 V 104 V∠
ì

 0o ∠
ì

 120o

úYø ý í õ ½ �¶ò ï
ð�ð�î òUý î'ùQñ�ï õ ù�� ý ÷:ï5ï û@ý í�î ö î'ó&øþó ýqõ ð ò î'ó:ó ô.
 î ö�ö î'ù ôÛò î'ù��
ïuñ ýqõ ú
îJ÷	í�øyñ�î�ï
ð�î ö î�ÿ õ øyð�ó õ�ý�ý í�î
ï ö øyú
øyð õ ñªñyøyð�î��uï
ñ ý õ úuî���� °u( j�ø KJ�üò ï
ð�ð�î ò3ý î'ù ñyï õ ùnó ô.
 î ö ó õ ð#î	�uî�ðn÷:ï ö ó2î û;õ�ý îT÷	ø ý í ý í�îÎó õ ÿ8î=÷	ø�ðÛù.ø�ð�úû;õ øyñ ô�ö î�øyð õBKJ�üò ï
ð�ð�î ò3ý î'ùcó&ï ô�öqò î þ

+

-

+

-
120 V120 V

winding
failed open!

104 V 104 V

0 V

∠
ì

 0o ∠
ì

 120o

�¶ð ý í�øþó ò'õ ó&î�� ý ÷:ïçñyï õ ù ö îpó2øþó ýqõ ð ò î'ó²ó ô.
 î öQö î'ù ô�ò îpù
�uï
ñ ý õ ú
îc÷	í�øyñ�î ý í�î ý í�ø ö ù�ñ�ï�ó2îpó=ó ô û�û�ñ��
�uï
ñ ý õ ú
î
ò ïuÿ8û�ñ�î ý î'ñ�� Â Ù�ï ö²ý í�øþó ö î õ ó&ï
ð
�	½ �üò ï
ð�ð�î ò3ý î'ùxó&ï ô�öqò îpó õ�ö îÎû ö î û î ö ö îpù û ï ö=ö î'ñ�ø õCö ø�ñyø ý ��j~Ý�ï�÷:î	�uî ö �-ø û ù ô�õ ñ�
ïuñ ýqõ úuî'ó õ
ö î6ð�î'î'ù.îpù�� î�j úVj ® � °�� � °
(�� ï ö û ö î û î ö ö îpù û ï ö ñyï�÷/î ö ñyø�ð�î ò�ô�ö&ö î�ð ý ó	� K+�¶ò ïuð�ð�î ò3ý îpùQó��.ó ý î�ÿ²ó õ
ö î ý í�î
ò ïuð � ú ô�ö õ�ý øyï
ðTï û�ò í�ï
ø ò î�j

MONQPJRTSUPJV?W
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µ
M'& í�î ò ï
ðÛù ô�ò3ý ï ö ó ò ïuð�ð�î òUý îpù ý ï ý í�î ý í ö î'î�ûÛïuø�ð ý ó�ï�( õ5ý í ö î'î � û�í õ ó2îIó&ï ô�öqò î6ï ö ñyï õ ù õ
ö î ò�õ ñ�ñyî'ù*),+%Ð.-0/Tj
M'& í�î ý í ö î�î ò ï
ÿ8ûÛïuð�î�ð ý ó ò ï
ÿ8û ö øþó2øyð�ú õBý í ö î�î � û�í õ ó2îIó&ï ô�öqò î6ï ö ñyï õ ù õ
ö î ò�õ ñ�ñyî'ù Ñ�Ó�Ô /	-0/Tj
M Ö"+%Ð.- 121 )�× Ô�Ø -	øþó ý í�î3�uï
ñ ý õ ú
î6ÿ�î õ ó ô�ö î'ù54Ûî ý ÷/î'î�ð õ ð�� ý ÷:ï�ñyøyð�î'ó�øyð õBý í ö î�î � û�í õ ó2î ò ø öqòUô ø ý j
M�� Ó�Ô /0- 121 )�× Ô�Ø -Bøyó ý í�î6�uï
ñ ý õ úuî8ÿ�î õ ó ô�ö î'ù õ
ò�ö ï�ó&ó õ ó&ø�ð�ú
ñyî ò ï
ÿ8û³ï
ð�î'ð ý ø�ð õÎý í ö î'î � û�í õ ó2î=ó&ï ô�öqò î8ï ö

ñ�ï õ ù�j
M Ö"+%Ð.-87�Ú 9:9�-UÐÛ×\øyó ý í�î òUô�ö&ö î�ð ý:ý í ö ï ô úuí õ ð��=ï
ð�î�ñyø�ð�î34Ûî ý ÷/î'î�ð õ5ý í ö î�î � û�í õ ó&î6ó&ï ô�öqò î õ ð�ùQñyï õ ù�j
M�� Ó�Ô /0-�7UÚ 9:9�-�Ð�×Gøþó ý í�î ò�ô�ö ö î'ð ý+ý í ö ï ô úuí õ ð��cï
ð�î ò ïuÿ8ûÛïuð�î�ð ý6ò ï
ÿ8û ö øyó&øyð�ú õ²ý í ö î�î � û�í õ ó2î�ó2ï ô�öqò î�ï ö

ñ�ï õ ù�j
M<; ð<4 õ ñ õ ð ò î'ù'= K = ò ø ö ò�ô ø ý ó>��ñ�øyð�î?�
ï
ñ ý õ ú
î=øþó5î ¯�ô�õ ñ ý ïçû�í õ ó2î5�
ïuñ ýqõ ú
î ý ø�ÿ8îpó ý í�îcó ¯�ô�õ
ö î ö ï�ï ý ï@( µ �

÷	í�ø�ñyî�ñ�øyð�î ò�ô�ö&ö î�ð ý øþó�î ¯�ô�õ ñ ý ï²û�í õ ó2î òUô�ö&ö î�ð ý j

M

Eline = Ephase3

I
Ü

line = Iphase

For "Y" circuits:

M<; ðA4 õ ñ õ ð ò î'ùn½ ò ø ö ò�ô ø ý ó	�0ñyø�ð�î6�
ïuñ ýqõ ú
î8øþó�î ¯uôÛõ ñ ý ï�û�í õ ó2îB�uï
ñ ý õ ú
î��H÷	í�øyñ�î=ñyøyð�î ò�ô�ö&ö î�ð ý øþó�î ¯uôÛõ ñ ý ï
û�í õ ó&î òUô�ö ö î�ð ý/ý ø�ÿ8îpó ý í�î�ó ¯�ô�õ�ö î ö ï�ï ý ï�( µ j

M

E
æ

line = Ephase

For ∆ ("delta") circuits:

I
Ü

line = 3 I
Ü

phase

M ½ �¶ò ïuð�ð�î ò3ý îpù ý í ö î�î � û�í õ ó&îC�
ïuñ ýqõ úuî+ó2ï ô�öqò î'óªú
ø��
î�ú ö î õ�ý î ö-ö î�ñyø õ 4�øyñ�ø ý �5øyð ý í�îJî>�
î'ð ý ï@(@÷	øyð�ù.øyð�úD( õ ø�ñ ô�ö î
ý í õ ð KJ�üò ï
ð�ð�î ò3ý î'ùxó&ï ô�öqò îpó�j Ý+ï�÷/î>�
î ö � KJ�üò ï
ð�ð�î ò3ý î'ùxó&ï ô�öqò îpó ò'õ ðYù.î'ñ�ø��
î ö8ý í�î¹ó õ ÿ8î õ ÿ8ï ô ð ý ï@(
ûÛï�÷:î ö ÷	ø ý ícñ�îpó&ó�ñyøyð�î òUô�ö ö î�ð ý�ý í õ ðc½ �¶ò ï
ð�ð�î òUý î'ùcó&ï ô�öqò îpó�j

�+�T_FE ÅÆ¡cf�e�e:Ç³ ¢¡cbIdGeÉiGf�b�kcdHG�hBfª£¥e�f§Ì�jUf�Ì�Ï¢j3iGd

I øyð ò î ý í ö î�î � û�í õ ó&î	øyó ô ó2îpù=ó&ïIï@( ý î'ðJ( ï ö ûÛï�÷:î ö ù�øyó ý&ö ø�4 ô.ý øyï
ð=ó��.ó ý î�ÿ²ó	��ø ý ÿ õ@K îpóªó&î�ð�ó&î ý í õ�ý ÷:î�÷:ï ô ñþù8ð�î�îpù
ý í ö î'î � û�í õ ó&î ý ö õ ð�óL( ï ö ÿ�î ö ó ý ï*4Ûî õ 4�ñ�î ý ï ó ý î�û'�uï
ñ ý õ ú
î'ó ô ûOï ö ù�ï�÷	ðnj & í�øþó5øþó5ï
ð�ñ��nû õ�ö&ý ø õ ñyñ�� ý ö&ô î�� õ ó
ö î�ú ô ñ õ
ö ó2øyð�úuñ�î � û�í õ ó&î ý&öqõ ð�óL( ï ö ÿ8î ö ó ò�õ ðA4³îQú õ ð�úuî'ù ý ï
ú
î ý í�î öIý ï ý&öqõ ð�óL( ï ö ÿ û³ï�÷:î ö 4³î ý ÷:î�î'ð ý ÷/ï ý í ö î�î �
û�í õ ó2î8ó���ó ý î'ÿ²ó+øyð õ � õ�ö ø�î ý �Îï�( ò ïuð � ú ô�ö õ�ý øyï
ð�ó>�\î�ñyø�ÿ8øyð õ�ý ø�ð�ú ý í�î ö î ¯�ô ø ö î�ÿ8î�ð ý ( ï öIõ ó&ûÛî ò ø õ ñ ý í ö î�î � û�í õ ó&î
ý&öqõ ðÛóM( ï ö ÿ8î ö jTÝ+ï�÷/î>�
î ö �Gó2û³î ò ø õ ñ ý í ö î�î � û�í õ ó&î ý&öqõ ð�óL( ï ö ÿ8î ö ó õ�ö îB4 ô øyñ ý ( ï ö�ý í�ïuó&î ý õ ó K ó>� õ ð�ù õ�ö î õ 4�ñ�î ý ï
û³î ö ( ï ö ÿ ÷	ø ý ícñ�îpó&ó�ÿ õ�ý î ö ø õ ñ ö î ¯�ô ø ö î�ÿ8î'ð ý �.ñ�îpó&ó	ó&ø�N�î�� õ ð�ùÎñ�îpó&ó�÷:î�øyú
í ý ( ö ï
ÿ ý í�î�ø ö ÿ8ï.ù ô ñ õ�ö�ò ï ô ð ý î ö û õ
ö2ý ó�jO ý í ö î�î � û�í õ ó2î ý ö õ ð�óL( ï ö ÿ�î ö øþóBÿ õ ù�î=ï@( ý í ö î'îQó&î ý óBï@(�û ö øyÿ õ
ö � õ ðÛùnó2î ò ï
ðÛù õ�ö �¹÷	øyð�ù.øyð�úuó>�0î õuò í#ó2î ý
÷:ï ô ð�ù õ�ö ï ô ð�ù¹ïuð�î8ñ�î'úcï@( õ ðçø ö ï
ð ò ï ö î õ ó ó&î�ÿP4�ñ���jJQ/ó&ó&î�ð ý ø õ ñ�ñ��¢ø ý ñyï�ï K ó�ñyø K î ý í ö î�î=ó&ø�ð�úuñ�î � û�í õ ó&î ý ö õ ð�ó �( ï ö ÿ8î ö ó�ó2í õ
ö øyð�ú õ�R ï
øyð�î'ù ò ï ö î�S
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Three-phase transformer core

& í�ï�ó2î6ó2î ý ó:ï@(oû ö øyÿ õ�ö � õ ð�ùQó&î ò ï
ð�ù õ�ö �5÷	øyð�ù.øyð�úuó:÷	øyñ�ñW4³î ò ï
ð�ð�î òUý î'ùQø�ðTî�ø ý í�î ö ½�ï ö:K ò ï
ð � ú ô�öqõ�ý ø�ïuð�ó
ý ï5( ï ö ÿ õTò ï
ÿ8û�ñyî ý î ô ð�ø ý j & í�îX� õ
ö øyï ô ó ò ïuÿP4�øyð õ�ý ø�ïuð�óJï@(-÷ õ �.ó ý í õ�ý6ý í�îpó2î�÷	ø�ðÛù.ø�ð�úuó ò�õ ðY4Ûî ò ïuð�ð�î ò3ý îpù
ý ïuú
î ý í�î ö ø�ðc÷	øyñ�ñ�4³î ý í�îZ( ï ò�ô ó	ï@( ý í�øyó	ó&î òUý øyï
ðnj
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M KE�-K

M KE� ½

M ½ �ªK

M ½ � ½

& í�î ö î õ ó2ïuð�óU( ï ö�ò í�ï�ïuó&ø�ð�ú õcK ï ö ½ ò ï
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ð�ó�î'ð R ï2� õ í�øyú
í�î ö ñ�î>�
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the center point of the Y
must tie either all "-" or all
"+" winding ends together.

With these phase angles,
the winding polarities must

With these phase angles,

stack together in a complementary
manner (+ to -).

∠ 0o

∠ 0o

∠ 120o

∠
p

 120o

∠ 240o

∠
p

 240o

ß î ý&ý øyð�ú ý í�øyóBû�í õ ó2øyð�ú ò ï ö&ö î òUý ÷	í�î�ð ý í�î=÷	øyð�ù.øyð�úuó õ�ö î�ð
q ý ó2í�ï�÷	ðçøyð ö î�ú ô ñ õ
ö�K ï ö ½ ò ïuð � ú ô�ö õ�ý øyï
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ò�õ ð54³î ý&ö ø òrK ��j�l@î ý ÿ8îIøyñ�ñ ô ó ý&öqõ�ý î�S

T1 T2 T3
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B1

C1

A2

B2

C2
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ðÛó$( ï ö�õ5K+�]K¾ò ïuð � ú ô�ö õ�ý øyï
ð
S
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ïuð�ï
ÿ8î ý&ö ��j

Ù�ï ö�ò ïuÿ�û õ�ö øyó&ï
ð
��ñyî ý q ó ò ï
ð�ó&øyù�î ö�õ ó2øyÿ8û�ñyî O ²Yò ø öqòUô ø ý ÷	ø ý í õ û ô�ö î'ñ�� ö î õ
ò3ý ø��uî�ñ�ï õ ù�S

120 V
60 Hz
¶ L

È
160 mH

I =
¹ E

Z
¸

I =
120 V

X
É

L = 60.319 Ω

ZL = 0 + j60.319 Ω   or   60.319 Ω ∠ 90o

60.319 
¶

Ω

I = 1.989 A
¹
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v�ï�÷3�.ñyî ý q ó ò ï
ð�ó&øþù.î ö�õ ð O ²~ò ø ö ò�ô ø ý ÷	ø ý í õ ñyï õ ù ò ï
ð�ó&øyó ý øyð�ú�ï@("4Ûï ý ícøyð�ù ô�òUý õ ð ò î õ ðÛù ö î'ó&øyó ý õ ð ò î�S

120 V
60 Hz
¶

L
È

load

R
·

load

Load

160 mH

60 
¶

Ω
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I =
¹ E

Ø
Z
¸

I =
¹ 120 V

X
É

L = 60.319 Ω

Z
¸

L = 0 + j60.319 Ω   or   60.319 Ω ∠ 90o

Z
¸

R = 60 + j0 Ω   or   60 Ω ∠ 0o

Z
¸

total = 60 + j60.319 Ω   or   85.078 Ω ∠ 45.152o

85.078 Ω

I = 1.410 A
¹
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ð�ñ�� ý í�øyð�ú�ñyî0( ý:ý ïBù�øyó ó2øyû õ�ý î�û³ï�÷/î ö í�î ö î+øyó ý í�î ö îpó2øþó ý ø��uî�û³ï ö&ý øyï
ð
ï@( ý í�î�ñyï õ ù=øyÿ�û³î'ù õ ð ò î�Õ ; (H÷:î�ñ�ï�ï K=õ�ý:ý í�îI÷ õ �
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Time 

+

-

e =
i =

p =

O óJ÷	ø ý í õ ð�� ö î õuò3ý ø��
î ò ø ö ò�ô ø ý � ý í�î�ûÛï�÷:î ö6õ ñ ý î ö ð õ�ý îpóT4³î ý ÷:î�î'ð�ûÛï�ó2ø ý ø��
î õ ð�ù�ð�î�ú õ�ý ø��
îBø�ð�ó ý õ ð ý õ ð�î�ï ô ó� õ ñ ô î'ó+ï2�
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î õ ð�ù
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îQû³ï�÷:î ö Õ ; ð ï ý í�î ö
÷:ï ö ù�ó	� ý í�î ò ïuÿP4�øyð�îpùcø�ð�ù ô�ò3ý ø��uî ��ö î'ó&øþó ý ø��uîIñ�ï õ ù¢÷	øyñ�ñ ò ïuð�ó ô ÿ8î�ÿ8ï ö î�ûÛï�÷:î ö+ý í õ ð�ø ý6ö î ý ô�ö ðÛóC4 õuòrKQý ï ý í�î
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ïuñ ýqõ úuîQï ö8òUô�ö&ö î�ð ý Õè[Yí�î ö î õ ó ý í�î õ ð�ú
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E
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Measured in units of Watts

Measured in units of Volt-Amps-Reactive (VAR)

S = 
j

apparent power

Q =
k

Q = I
k 2X

S = I2Z
E2

S =
Z
¸ S = IE

Measured in units of Volt-Amps (VA)

KO+ � �1# � ��/�� � � � �!�I� ��� � � ��� � �[�6/ � ½A9<���"'3/,�<# � �1( �
l /,��� �<� (&��+)(?9�+)�!��'>/1�m/ l ���"9 � ��� D � � �,(?�"'32 �W4 /!� � �ÄÕn ��� � � ��� � � � � �&��� ½A9<�!��'>/1�<#5�L2!�,'>+)��o�+ �Rl /1�J� ��� (*�,+3(*9�+3���"'3/,�Y/ l � 4<4 ��� � �A� 4 /!� � � F K p5q[rso � '3��Ce9<# �*l 9�+Nt2ì@uwvl /,��� � �!� 4 9�� 4 /A# � ÕxrOy�� $ '>� � � �<�Jl /1+>+3/!�M'>�<C�(?'3��(?9�'>��#6��� D # �&�J� /!�s� ��� # � � � � �*� �[. 4@� #�/ lz4 /!� � �B'3�1� � ��� � +3��� �1{
| � #;')#[��'>2 � +>/A� D /1��+3. {

120 V
60 Hz
¶ R

·
no

reactance

I = 2 A

60 
¶

Ω

P = 
}

true power = I2R = 240 W

Q = 
k

reactive power = I2X = 0 VAR

S = apparent power = I2Z = 240 VA

| � �,(���'>2 � +3/1� D /1��+3. {



Á�Á1d ã<d~cx�8Ñ_� ä �N�B�DÀMcHÊ_Ìx� ä �TË�Î��5�B�G�J�J�oË�cX�5�DÂ��B� b ÓA�

120 V
60 Hz
¶ L

È 160 mH

I = 1.989 A
¹

XL = 60.319 Ω

no
resistance

P = 
}

true power = I2R = 0 W

Q = 
k

reactive power = I2X = 238.73 VAR

S = apparent power = I2Z = 238.73 VA
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120 V
60 Hz
¶

160 mHL
È

load

R
·

load

Load
I = 1.410 A
¹

X
É

L = 60.319 Ω

60 
¶

Ω

P = 
}

true power = I2R = 119.365 W

Q = 
k

reactive power = I2X = 119.998 VAR

S = apparent power = I2Z = 169.256 VA
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True power (P)
�

Reactive power (Q)

Apparent power
�

(S)

phase angle

measured in Watts

measured in VA

measured in VAR

The "Power Triangle"

Impedance
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Power factor =
True power

Apparent power
ª

Power factor =
119.365 W

169.256 VA

Power factor = 0.705

cos 45.152« o = 0.705
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�T'3�<( � � � ¬A�</!��� � �!��� ��� 709<�<(?/1�"� � (?� �&D =%� � �,(?�"'32 �U4 /!� � ��')# ´�´ ¿ÚÕ ¿�¿1¯?ü\�5|¤70'3� D 9<(?�"'32 � = F � � � �&�&D ��/(*�,+3(*9�+)�!� � � �<� (?/,��� � (��S(*� 4 �,(*'V��/,�U#;'3� � �"/ 4 ��/ D 9<( � � ��� #"� $S� ½A9<�,�A�"'>�[.
/ l 7�(*� 4 �,(*'V��'>2 � =�� � �,(?�"'32 ��4 /!� � �ÄÕ�T'3�<( � � � '3#S(*� 4 �,(*'V��/,���M'>+3+�o ��D '>� � (?�"+3.
'>� 4 ������+3+ � +��M'>� � � ��� #"/,9���( � 7:/ l ¬T��/!�M�X2,/,+>���,C � = F � � � +3+69<# � � �<�4 /!� � � l /1� $ 9�+)��� � '3( � #;�����"��# l ��/ $ 2,/,+>���,C � ��� D � � �,(?���,�<( �1{
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E
° 2

X
±

. . . solving for X . . .

X =
± E

° 2

Q =
²

Q
²

X = 
± (120

³
 V)2

119.998 VAR

X = 120.002 
±

Ω

X
±

C = 
2
´

πfC

1

. . . solving for C . . .

C = 
µ

2
´

πfXC

1

C =
µ

2
´

π(60 Hz)(120.002 Ω)

1

C = 22.105 
µ

µF

å � �&� # 9<# � ����/,9<� D��&D (*� 4 �,(*'V��/,� 2!��+39 � / l b,b�¶ çm�,� D # �&� � � �!� � � 4�4@� �<#6�"/U/19��N(?'3��(?9�'>� {

120 V
60 Hz
¶

160 mHL
È

load

R
·

load

Load

C
·

995.257
¸

mA¹
I
¹

load = 1.41 AI
¹

C = 

I
¹

total = 994.716 mA

22 
º

µF

60 
¶

Ω

XL = 60.319 Ω
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Z
¸

total = ZC // (ZL -- ZR)

Z
¸

total = (120.57 Ω ∠ -90o) // (60.319 Ω ∠ 90o -- 60 Ω ∠ 0o)

Z
¸

total = 120.64 - j573.58m Ω   or   120.64 Ω ∠ 0.2724o

P = 
}

true power = I2R = 119.365 W

S = apparent power = I2Z = 119.366 VAn ���54 /!� � � l �,(���/,� l /,��� ��� (?'3��(*9�'V� F /!2 � ����+3+ F,� �1#Oo �*� �e#;9<o<#[�����A�"')��+3+3.�' $S4 �"/!2 �&D Õxn ���5$ �,'>�^(?9���� � �A� � �1#o �*� � D�� (*� � �,# �&Del ��/ $û´ Õ » ´ � $S4 #J�"/5¿�¿@»jÕ Þ $ '3+>+3')� $S4 # F � � '>+ � � ����4 /!� � � D '3#�#;' 4 ��� �&D �!�J� ��� +>/A� D � � #"'3#;�"/1�� �*$ ��'3�<# 9��<( � ����C �&D �!� ´�´ ¿ÚÕ Û�Ó1�R�6���;��#	ÕPn ����4 /!� � � l �,(���/,�M')# $ 9@( � (*+>/A# � ����/Uo � '>�<C ´1{

Power factor =
True power

Apparent power
ª

Power factor =
119.365 W

119.366 VA

Power factor = 0.9999887

Impedance (polar) angle = 0.272o

cos 0.272« o = 0.9999887�T'3�<( � � ��� ' $I4-�&D ���<( � ����C1+ � ')#R#[��'>+3+B� 4 /1#"'V��'>2 � �A9 $ o � � F � � ¬A�</!��� � �!��� �<� (?'3��(*9�'>� F /!2 � ����+3+ F ')#R#;�"'3+>+$ /,� � '>� D 9<(���'>2 � � � �,�Z'>�R'3#�(*� 4 �,(?'>�"'32 � Õ�q l /,9<� 4 /!� � � l �1(��"/1��(?/,��� � (���'>/1� �*® /1�;��# � � D o �*� � 4-� � l0� (?�"+3.�/,�Ú³���,�"C � � F � � �6/,9<+ D�� �L2 � �����"'32 �ED ���J����' $I4-�&D ���<( � ����C1+ � / lx� y��,(���+>.^� � �"/ F /,� 4 9�� � +>.^� � #;')#;�"'32 � Õ�q l � ��� � D� D<D��&D �"/T/^+)����C � / l �^(&� 4 �1(?'>�"/,�8'3� 4 �,���,+>+ � + F � � �6/,9�+ DY� �L2 ��� � D��&D 9 4 �M'V� � �,�Z' $S4@�ED ���<( � �,��C,+ � � � ���� �,# � � C1�!��'>2 �,F '3� D ')(*�!��'>�<CS� � ���6� ��� (?'3��(?9�'>�N�6�1# $ /,� � (&� 4 �1(?'>�"'32 � � � �,�^'3� D 9@(��"'32 � Õqa�_# � /,9<+ D o � ��/,� �ED � � ���z��/A/ $ 9<( � (&� 4 �1(?'>�����@( � '3�����R� ² (*'>��(?9�'>�z�M'3+>+A� � #"9�+V�_'>���N+>/!� 4 /!� � � l �,(?�"/,� � 9<#[��,#J� � +>+x�,#N�"/T/ $ 9<( � '3� D 9<(?�����@( � ÕN»O/,9 $ 9<#[�8o � (*�,� �*l 9�+z��/,�J��/�/!2 � �L³�(?/1�"� � (?�6� �<� ��� D�D '3��C�(*� 4 �,(*'V�����<( ��"/����¼� ² (?'3��(*9�'V�ÄÕh»O/,9 $ 9<#;�S�,+3#"/Yo � ñ �?� ve(*�,� �*l 9�+B��/Z9@# � � ���e4 ��/ 4-� �S(*� 4 �,(?'>�"/1��# l /,��� ����� /,o½70���!� �ED� D�� ½A9<�!� � +3. l /1� 4 /!� � ��#".�#[� �*$ 2,/1+V����C � #R��� D � ��� /�(*(*�1#;'3/,�@��+O21/,+>����C � # 4 '>¬ �Wl ��/ $ +>'3C � �"�<'>��Ch#[���"'3¬ � # F\l /1�(?/1�A�"'3�A9</,9<#M� ² # � �"2T')( �,F �,� D (*� 4 ��o�+ � / lx� ��� D +>'3��CI� ����� y 4@� (�� �ED + � 2 � +)# / l (?9���� � �A��=0Õq l �8(?'3��(*9�'>�\')# 4 � �ED / $ '3�<���A��+>.%'3� D 9<(?�"'32 �,F � � #"�L.8� � �!�x'V��# 4 /!� � � l �,(?�"/,�x')#6u�ð	ïÄï � ì�ï%70o � (&��9<# � � ��� (?9���� � �A�� �L2 �Nl /1� � ��� (*'>��(?9�'>�M+3�,C1#6o �*� '3� D � ��� � 4�4 +3' �ED 21/,+>����C � � �L2 � =:Õ ² /,�T2 � ��# � +3. F ' l �I(?'3��(*9�'V�M')# 4 � �&D / $ '3�<�,�1��+>.(*� 4 �,(*'V��'>2 �,F � � #"�L.Z� � ����'>��# 4 /!� � � l �,(���/,��'3#�u � ð�Å � ì�ï@Õhn � 9<# F /19�� � y�� $S4 + � (?'3��(*9�'V�S#[�����"� �ED /,9����M'>� � �4 /!� � � l �1(���/,�M/ l µÚÕ,Þ2µA��+)��C1C,'3��C F �,� D � �,#M(*/,��� � (�� �&D ��/U� 4 /!� � � l �,(?�"/1�M/ l µÇÕ ¿�¿�¿�+3�,C,C1'>��CjÕ
ô'õ�ö�÷5ø0ö�ùûú
ô Kx/A/1� 4 /!� � � l �,(?�"/1�U'>�¾����� ² (?'3��(*9�'V� $ �L.mo �¾¿ (*/,��� � (�� �&DGF ¥�/,�U� � ³ � #;���,o�+>')# ���&D �!���h2!��+39 � (?+3/1# ��"/ ´,F oT.Y� D<D '>�<C�� 4 �,���,+>+ � +\� � �,(?�����@( � / 4�4 /1#"'V� � � ���S�?®�� (?�R/ l � ��� +>/A� D � #8� � �,(?�����@( � Õ�q l � �<� +3/1� D � #



b Þ@µ À"ÖJ�J�8cx�B��Á�Á1dX�5�DÂ��B��×��DÀMcM� �
� � �,(������<( � '3#M'3� D 9@(��"'32 � '>���<���"9�� � 70� � ')( � ')#N��+ $ /1#;�J��+3�6�L.�#6�M'>+3+zo � = F@4 ������+3+ � +B�FðròÚð1� � ë ð2ì�� � ')#M� � ���'3# � �&�&D��ED �"/U(?/1�"� � (?� 4 /T/,� 4 /!� � � l �,(���/,�ÄÕ

�P�X�[À � ¢�ª��$¨�£?�mªR f�*���¡ C¢Á£@ª��$¨H�X¢¤�m�P¢�¢� J�$¨"£0�8¥

� ��� ��� ��� � �&�&D ����')# � #6�"/W(?/1�"� � (?� l /1� 4 /A/1� 4 /!� � � l �1(���/,�M'3�Y����� ²¾4 /!� � �N#;.�#;� �&$eF .,/,9 4 ��/,o<�,o�+3.W��/1�Q� �� �L2 � � ��� +39�y�9���.W/ l ¬T��/!�M'3��CI� ��� +3/1� D � # � y��,(?� '3� D 9@(����,�<( � '>� ��� ���".�# ��/U9<# �%l /,�M.,/19��N(*�,+3(*9�+)�!�"'3/,�@#	ÕP»O/19$ �L.Yo �Sl /,�"�"9��<��� �S� �</,9�C � ��/ � �L2 � ����'3�<#[���"9 $I� �A��(*��+3+ �&D �6ò<t 
B�*� ê0ð1�0ë�t � î � ë �*� ��/^� � +3+O.,/19Z� � �!��� �<�4 /!� � � l �1(���/,�P')#M7:�8�T9 $ o � �Po � �[� �*� �8µ%��� D�´ = F �,� D � ��� � 4�4 ��� � �A� 4 /!� � �M7:� � '3( � (*�,��o � â<C19�� �ED oT.�����¬T'3��C�Y21/,+>� $S� � � ��� � � D '3��CY'3�m2,/1+V��#��,� D
$ 9<+V��' 4 +3.T'>�<C�oT.
���X� $I$S� � � ��� � � D '3��CY'3�X� $I4 #�=0ÕZq��m+ � #�# l �L21/,����o�+ �(?'3��(?9 $ #;�����@( � #�.,/19 $ �L. � �L2 � �"/¼9<# � �,�¾/1#�(?'3+>+3/1#�(?/ 4@� ��/¼(*/ $S4 ��� � 21/,+>����C � ��� D (?9���� � �A��� �L2 �?l /1� $ # F$S� �1#;9���'3��C 4<� �,# � # � ' l �J'3�YÂ�ÃaÄ�Å�Ã[Ã;Æ5�,� D (*��+)(?9<+3���"'3��C 4 /!� � � l �,(?�"/1�MoA.W� ��� (*/1#"'>� � / l � � �!� 4�� �,# � # � ' l �>Õ
º�/A#[�P+3'>¬ � +3. F .1/,9I�M'>+3+ � �L2 � �1(*( � #"#\��/��5� �!�"� $S� � � � l /1� $S� �,#"9���'>�<CJ���"9 �M4 /!� � � F � � /1# � � � � D '3��C%.,/19�(*�,�(?/ $S4 ��� � ��CA��'3�<#;�J��(*�,+3(*9�+)�!�"'3/,��/ l � 4�4 ��� � �A� 4 /!� � ��7 l ��/ $	$ 9<+V��' 4 +3.T'>�<CW�"/,���,+_21/,+>����C � ��� D �"/�����+x(?9���� � �A�$S� �1#;9�� �*$S� �1��#�=0ÕHç<�"/ $ � ��� 2!�,+>9 � #B/ l �"��9 � �,� D � 4�4 ��� � �A� 4 /!� � � F .,/,9W(&��� D�� � � � $ '3� � � � �1(��"'32 �M4 /!� � �B�,� D4 /!� � � l �1(���/,�ÄÕ"å � �E� # D /S�,� � y�� $S4 + �%4 �"/1o�+ �*$ ��/S# �*��� /!�s� � '3# �6/,��¬�# {

P

wattmeter

A

ammeter

Wattmeter reading = 1.5 kW
Ç
Ammeter reading = 9.615 A RMS

240 V
RMS

60 Hz
¶ Load

ç\'>��#;� F � � � �&�&D �"/
(*�,+3(*9�+)�!� � � ��� � 4�4 ��� � �A� 4 /!� � �S'3�f¬�üx�DÕO� � (*�,� D /�� � ')#UoT. $ 9<+V��' 4 +3.T'>�<C
+>/A� D2,/1+V����C � oT.W+3/1� D (*9��"� � �A� {

S = IE

S = (9.615 A)(240 V)

S = 2.308 kVA
�J#R� � (&���
# �&�,F b Õ Û�µ1¯�¬�üx�È'3#�� $ 9<( � +)����C � �Zâ@C,9�� � � � �,� ´ ÕÉ�e¬A� F � � '3( � � � +3+3#R9<#�� � �!��� ���W4 /!� � �l �,(?�"/1�5'3�Y� � '3#%(*'>��(?9�'>�%'3#5����� ��� � 4 /T/,�S7:#"9�o<#;���,�1��'3�,+>+3.�+ � #"#J� � ��� ´ =:Õ�ÊN/!� F � � â@C,9�� � � ����4 /!� � � l �1(���/,�8/ l� � '3#M+3/1� D oT. D '>2T' D '>�<CS� ��� ���"9 �%4 /!� � �MoT.U� ��� � 4�4 �,� � �1� 4 /!� � � {
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Power factor =
P

S

Power factor =
1.5 kW

2.308 kVA
º

Power factor = 0.65
Ì

�J#"'3��Ce� � ')#%2!��+39 �Il /,� 4 /!� � � l �1(���/,� F � � (*�,� D ���L��� 4 /!� � �8�"��'3�,��C,+ �,F �,� DYl ��/ $ � � ��� D�� � � � $ '3� � � �<�� � �,(?�"'32 �84 /!� � �M/ l � � '3#N+>/A� DG{

True power (P)
�

Reactive power (Q)

Apparent power
�

(S)

1.5 kW

2.308 kVA
Í

???

n_/ D�� � � � $ '>� � � ��� 9<��¬T��/!�M��70� � �1(���'>2 �J4 /!� � ��=P�"��'3�,��C,+ � ½A9<�,�1��'V�[. F � � 9<# � � �<� KB.1� � ��C1/,� � �,�Sn �<� /,� �*$¥�o@�,(�¬T�6�,� D # F ¥SC,'32 � ��� ��� + � ��C,� � / l � ����� . 4 /�� � �T9<# � 7:� 4�4 �,� � �1� 4 /!� � ��=N�,� D � ��� + � ��C�� � / l � ��� � DL� �,( � �A�#"' D�� 70�"��9 �%4 /!� � ��= {

Reactive power = (Apparent power)2 - (True power)2

Q = 1.754 kVAR
k

q l � � '3#�+>/A� D ')#��,� � + � (?�"��'3( $ /,�"/1� F /,� $ /1#;�I���T.h/�� ��� ��'>� D 9<#[���"')��+ � ² +3/1� DQF '>���M'3+3+ � �L2 � �Y+)��C1C,'3��C70'3� D 9@(��"'32 � = 4 /!� � � l �,(?�"/,� F � � ')( ��$S� ���<#_� � �!�x� � � +3+ � �L2 � �"/%(?/1�"� � (?� l /,�x'>�P�M'V� � �S�rðFòÇð,� � ëat � / l � 4<4 �"/ 4 ��'3��� �#"'>� �,F �M'3� �&D '>� 4 ������+3+ � +�Õ¼ÊN/!�Î� � ���S� � ¬T��/!�È� �<� � $ /,9��A�U/ l � � �,(���'>2 ��4 /!� � ��7 ´ Õ,Þ��@»�¬�üx�J|J= F � � (*�,�(*�,+3(*9�+)�!� � � ��� #;'3� � / l (&� 4 �1(?'>�"/,� � �&�&D��ED ��/W(?/19��A� � ���,(?�6'>��# �?®�� (���# {
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E
° 2

X
±

. . . solving for X . . .

X =
± E

° 2

Q =
²

Q
²

X = 
±

X
±

C = 
2
´

πfC

1

. . . solving for C . . .

C = 
µ

2
´

πfXC

1

C =
µ 1

(240)
³ 2

1.754 kVAR

X = 32.845 
±

Ω

2
´

π(60 Hz)(32.845 Ω)

C = 80.761 
µ

µF
|M/19�� D '3��C8� � ')#B�,�<#"� � �\/ ® �"/R¯�µ ¶ ç F � � (&��� 4 +)�,( � � � �!�B#"'3� � / l (*� 4 �,(*'V��/,�x'3��� ��� (*'>��(?9�'>�B��� D (&��+)(?9�+)�!� �� �<� � � #;9�+>��# {

P

wattmeter

A
ªammeter

240 V
º
RMS

60 Hz
¶ C

·
80 µF

Load

�N�e¯�µ ¶ ç
(*� 4 �,(?'>�"/1�B�M'3+>+ � �L2 � ��(*� 4 �,(?'>�"'32 � � � �,(?�����@( � / l Û�ÛÇÕ ´ ��Þ3Ü F C,'32T'>�<C��I(?9���� � �A��/ l Þ Õ b Û,¯R� $S4 # F��� D ��(?/1�"� � # 4 /,� D '3��C^� � �,(���'>2 ��4 /!� � �%/ l�´ Õ Þ@Û�ÞW¬�ü\�5|Ï7 l /,�%� �<� (&� 4 �1(?'>�"/1�Ut@ì<uwv*=0ÕW�T'>�@( � � ��� (&� 4 �1(?'>�"/1�&� #(?9<�"� � �A�Q')# ´ ¯�µ�á\/19��z/ l�4�� �,# �xl �"/ $ � ��� � �<� +3/1� D � #G'3� D 9@(��"'32 � (?/,�A���"'3o�9���'>/1�%�"/J(*9��"� � �A� D ���L� F � ��� (&� 4 �1(?'>�"/1�&� #� � �,(?�"'32 �84 /!� � �M�M'3+3+ D '>� � (?�"+3.^#"9�o������1(�� l �"/ $ � �<� +>/A� D � # � � �,(?�"'32 �84 /!� � � F � � #;9<+V��'>��CS'3� {

Inductive kVAR - Capacitive kVAR = Total kVAR

1.754 kVAR - 1.737 kVAR = 16.519 VAR
n � ')#M(?/1�"� � (?�"'3/,� F / l (?/19���# �,F �M'3+>+z��/��J( � �,��C � � �<� � $ /,9��A�M/ l �"��9 �%4 /!� � �N(*/,�<#"9 $S�&D oT.U� �<� +>/A� DGF o�9��'>�J�M'>+3+Q� � #"9�+>�N'>�Y�U#"9�o<#;���,�1��'3�,+Q� �&D 9<(?�"'3/,��/ l � 4<4 ��� � �A� 4 /!� � � F �,� D / l � ��� ��/�����+z(*9��"� � �A� D ���L�M� l �"/ $ � �<�b »�µPüP/1+V�J#"/,9<��( �,{
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True power (P)

Reactive power (Q)

Apparent power (S)

1.5 kW

2.308 kVA

1.754 kVAR
(inductive)

1.737 kVAR
(capacitive)

Reactive power (Q)
16.519 VAR

True power (P)
1.5 kW

Apparent power (S)

Power triangle for uncorrected (original) circuit

Power triangle after adding capacitor

n ��� � � ��� 4�4 ��� � �A� 4 /!� � �5(&���Yo ��l /,9�� DYl �"/ $ � ��� �"��9 � �,� D � � �Ð� � �,(?�"'32 �R4 /!� � �J2!��+39 � # F 9<#"'>�<CW� �<�#;����� D ��� DWl /1� $ / l � ��� KO.A� � ��C1/,� � ���^n ��� /1� �&$e{

Apparent power =
ª

(Reactive power)2 + (True power)2

Apparent power = 1.50009 kVAn � ')#PC,'32 � #P��(?/1�"� � (?� �&D�4 /!� � � l �,(���/,�P/ l 7;Ñ�ÕÉ�!¬T� � Ñ�ÕÉ��Ò,Ò1ÓJ¬�üx�5= F /,�OÒÇÕ Ó1Ó,Ó1Ó�Ô F �,� D �8� � �f�"/,���,+<(?9���� � �A�/ l 7[Ñ�Õ �,Ò,Ò1Ò,Ó5¬�üx� � b Ô1ÒUüP/,+>��#�= F /,�ÃÓÇÕ b �5� $S4 # F ��#;9<o<#[�����A�"')��+<' $S4 ��/!2 �&$I� �A�x/!2 � �x� ��� 9��<(*/,��� � (�� �&D 2L�,+>9 � / lÓÚÕ Ó�ÑL�R� $I4 #*ÕPn � ')# +>/!� � �6��/����,+G(?9���� � �A� �M'3+3+��"�����<#"+3��� � �"/S+ � #�# �<� �!�M+3/1#�# � #6'>�^� ��� (*'>��(?9�'>�M�M'>��'3��C F�$S� �,��'3��CC,� � ��� � � #".�#[� �*$Î�*­ (?' � �<(*.Z70+ � #�# 4 /!� � �6� �,#;� �ED =:Õ
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� �¼� + � (?�"��/ $S� ( � ����')(*�,+ $S� � � � $ /!2 �*$S� �A��#B(?/ $S� '>���[��/�o<�,#"'3(5�������,��C �&$S� �A��# { � � /1# � o<�1# �ED /,��� �f$ /!2 ���$S� �A� D�� #"'3C,�<# F ��� D � � /A# �e� �<C,'3� �*� � �ED # 4@� (?'�â@(*�,+>+3. l /,�U� � 9<# � ÕXn �<� o<�1#;')( 4@� � $ ��� � �A� �a$ ��C,� � � $S� � � �$ /!2 �&$I� �A� � y 4 +3/,� �&D '>��� ��� � ��$S� � � ��( � � 4 � � �R/ l � � '3#�o@/T/,¬h�M'3+>+���/����6/,��¬�(*/,��� � (��"+3.�' lND '3� � (��"+3.�(?/,� �� � (�� �ED ��/U��+>� � ���<���"'3��C�(*9��"� � �A� F o � (&��9<# � � ���RD '3� � (���'>/1��/ l � �*�ED + �8$ /!2 �*$S� �A� �M'>+3+Q( � ���<C � �M'>� �e� �1( ��� �,+ l��(?.�(*+ � / l � ��� � � Õ-K � � $ �,� � �A� �a$ ��C1� � � $S� � � � $ /!2 �*$S� �A��# F +>'3¬ �R4-� � $ ��� � �A� �a$ �,C,� � � $ /���/,��# F ��� ��D�� 2T')( � #� � /A# �5$ /,�"'3/,� D��*4-� � D #�/1�W� ���54 /,+)����'>�[.I/ l � �<� � 4�4 +3' �ED 2,/1+V����C � 70/1� F .,/19�(*�,�W� � '>�<¬U/ l '>�6'3�W� � � $ #�/ l � �<�D '3� � (���'>/1�^/ l � ��� (?9���� � �A��=0Õ

wire coil

magnet magnet

"needle"

D’Arsonval electromechanical meter movement

0

50

100

AC through this movement will cause
the needle to flutter back and forth
�
uselessly.

q��R/1� D�� �Q��/59<# � ��� �	� #;�[.A+ �B$S� � � � $ /!2 �&$I� �A�\#"9<( � �,#z� �<� ��� �J��#"/,�T2!��+ D�� #"'3C,� F � ��� �,+V� � ���<�!��'>�<CJ(?9���� � �A�$ 9@#[�6o �I�"� ��
 � ����
 '>�A�"/�� ��� n � ')#�'3# $ /1#;� � �1#;'3+3.I�1(*(?/ $S4 +>')# ���&D � � ��/,9�C � � ��� 9<# � / lzD�� 2T'3( � #�(*��+3+ �&D�
�� t 
1� ¦ �� � #��L� D '3/ D�� # 9@# �ED '3����� � y�� $S4 + � (*'>��(?9<'V� D��&$ /1�<#;�"���!�"'3��C�� ��� (*� � �!�"'3/,�^/ l\� ��� $ /,��')( l � ��� 9 � �<(?' � # l ��/ $� D '3#;�"/1�;� �&D 7:/,�%� � (���'�� �&D =5#;'3� � �6�L2 ��� �¾'>� � /19���C,/,'3��C^'>�A�"/ � +)��o-/,���!� ��D�� ���,'>+x/!2 � � � /!���,� D � � . D '3/ D�� #�6/,��¬S�1#O� ��� . D / FE� 9<#;� � �*$S�&$ o � ��� � ����� ��� . � �,( � �1(��6+>'3¬ � ��/1� ��� � �L.�2!��+32 �Jl /,� � + � (?�"��/,�<#B�"/��</!� { �,(?�"'3��C
b�� �
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, # , (*/,� D 9@(��"/�- l /�-M/1� �%4 /1+ , -"'>�[. , � D , �^'3�<#"9�+ , �"/�- l /�- , �</�� �<� - �/.8D<D +>. � ��/19�C �QF � ��� , -0-�/!� ��� , D '>� � , ( �D '3/ D�� #;. $ o@/1+ 4 /1'>�A��#�1�231 ��4 ¦5
7608:9<;=9�-0>@?�6A6A9�B@B7?C-09�D560?FE�G@E l 9�HF9ID560-AE�GJ�KEMLN- , 6A8K9�-&6A8 , G@L#?�608�?F6 ,�O E�G:9P>@?FQ�836
9?y7;=9�D�6 � �<-0- , G:Q�9IB�?CG , o:-0?RB7Q�9�S l E�TK-UB7?CEVB:9 O L#?CHCH O 9�-0W�9(6AE O 6A9�9�-J� � 608:-AE�T:Q�8X608:9J>@9�609�-<>@EMW�9�>@9�G36<?CG ,
D�E�G O 6 , G36<B7?C-A9ID560?FE�G�608:-AE�T:Q�8KE�T76 , HCHY;=E�-A6A?CE�G O E l 608:9R� � D�ZVD�HF9 {

wire coil

magnet magnet

"needle"

0

50

100

- +

Bridge
rectifier

AC
source

Meter movement needle
will always be driven in 
the proper direction.
�

"Rectified" AC meter movement

�<GKE�6A8K9�- O 60- , 6A9�Q�Z l E�- , ;:- , D560?CD , H\� � >�9�6A9�-�>@EMW�9�>@9�G36�? O 60E�-09�B79 O ?CQ�G[6A8:9�>�EMW�9�>@9�G36(L#?�608:E�T76(6A8K9
?CG:8:9�-09�G36(;\E�H , -A?F6%Z O 9�G O ?F6A?CW3?F6%Z]E l 6A8K9�� � 6%ZV;\9 O � nP8K? O >@9 , G OU, W�E�?CB:?FG:Q@608:9JT O 9�E l ;\9�-A> , G:9�G36�> , Q�G:9�6 O �
^/-0E,o , o:HCZJ608:9 O ?C>@;:HF9 O 6PB79 O ?CQ�G�? O 6AEJT O 9 , G:E�G:> , Q�G:9�60?>��9�B_?C-AE�G`W , G:9U6AE�>@EMW�9#608:9�GK9�9�B:HF9 , Q , ?CG O 6 O ;:-0?CG:Q
6A9�G O ?FE�GaSK608:9bW , GK9Ro\9�?FGKQ , 6A6A- , D�6A9�BX60EML , -0B ,`O 6 , 6A?CE�G , -AZXD�E�?CHcE l L#?F-09b9�GK9�-0Q�?3��9�BeoVZd6A8:9I� �e� T , G36A?F6%Z�60Eo=9f>�9 ,�O T:-09�B �
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"needle"

0

50

100

Iron-vane electromechanical meter movement

wire coil
iron vane

� O >@9�G360?FE�G:9�B�o\9 l E�-09m?CGb608:? O o\EVE,¬nSo608:9P9�HC9�D560-AE O 6 , 60?CD , 6p60- , D560?FE�G�o=9�6%Lm9�9�GJ6%LqE(>@9�6 , HV;:H , 6A9 O�O 9�; , - , 609�BoVZ , G , ?C-/Q , ;_D , GUo=9UT O 9IB�6AEbQ�9�G:9�- , 6A9 , G:9�9�B7HC9 � >@EMW3?CG:Q l E�-0D�9#;:-AE�;\E�-p60?FE�G , H:6AEf608:9<W�E�H�6 , Q�9Mo\9�6%Lq9�9�G@6A8K9
;:H , 609 O � nP8:? O LmE�-�¬ O � T O 6 ,�O Lm9�HCH l E�-N� � ,�O ?F6UB7EV9 O l E�-<� � S:E�- O 8:E�T:HRB^q OA, Z�S � T O 6 ,�O ;=E3E�-AHCZ�ÕPnP8:9 l E�-�D�9 O
?CG3W�E�HCW�9IB , -09PW�9�-AZ O > , HCHrS�>�TKD�8 O > , HCHC9�-�6A8 , G�6A8:9#> , Q�G:9�60?CD , 6p6A- , D�6A?CE�GIo\9�6%Lq9�9�G , G�9�G:9�-AQ�?>��9�B�D�E�?FH , GKB , G
?C-AE�G�W , G:9�S , GKB ,�O/O TKD�8@6A8:9 O 95¥�9�HC9�D�6A-0E O 6 , 6A?RD*¥(>@9�6A9�-	>@EMW�9�>@9�G36 O 609�GKB�60ERo=9 l - , Q�?CHC9 , GKB�9 ,�O ?CHCZ�B7? O 6AT:-�o\9IBoVZs;:8VZ O ?RD , H)>@EMW�9�>@9�G36 �ft T76�S l E�- O E�>�9�8:?CQ�8 � W�E�H�6 , Q�9�� � , ;:;KHF?RD , 6A?CE�G O S=6A8:9�9�HC9�D�6A-0E O 6 , 60?CDJ>@EMW�9�>@9�G�6(? O
, GX9�HC9�Q , G36P6A9ID�8:G:E�HCE�Q�Z �

nP8:9 � , 608:E7B79h| , Z�n)T�o=9Nu � |xn<v�>@9�G�60?FE�G:9�Be?FGw6A8K9x� � >@9�609�-0?FGKQ!D�8 , ;76A9�-X? O ?CB:9 , HCHCZ O T:?F6A9IB l E�-
>@9 ,�O T:-0?CG:Q�� � W�E�HF6 , Q�9 O S39 O ;\9ID�? , HCHFZ@? l 608:9y9�HC9�D560-AE�G�o=9 , >z? O#O Lq9�;76 O ?RB79 � 6AE � O ?RB79 , D�-0E O0O 608:9 O D�-A9�9�G`E l 6A8K9
6AT<o\9�L#8:?CHF9�6A8:9�>@9 ,�O T:-09�BY� � W�E�HF6 , Q�9JB7-0?CW�9 O 6A8:9Io=9 , >{T:; , GKB�B7EML#G � �|Q�- , ;K8:?CD , H)-A9�;:-A9 O 9�G36 , 60?FE�G]E l
6A8K98� � L , W�9 O 8 , ;=9 , GKB`G:E�6 � T O 6 , >@9 ,�O T:-A9�>@9�G36qE l > , Q�GK?�60TKB79yD , Gd9 ,�O ?CHFZSo=9�8 , B`L#?F6A8 O TKD�8 , B79�WV?RD�9 �
}<EMLm9�W�9�-IS � |xn%� O 8 , W�9#6A8:9(B7? OA, B7W , G36 , Q�9 O E l Lq9�?FQ�836�S O ?3��9�S O ?FQ�G:?F�\D , G�6q;\EMLm9�-	D�E�G O T:>@;760?FE�GaS , GKB l - , Q�?FHC?�6%Z
u0o=9�?CG:Q~> , B79�E l 9�W , D�T , 609�B�Q�H ,�OAO vyLmE�-�¬3?CG:Q , Q , ?CG O 6b6A8K9�> �~� E�-b608:9 O 9�-09 ,�O E�G O S)9�HF9ID56A-0E�>@9ID�8 , G:?RD , HB� �
>@9�609�-#>@EMW�9�>�9�G36 O#O 6A?CHFHa8 , W�9 , ;KH , D�9f?CGd;:- , D�6A?RD , HYT OA, Q�9 �

��?F6A8 O E�>@9�E l 608:9 , B7W , G�6 , Q�9 Oy, GKBxB7? OA, B7W , G36 , Q�9 O E l 608:9 O 9@>@9�6A9�-b>@EMW�9�>�9�G36�609�D�8:G:E�HFE�Q�?C9 O 8 , WV?CG:Qo=9�9�G~B7? O D�T OAO 9�B , HC-09 , B:Z�S7608:9�-09b? OU, GKE�6A8K9�- l , D56AE�-�D�-ATKD�? , HFHCZ�?C>@;\E�-p6 , G36 l E�-#6A8:9�B79 O ?CQ�G:9�- , GKB]T O 9�-<E l � �
>@9�609�-0?FG:Q_?CG O 6A-0T:>@9�G36 O 6AEUo=9 , L , -A9(E l%� nP8:? O ? O 6A8:9f? OAO T:9fE l |<�Z�X>�9 ,�O T:-09�>@9�G36 � � O Lm9 , HC-A9 , B7Z�¬3GKEMLfS� � >�9 ,�O T:-09�>@9�G36 O@, -A9]E l 609�G�D ,�O 6_?CG ,xO D , HF9]E l � � ;=EMLm9�-@9 � T:?CW , HC9�GKD�9�SPD , HCHC9�B��(�]��u��`EVE�6 ��� 9 , G �
� � T , -09Iv l E�-U6A8:9 OA, ¬�9fE l >@9 , G:?CG:Q l T:H&D�E�>�; , -0? O E�G O L#?F6A8[� � , G\B]L#?�608sE�6A8K9�-5� � L , W�9 l E�-0> O E l W , -AZV?CG:Q
O 8 , ;=9 � Ê<E�G:9#E l 6A8:9U>�9�6A9�-+>�EMW�9�>@9�G36+609�D�8:G:E�HFE�Q�?C9 O�O E l , -	B7? O D�T O0O 9IB�?CG:8:9�-A9�G36AHCZb>@9 ,�O T:-09m6A8:9J|U����W , HFTK9
E l , Gf� �z� T , G360?�6%Z � �s9�6A9�-�>@EMW�9�>@9�G36 O -09�HCZV?FG:QxE�G!6A8K9X>@E�6A?CE�GNE l , >@9�D�8 , G:?RD , HPG:9�9�B7HC9�u:¥�-A9ID56A?F�K9IB�¥
��� �U- O E�GVW , H�SK?C-AE�G � W , G:9�S , GKB]9�HF9ID56A-0E O 6 , 6A?RD�v , HFHc6A9�G\BX6AE`>@9�D�8 , G:?RD , HFHCZ , W�9�- , Q�9�6A8K9J?CG O 6 , G36 , G:9�E�T O W , HCT:9 O
?CG�60E , GxEMW�9�- , HFH , W�9�- , Q�9bW , HFT:9 l E�-y6A8:9_L , W�9 l E�-0> � nP8K? Of, W�9�- , Q�9�W , HCT:9_? O G:E�6fG:9ID�9 O0O0, -0?FHCZ]6A8:9 OA, >�9 ,�O|<���YS , H�608:E�T:Q�8`> , GVZ�6A?C>�9 O ?F6P? O >�? O 6 , ¬�9�G ,�O	O TKD�8 � �<W�9�- , Q�9 , GKBW|U���@W , HCT:9 O - , 6A9 , Q , ?FG O 6	9 , D�8_E�6A8:9�-
,�O#O TKD�8 l E�-P608:9 O 9y6A8:-09�9fD�E�>@>@E�GXL , W�9 l E�-0> O 8 , ;=9 O {
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RMS = 0.707 (Peak)

AVG = 0.637 (Peak)

P-P = 2 (Peak)

RMS = Peak

AVG = Peak
ª
P-P = 2 (Peak)

RMS = 0.577 (Peak)

AVG = 0.5 (Peak)
ª
P-P = 2 (Peak)

�V?CGKD�95|<��� O 9�9�> O 60ERo=9#6A8:95¬V?FGKB@E l >�9 ,�O T:-09�>@9�G36/>@E O 6/;\9�E�;:HC9 , -A9#?CG36A9�-09 O 6A9IB@?FG_E1o76 , ?FGK?FG:QfL#?F6A8 , G
?CG O 60-ATK>�9�G36�S , GKB`9�HC9�D560-AE�>@9�D�8 , G:?CD , H:>@9�6A9�-m>@EMW�9�>�9�G36 O G , 60T:- , HFHCZ@B79�HC?FW�9�-y1M� �?� 1�2 � >@9 ,�O T:-A9�>@9�G36 O - , 6A8:9�-
6A8 , GW|<���YS�L#8 , 6 , -09N� � >�9�6A9�-qB79 O ?CQ�G:9�- O 6AEbB7EV� � 8:9 , 6�S�E l D�E�TK- O 9,Õxn	ZV;:?RD , HFHCZb608:9 ,�OAO T:>@;76A?CE�G@? O > , B:9
6A8 , 6y6A8:9_L , W�9 l E�-0> O 8 , ;\9�60Eeo=9_>@9 ,�O T:-09�B�? O Q�E�?CG:Qd6AE�o\9 O ?CG:9su0oVZ l , -y608:9_>@E O 6bD�E�>@>@E�GcSa9 O ;\9ID�? , HCHFZl E�-m;=EMLq9�- O Z O 6A9�> O v�S , GKB@608:9�G�6A8:9(>@9�6A9�-P>�EMW�9�>@9�G36 O D , HF9�? Om, HF6A9�-A9IBUoVZ�6A8:9 , ;:;K-AE�;:-A? , 609<>JTKH�60?F;:HC?RD , 60?FE�Gl , D�6AE�- ��� E�- O ?CG:9<L , W�9 O Lm9 O 9�9P6A8 , 6�|<�Z��? O 9 � T , H760ERÒ � � Ò � 60?F>@9 O 6A8:9U;\9 , ¬JW , HFT:9#L#8K?FHC9J�<W�9�- , Q�9m? O Ò � ���3�
6A?C>@9 O 608:9_;\9 , ¬nS O EXLm9@D , G�B7?CWV?CB79@E�G:9J�\Q�T:-09�oVZs608:9@E�608:9�-y60EXE1o76 , ?FG , G , W�9�- , Q�9 � 6AE � |U���XD�E�GVW�9�- O ?CE�Gl , D�6AE�-#E l Ñ � ÑEÒ,Ó {

0.707
�
0.637
� = 1.1099

q�GNE�6A8K9�-_LmE�-�B O S/6A8:9s>@9�609�-_>@EMW�9�>@9�G36_L#?FHCHMo\9[D , HC?>oK- , 6A9�B�6AE�?CGKB7?RD , 6A9 , ;:;K-AELy7?C> , 6A9�HFZ¾Ñ � Ñ1Ñ�60?F>@9 O
8:?CQ�8:9�-f6A8 , G�?F6JLqE�T:HRB~E�-0B:?FG , -A?CHCZ!u�G , 6ATK- , HFHCZ:v(?FGKB:?CD , 6A9�L#?�608�G:E O ;=9�D�? , H , D�D�E�>@>�E7B , 6A?CE�G O � q�6�>JT O 6�o=9
O 6A-09 O0O 9IBb608 , 6/608:? O ¥�D�8:9 , 6�¥�E�G:HCZbLqE�-"¬ O Lm9�HCH:L#8:9�G�608:9<>@9�609�-/? O T O 9�B�60Ef>�9 ,�O T:-09m;KT:-A9 O ?CG:9#L , W�9 O E�TK-0D�9 O �Ê<E�6A9�6A8 , 6 l E�-	60-A? , GKQ�HC9<L , W�9 O S�608:9(- , 6A?CERo\9�6%Lq9�9�Ge|<��� , GKBW�UW�9�- , Q�9<? O GKE�6	608:9 OA, >�9 ,�O l E�- O ?CG:9(L , W�9 O {

0.577
�
0.5
� = 1.154

��?F6A8 O � T , -09dL , W�9 O S	6A8:9�|U��� , GKB��<W�9�- , Q�9XW , HFT:9 O`, -09]?CB:9�G36A?RD , H�Õ~�UGs� � >@9�6A9�-dD , HC?3o:- , 6A9IB�60E
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×��Kg>×�gm�RÖih�� ¨aj� Y��jx���U*W��$Uk��� [ Y�(jx�B�U* l � Ó
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B7? O D�T O0O ?CE�G � nP8:? O ? O o\9ID , T O 9 , � |\n�L#?�608J?F6 O ;:- , D�6A?RD , HFHCZyLq9�?FQ�8�60HF9 OAO 9�HC9�D�6A-0E�GRo=9 , >�¥�>@EMW�9�>@9�G36�¥UB7? O ;:H , Z O
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O ?F>@?CH , -(;K-AE1o:HF9�> , -0? O 9 O { 8:EML|B7E]Z�E�T~B:9�6A9�-A>@?CG:9�6A8:9U|<�Z��W , HFT:9@E l , L , W�9 l E�-A> l -0E�>�?F6�� � E�GVW�9�- O ?CE�Gl , D�6AE�- O o=9�6%Lm9�9�G_^�9 , ¬ , GKBS|<�Z�@E�G:HCZJ8KE�HRB O EfHCE�G:Q ,�O 6A8K9<L , W�9 l E�-A> l , HFH O G:9 , 60HFZ�?FG360E , ¬VG:EML#G_D , 609�Q�E�-0Z
E l O 8 , ;=9!u O ?CG:9�SP6A-0? , G:Q�HC9�S , GKB O � T , -A9 , -09]6A8:9~E�G:HCZ!9*y , >@;:HC9 O L#?F6A8w^�9 , ¬ � |<��� � �<W�9�- , Q�9XD�E�GVW�9�- O ?CE�Gl , D�6AE�- O Q�?FW�9�G�8K9�-09,Õ�v �

. G:9 , G O Lm9�-y? O 60E[B79 O ?CQ�G[608:9_>@9�609�-f>@EMW�9�>�9�G36 , -AE�T:GKB[6A8:9_W�9�-0Z[B79��KGK?�60?FE�G~E l |<�Z� { 6A8:9_9 ® 9ID560?FW�9
8:9 , 6A?CG:QXW , HCT:9JE l , Gh� � W�E�H�6 , Q�9 � D�T:-A-09�G36 ,�O ?F6f;\EMLm9�- OU, -A9 O ? O 6A?CW�9bHCE , B � �VT:;:;=E O 9�6A8 , 6�608:9I� � O E�T:-0D�9
6AE^o\9�>@9 ,�O T:-09�B]? O D�E�GKG:9�D�6A9�B , D�-0E O0O<, -09 O ? O 60E�-UE l ¬VG:EML#GsW , HCT:9�S , G\B]6A8:9�8:9 , 6�E�T76A;KT76�E l 6A8 , 6(-09 O ? O 6AE�-
? O >@9 ,�O T:-09�B!L#?�608 , B:9�WV?CD�9sHF?3¬�9 , 608:9�-0>@EVD�E�T:;KHF9 � nP8:? O LqE�T:HCB!;:-0EMWV?CB79 , l , -�>�E�-A9sB7?C-09�D56_>@9 ,�O TK-A9 �
>@9�G36�>@9 , G O E l |<�Z�]6A8 , G , G3ZsD�E�GVW�9�- O ?FE�G l , D560E�-(D�E�TKHCBYS l E�-U?F6(L#?CHFH�LmE�-�¬�L#?F6A8h�JÊM»�L , W�9 l E�-A> O 8 , ;=9
L#8 , 6 O E39�W�9�- {

thermocouple bonded
�
with resistive heating 
element

sensitive
meter

movement

AC voltage to
be measured
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O D , HC9U?F6 O 9�H l ? O D , HF?3o:- , 6A9IB@6AE�Q�?CW�9 , Gd?FGKB:?CD , 6A?CE�G^o ,�O 9�B�E�G_608:9 O � T , -A9 � -0EVE�6	E l 6A8K9U608:9�-0> , Hn>@9 ,�O T:-09�>@9�G36 {
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� �5{ o\9ID , T O 9�Lq9@D , Gs6AEXT O 9J60- , G O l E�-A>@9�- O L#?�608h� � Sn>@9�609�-y- , G:Q�9 O D , G�o=9�9�HC9�D560-AE�> , Q�GK9�6A?RD , HFHCZX- , 6A8:9�-
6A8 , Gs-09 O ? O 6A?CW�9�HFZe¥ O 6A9�;K;\9IB]T:;<¥_E�-5¥ O 6A9�;:;=9�BsB7EML#GaS ¥ O E�>@9�60?F>@9 O l , -No=9�Z�E�GKB]L#8 , 6U-09 O ? O 6AE�- O LqE�T:HCBX8 , W�9
;:- , D�6A?RD , HCHCZ , HCHCEMLq9IB l E�- � ^�E�609�G36A? , H�nc- , G O l E�-0>@9�- O u�^�n%� O v , G\B � T:-A-09�G36�n)- , G O l E�-0>�9�- O u � n%� O v , -A9_;K-A9 �
D�? O ?FE�G�?FG O 6A-0T:>@9�G36@B79�WV?RD�9 O > , GVT l , D�6AT:-09�Bx60E�;:-0E7B7TKD�9`W�9�-AZx;:-09�D�? O 9`- , 6A?CE O E l 6A- , G O l E�-0> , 60?FE�Gho=9�6%Lm9�9�G
;:-0?F> , -AZ , GKB O 9ID�E�GKB , -0ZfL#?CGKB7?CG:Q O � nP8K9�Z@D , G , HCHCEML O > , HFH�S O ?C>�;KHF9N� � >@9�6A9�-/>@EMW�9�>�9�G36 O 6AEf?CGKB7?RD , 6A9<9*y �
6A-09�>@9�HFZ@8:?CQ�8_W�E�HF6 , Q�9 O/, GKB`D�T:-A-09�G36 O ?FGd;\EMLm9�- O Z O 6A9�> O L#?�608 , D�D�T:- , D�Z , GKB_D�E�>�;KHF9�6A9U9�HF9ID560-A?RD , HK? O E�H , 6A?CE�G
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loadhigh-voltage
power source 13.8 kV

fusefuse

V

precision�
step-down�

ratio
PT

precision�
ratio

step-up�
CT

A

0-5 A AC movement range

0-120 V AC movement ranget 9�D , T O 9qE��K608:9 O ?3��9 , GKBJ9� 7;\9�G O 9PE��=?CG O 6A-0T:>@9�G36�6A- , G O ��E�-0>@9�- O So608:9�Z , -A9PG:E�6+T O 9IBb60E O D , HC96� � >@9�6A9�- O
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¢ ��£�¤d¥�£�¦¨§
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L#?CHFHa¬=9fG:9ID�9 O0O0, -0Z �. G:9 O ?F>@;:HC9y¬:T76UD�-0TKB79f>@9�6A8:E7BXE��)��-A9 � TK9�GKD�Z`>@9 ,�O T:-09�>@9�G36#?CGd;=EMLq9�- O Z O 6A9�> O T:6A?CHF?CÃ�9 O 6A8:9f;:-0?CGKD�?C;:HC9
E��P>@9�D�8 , G:?RD , H	-A9 O E�G , GKD�9 � ­ W�9�-AZs;:8VZ O ?CD , H/E�¬7Ä%9�D�6b;\E OAO 9 O0O ?CG:QX6A8K9`;:-0E�;=9�-A6%Z[E��#9�H ,�O 6A?RD�?F6%Z!u O ;K-A?CG:Q�?CG:9 OAO v



×��Kg �Kg�Å�Æ<Ç�È�'&Ç	$IÖ<ÉNÊU$UkÌË	�UÊ(*7Ç� [ÇqÊ�*�'&Æ<Ç	 [Çq$�j l�Í<Ñ
8 ,�OU, Gs?CG:8:9�-A9�G36U��-09 � T:9�G\D�Z , 6UL#8:?RD�8[?F6�L#?CHFH);:-09���9�-U6AEdW3?C¬:- , 609 �<¯ 8:9f60T:G:?CG:Q`��E�-AÎX? O�, Q�-A9 , 6<9�  , >@;:HF9JE��
6A8K? O�Ï&O 6A-0?CÎ�9P?�6qE�GKD�9 , GKB�?F6	L#?FHCH\D�E�G36A?CGVT:9m6AEbWV?C¬:- , 6A9 , 6 , 6AE�GK9 O ;=9�D�?��=Dm6AEf?F6 O HC9�GKQ�6A8 ��Ð E�G:Q�9�-&6ATKG:?FGKQf��E�-0Î O
8 , W�9�HCEMLq9�-P-A9 O E�G , G36P��-A9 � T:9�GKD�?F9 O�Ï 608:9�?C-P6AE�G:9 O L#?CHCHY¬\9fHCEMLq9�-PE�GX6A8:9f>�T O ?CD , H O D , HC9�6A8 , G O 8:E�-p609�-m��E�-0Î O �

Â > , Q�?FG:9 , -AEML°E��q;:-0E�Q�-A9 OAO ?CW�9�HCZ � O ?CÃ�9�BX60T:G:?CG:QX��E�-0Î O(, -A- , GKQ�9�B O ?RB79 � ¬VZ � O ?CB:9 ��¯ 8K9�Z , -A9 , HCH+>@E�T:G36A9IBE�G , D�E�>�>@E�G!¬ ,�O 9�S , GKB�608 , 6`¬ ,�O 9d? O WV?F¬K- , 6A9�B , 6_608:9X��-A9 � TK9�GKD�Z�E��(6A8:9]>@9 ,�O TK-A9IB ½ � W�E�HF6 , Q�9�u�E�-
D�TK-A-09�G36�vU¬VZs>@9 , G O E�� , G~9�HC9�D�6A-0E�> , Q�G:9�6 �(Ñ 8K?CD�8:9�W�9�-U60T:G:?CG:QX��E�-0Îs? O D�HCE O 9 O 6�?CGx-A9 O E�G , G36<��-09 � T:9�GKD�Z]60E
6A8K9���-09 � T:9�GKD�Z_E��c608 , 6#WV?F¬K- , 6A?CE�G�L#?CHCHn6A9�G\B`60E O 8 , Î�9<608:9y>@E O 6fu�E�-m6A8K9(HCE�T\B79 O 6�v �+Â �c6A8K9���E�-AÎ O�Ò 6A?CG:9 O Lm9�-09
�K?C> O Zs9�G:E�T:Q�8aSYLm9�D�E�T:HRB O 9�9�6A8:9@-09�H , 60?FW�9J>@E�60?FE�G�E��q9 , D�8~¬VZ]6A8:9�HF9�G:Q�608~E��/6A8K9�¬KHFT:-yLm9�LmE�TKHCB O 9�9 ,�O
Lm9f?FG O ;=9�D5609�B]9 , D�8]E�G:9y��-0E�> , G]9�G\B � WV?C9�LÓ;\9�- O ;=9�D560?FW�9 �qÑ 9�HFH�SK> , Î�9 , D�E�HFHC9�D�6A?CE�G]E��+ÔM60T:G:?CG:Q@��E�-0Î O Ô�E�T:6
E�� ,`O 6A-0?C;sE�� O 8K9�9�6�>�9�6 , H)D�T:6�?CG , ; , 6A6A9�-AG , Î3?CG]6AE , - , Î�9�S , GKB]Z�E�Ts8 , W�9y6A8:9`� ©�Õ�® 1M
 ©�4 2 ®A«�«�
 ��-09 � T:9�GKD�Z
>@9�609�- Ï

to AC voltage
�

sheet metal reeds
shaken by magnetic
field from the coil

¯ 8:9�T O 9�-�E��+6A8:? O >@9�6A9�-�WV?C9�L O 6A8:9�9�G\B O E�� , HCH)6A8:E O 9�T:G:9 � T , H&HF9�G:Q�608[-A9�9�B O(,�O 6A8K9�Z , -09JD�E�HCHF9ID56A?CW�9�HFZ
O 8 , Î�9�G , 6q6A8:9U��-A9 � TK9�GKD�Z�E��=608:9 , ;:;:HC?F9IB ½ � W�E�H�6 , Q�9P60Ef6A8K9�D�E�?FH ��¯ 8:9UE�G:9UD�HCE O 9 O 6	?CG`-09 O E�G , G�6+��-09 � T:9�GKD�Z
6AE�608:9 , ;:;KHF?C9�B ½ � L#?FHCHYWV?F¬:- , 609(6A8:9f>@E O 6�SKHFEVE�ÎV?CG:Q O E�>�9�6A8:?CG:Q@HC?FÎ�9y6A8:? O�Ï

Frequency Meter

120 Volts AC

6058565452 62 64 66 68

ÖU?C¬:- , 60?FG:Qs-09�9IBx>�9�6A9�- O ScE�¬3WV?CE�T O HCZ�S , -A9@G:E�6J;:-09�D�? O ?FE�G~?CG O 6A-0T:>@9�G36 O S&¬:T76b608:9�Z , -09@W�9�-0Z O ?C>�;KHF9 , GKB
6A8K9�-09���E�-09(9 ,�O Z�6AE@> , GVT7� , D56ATK-A9U6AE@¬\9y-0T:Q�Q�9�B ��¯ 8:9�Z , -09�E���6A9�Gd��E�TKGKB�E�G O > , HCH=9�G:Q�?CG:9 � B7-0?CW�9�G�Q�9�GK9�- , 6AE�-
O 9�6 O ��E�-f608:9`;:T:-0;=E O 9_E�� O 9�6p6A?CG:Q[9�G:Q�?CG:9 O ;\9�9�B O E]6A8 , 6f6A8:9`��-A9 � TK9�GKD�Z�? OJO E�>@9�L#8 , 6bD�HCE O 9@6AE � Ò�u�¡�Ò]?CG
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­ TK-AE�;\9ovq}U9�-A6AÃ �
Ñ 8:?CHF9_-09�9IB � 6%Z3;=9@>@9�6A9�- Of, -A9@?C>@;:-A9ID�? O 9�SY6A8K9�?C-bE�;=9�- , 60?FE�G , H�;:-0?FG\D�?C;:HF9_? O G:E�6 �`Â GxHF?C9�T�E��m>@9�D�8 , G:?RD , H

-09 O E�G , GKD�9�S\Lm9�> , Z O T:¬ O 6A?F6AT7609�9�HF9ID560-A?RD , H)-09 O E�G , GKD�9 , GKB~B79 O ?FQ�G , ��-A9 � TK9�GKD�ZX>@9�6A9�-yT O ?CG:Q , G[?CGKB7TKD�6AE�-
, G\BbD , ; , D�?�60E�-a?CGf6A8K9/��E�-0>ØE�� , 6 , G:ÎyD�?C-�D�T:?F6mu�; , - , HCHF9�H�?CGKB7TKD�6AE�- , G\BbD , ; , D�?�60E�-5v �&. G:9	E�-c¬=E�608�D�E�>@;\E�G:9�G36 O
, -09<> , B:9 , BMÄ%T O 6 , ¬:HC9�S , GKB , >@9�6A9�-m? O ;:H , D�9�B_?CG`608:9yD�?C-0D�T:?�6q6AE�?FGKB:?CD , 6A9(> ,  7?C>JT:> , >@;:HC?F6ATKB79�E��cW�E�HF6 , Q�9
, D�-AE OAO 608:9]6%LqE�D�E�>@;\E�G:9�G36 O ��¯ 8:9 , BoÄ%T O 6A>@9�G36`ÎVG:E�¬)u O v , -09XD , HC?F¬:- , 609�B�6AE O 8:EMLÙ-09 O E�G , G36���-09 � T:9�GKD�Z
��E�- , GVZsQ�?CW�9�G O 9�6p60?FG:Q\S , G\B[608:9@��-A9 � T:9�GKD�Zs? O -09 , B[��-0E�>{608:9�> , ��609�-y6A8K9@B:9�WV?CD�9@8 ,�O ¬=9�9�G , BoÄ%T O 6A9�B~��E�-
> ,  7?C>JT:>Ú?FGKB:?CD , 6A?CE�GXE�GX608:9f>@9�6A9�- � ­ O0O 9�G�60? , HFHCZ�S3608:? O ? O#, 60T:G , ¬:HF9y�\H�609�-UD�?F-�D�T:?F6<L#8:?RD�8d? O<, BoÄ%T O 6A9�B , GKB6A8K9�G�-A9 , B~?FG , > , GKG:9�- O ?F>@?CH , -y6AE , ¬:-0?RB7Q�9_D�?C-�D�T:?F6�u�L#8:?RD�8�>JT O 6b¬=9_¬ , H , GKD�9�B���E�- , Ô�G3TKHFHRÔ]D�E�G\B7?�60?FE�G
, G\B`608:9�Gs-09 , BKv �

Sensitive AC
meter movement

variable capacitor with
adjustment knob calibrated

in Hertz.

Resonant Frequency Meter

¯ 8:? O 609�D�8:GK? � T:9�? Om, ;=E�;:TKH , -	E�GK9<��E�- , > , 6A9�TK-	- , B7?CEbE�;=9�- , 60E�- O u�E�- , 6qHC9 ,�O 6m?�6mL ,�O ¬=9���E�-09<608:9 , B7W�9�G36
E��m?FGK9� 7;\9�G O ?FW�9�B7?CQ�?F6 , H���-A9 � T:9�GKD�Zs?FG O 60-AT:>@9�G�6 O D , HFHC9�B À0ª�³74 
 «�®�Û v�SY9 O ;\9ID�? , HCHFZ[¬=9�D , T O 9�?�6bB7EV9 O G Ò 6f-A9 � TK?F-09
B7?C-A9ID56	D�E�G:G:9ID560?FE�G�60Ey6A8:9�D�?C-0D�T:?�6 ��Ü EfHFE�G:Q ,�O 608:9<?CGKB7TKD�6AE�- , GKB\ÝME�-+D , ; , D�?�60E�-/D , G@?FG3609�-�D�9�;:6/9�G:E�T:Q�8 O 60- , Z
�K9�HCB�u�> , Q�GK9�6A?RDfE�-U9�HC9�D�6A-0?CD�SK-09 O ;\9ID560?FW�9�HCZ7vP��-AE�>Ú608:9JD�?F-�D�T:?F6�TKGKB79�-U6A9 O 6�6AEdD , T O 9y6A8K9J>@9�609�-�6AE`?CGKB7?RD , 6A9�S
?F6<L#?FHCHaLmE�-0Î �

Â Gy��-09 � T:9�G\D�Z ,�O ?CGbE�608:9�-Y6%ZV;=9 O E��79�HC9�D�6A-0?CD , H�>@9 ,�O TK-A9�>�9�G36�S�6A8:9/>@E O 6 , D�D�T:- , 6A9+>@9 , G O E��V>@9 ,�O T:-A9�>@9�G36
, -09]T O T , HCHFZ�6A8:E O 9sL#8K9�-09 , G�T:G:ÎVG:EML#G � T , G360?�6%Z!? O D�E�>@; , -A9IB , Q , ?FG O 6 , ÎVG:EML#G Û 
�1 4n
 1 ®A
 SP608:9[¬ ,�O ?RD
?CG O 60-ATK>�9�G36�B7E�?FG:Q�G:E�608:?FGKQ�>@E�-09@6A8 , G�?CGKB7?RD , 60?FGKQ�L#8:9�G�6A8:9�6%LqE � T , G36A?F6A?C9 O�, -09`9 � T , H/6AE~9 , D�8�E�6A8K9�- �¯ 8:? O ? O 608:9<¬ ,�O ?RD#;:-0?CGKD�?C;:HC9U¬=9�8:?CGKB@608:9�� � u Ñ 8:9 , 6 O 60E�G:9ov�¬:-0?CB7Q�9UD�?C-�D�T:?F6 , G\B_?�6m? Oq,bO E�T:GKB@>@9�6A-0E�HCE�Q�?RD , H
;:-0?FG\D�?C;:HF9 , ;K;:HF?C9�B�6A8K-AE�T:Q�8:E�T76U608:9 O D�?F9�GKD�9 O �JÂ �qLm9�8 , W�9 , D�D�9 OAO 6AE , G , D�D�T:- , 609b��-09 � T:9�GKD�Z O 6 , GKB , -�B�u ,
O E�T:-�D�9/E�� ½ � W�E�H�6 , Q�9/8:E�HRB7?CG:QUW�9�-0Z�;K-A9ID�? O 9�HFZ�6AE ,UO ?FGKQ�HC9+��-A9 � T:9�GKD�Z:v5So6A8K9�GJ>@9 ,�O T:-A9�>@9�G36)E�� , GVZyT:G:ÎVG:EML#G��-09 � T:9�G\D�Z`¬VZ�D�E�>@; , -0? O E�G O 8:E�T:HRBX¬\9f-09�H , 60?FW�9�HCZ_9 ,�O Z �

� E�-<608 , 6(��-A9 � T:9�GKD�Z O 6 , GKB , -0BaS\Lm9b60T:-AG�E�T:- , 6p609�G36A?CE�G~¬ , D�Îd6AE�6A8:9�6ATKG:?FGKQ`��E�-0ÎnSnE�- , 6�HC9 ,�O 6 , >@E�-09
>@E7B79�-0G]W , -A? , 60?FE�G]E���?�6�D , HCHF9IBX6A8:9 ¿�³ 1 ® 
�Þ À�®5ÁoÛ 
�1Mß � k�T , -p60Ãf? OU, G , 60T:- , HCHFZ`E7D�D�T:-0-A?CG:Q@>@?FGK9�- , Ha;=E O0O 9 OAO ?CG:Q
, W�9�-0Z]?FG36A9�-A9 O 60?FGKQ�;:-0E�;=9�-A6%ZsD , HCHC9�BXà ©�« Þ ªI« ß «�À 
 ®5©�À�© 
 ÁM� ^	?F9�Ã�EV9�HC9�D�6A-0?CDf> , 6A9�-0? , H O ;:-0E7B7TKD�9 , W�E�HF6 , Q�9 , D�-0E O0O
6A8K9�?C-/HF9�G:Q�608_L#8:9�G_;K83Z O ?CD , HCHFZ O 60-A9 OAO 9�BYS , GKB�L#?CHFH\;:8VZ O ?RD , HFHCZJB79���E�-0>ÌL#8:9�G , G@9� V6A9�-AG , H:W�E�HF6 , Q�9P? O/, ;:;:HC?F9IB
, D�-AE OAO 608:9�?C-#HF9�G:Q�608 O �/¯ 8:? O B:9���E�-0> , 60?FE�Gd? O W�9�-AZ�SVW�9�-0Z O HF?CQ�836#?CGX>@E O 6<D ,�O 9 O S7¬KT76<?�6UB:E39 O 9� 7? O 6 �k�T , -p60Ã_-AE7D�Î�? O 9�H ,�O 60?CDsu O ;K-A?CG:Q�Z:vyL#?F6A8K?FG�608 , 6 O > , HCH	- , GKQ�9_E��#¬=9�GKB:?FG:Q�L#8:?CD�8 , G�9� V6A9�-AG , H	W�E�HF6 , Q�9
LmE�T:HRB[;:-0E7B7TKD�9�SnL#8:?RD�8�>@9 , G O 6A8 , 6(?F6fL#?FHCH�8 , W�9 , >@9�D�8 , G:?RD , H)-09 O E�G , G36<��-A9 � T:9�GKD�ZsE��	?F6 O EML#GxD , ; , ¬:HC9
E��q¬\9�?FG:QX> , G:?F��9 O 6A9IB ,�O(, G[9�HC9�D�6A-0?CD , H�W�E�H�6 , Q�9 O ?CQ�G , H �(Â G~E�608:9�-yLmE�-�B O S=?F� , D�8K?F;~E�� � T , -p60Ã�? OyO 60-ATKD�ÎnSn?F6
L#?CHFH�Ô�-0?FGKQ�Ô@L#?F6A8[?F6 O EML#GsT:G:? � T:9b��-09 � T:9�GKD�Z]B79�609�-0>@?FG:9IB]¬VZd608:9JHC9�GKQ�6A8�E���6A8:9�D�8:?C;aS , GKB]608 , 6(-A9 O E�G , G36
E O D�?CHCH , 6A?CE�G_L#?CHFHn;:-0E7B7TKD�9 , G`9 � T:?FW , HF9�G�6mW�E�H�6 , Q�9 , D�-0E O0O >�T:HF6A?C;:HF9(;=E�?CG�6 O E��Y6A8:9 � T , -A6AÃ(D�8:?C;`L#8:?RD�8dD , G`¬=9
6 , ;:;=9�B_?CG36AEb¬VZ�L#?F-09 O �: 79�B�6AEb6A8:9 O T:-A� , D�9<E��n608:9�D�8:?C; �&Â G`-09�D�?C;:-0E7D , HK> , G:G:9�-�S�6A8:9 � T , -A6AÃUD�8:?C;_L#?CHFH\6A9�GKB
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6AE@WV?C¬:- , 6A9(>@E O 6PL#8K9�G]?�6#? O Ô�9� 7D�?�609�B:Ô�¬VZ , G , ;K;:HF?C9�B ½ � W�E�HF6 , Q�9 , 6#;:-09�D�? O 9�HCZ_6A8:9y-0?FQ�836m��-09 � T:9�GKD�Z�SIÄ%T O 6
HC?FÎ�9�608:9f-09�9�B O E�G , W3?C¬:- , 60?FG:Q � -09�9IB@��-09 � T:9�G\D�Z`>@9�609�- �

� 8:?C; O E�� � T , -A6AÃP-0E7D�ÎbD , G@¬=9#;:-09�D�? O 9�HCZbD�T76+��E�-	B79 O ?C-A9IBJ-09 O E�G , G36)��-09 � T:9�GKD�?C9 O S , G\Bb608 , 6	D�8:?C;@>@E�T:G36A9IB
O 9�D�TK-A9�HFZ`?CG O ?CB:9 , ;:-0E�609�D�6A?CW�9 O 8K9�HCHYL#?�608XL#?C-09 O 9� V609�GKB7?CG:Q@��E�-<D�E�GKG:9�D�6A?CE�Gd6AE , GX9� V6A9�-AG , HY9�HC9�D�6A-0?CDyD�?F-�D�T:?F6 �Ñ 8:9�G`; , D�Î , Q�9�B ,�O	O TKD�8aS�6A8:9�-A9 O T:HF6A?CG:QJB:9�WV?CD�9<? OqO ?F>@;:HCZ@D , HCHC9�B , À�®5ÁoÛ 
�1�ßKu�E�- O E�>@9�60?F>@9 O Ô�á�
�1Mß Ô3v5S , GKB@?F6 O
O D�8:9�> , 60?CD O ZV>J¬=E�HYHCE3E�Î O HF?CÎ�9(6A8K? O�Ï

crystal or xtal

­ HC9�D�6A-0?CD , HCHFZ�S�608 , 6 � T , -A6AÃ(D�8:?F;d? O 9 � TK?FW , HC9�G36q6AE ,JO 9�-0?F9 O Ð�� -A9 O E�G , G36qD�?F-�D�TK?�6 ��¯ 8K9(B7?C9�HC9�D�6A-0?CDU;:-0E�;=9�- �
6A?C9 O E�� � T , -A6AÃJD�E�G36A-0?F¬KT76A9 , G , B:B7?F6A?CE�G , H&D , ; , D�?F6A?CW�9b9�HF9�>�9�G36U6AE�6A8:9�9 � T:?CW , HC9�G36(D�?F-�D�TK?�6IS , GKBs?CGs6A8K9�9�GKB
?F6<HFEVE�Î O#O E�>@9�608:?CG:Q@HF?CÎ�9(6A8K? O�Ï

C
â

L
ã

characteristics 
of the quartz

C
â

capacitance
caused by wire
connections

across quartz

Crystal equivalent circuit

¯ 8:9�Ô�D , ; , D�?�6 , GKD�9�Ô , GKBeÔ�?CGKB7TKD�6 , G\D�9�Ô O 8:EML#G�?CG O 9�-0?F9 O`, -09[>@9�-09�HCZ!9�HF9ID560-A?RD , H<9 � T:?CW , HC9�G36 O E��f6A8K9� T , -A6AÃ Ò O >@9�D�8 , G:?CD , H\-A9 O E�G , GKD�9<;:-0E�;=9�-A6A?C9 O�Ï 608:9�Z_B7E�G:E�6m9� 7? O 6 ,�O B7? O D�-09�609UD�E�>@;\E�G:9�G36 O L#?F6A8:?CG`608:9�D�-AZ O �
6 , H �/¯ 8K9(D , ; , D�?F6 , G\D�9 O 8:EML#Gd?FGX; , - , HFHC9�HnB7T:9(6AE�6A8K9fL#?F-09(D�E�G:GK9�D560?FE�G OP, D�-AE OAO 6A8:9fB7?C9�HC9�D�6A-0?CD@u�?CG O T:H , 6A?CG:QVv� T , -A6AÃU¬\E7B7Z@? O -09 , H�S , GKB_?F6q8 ,�O	, G_9�än9�D56mE�G@608:9U-09 O E�G , G36/-A9 O ;=E�G O 9#E��Y608:9UL#8KE�HC9 O Z O 6A9�> � ½ ��TKHFHYB7? O D�T O �
O ?FE�G[E�G�D�-AZ O 6 , H)B7ZVG , >�?RD O ? O G:E�6�G:9ID�9 OAO0, -0Z�8:9�-A9�Sn¬:T76�L#8 , 6yG:9�9IB O 60E�¬=9JT:G\B79�- O 60EVEVB , ¬=E�T76yD�-0Z O 6 , H O ? O
6A8K? O -A9 O E�G , G36<D�?C-0D�T:?F6U9 � T:?CW , HC9�GKD�9 , GKB]8:EMLÓ?F6�D , GX¬=9b9� V;KHFE�?�609�B]L#?F6A8:?CG , G]E O D�?CHCH , 6AE�-<D�?F-�D�TK?�6<60E , D�8:?C9�W�9
, GXE�T:6A;:T76<W�E�HF6 , Q�9(L#?�608 ,�O 6 , ¬:HC9�S7ÎVG:EML#Gd��-A9 � TK9�GKD�Z �

� -0Z O 6 , H O S ,�O -A9 O E�G , G36&9�HC9�>@9�G36 O So6%ZV;:?RD , HCHCZ(8 , W�9	>�TKD�8J8K?FQ�8:9�-�Ôak(Ô�u ¿�³ 1Mß © 
 Á v&W , HCT:9 O 6A8 , GJ6 , G:ÎfD�?F-�D�T:?F6 O
¬:T:?CHF6d��-0E�>å?CGKB7TKD�6AE�- OX, GKBwD , ; , D�?F6AE�- O S#;:-0?FG\D�?C; , HCHFZ�B7TK9[6AE!6A8K9~-09�H , 60?FW�9 , ¬ O 9�G\D�9�E�� O 60- , ZN-09 O ? O 6 , GKD�9�S
> , ÎV?CG:Qy6A8:9�?F-	-A9 O E�G , G36���-A9 � T:9�GKD�?F9 O W�9�-AZ�B79��KGK?�609 , GKB�;:-09�D�? O 9 ��t 9�D , T O 9m6A8:9<-09 O E�G , G36���-A9 � TK9�GKD�ZJ? O/O E�HF9�HFZ
B79�;\9�GKB79�G36	E�G@6A8:9U;:8VZ O ?RD , H7;K-AE�;\9�-p60?F9 O E�� � T , -A6AÃbu , W�9�-AZ O 6 , ¬:HC9 O TK¬ O 6 , GKD�9�S�>�9ID�8 , GK?CD , HCHFZ:v5S�6A8:9U-A9 O E�G , G36
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��-09 � T:9�G\D�Z�W , -A? , 60?FE�G�EMW�9�-P6A?C>@9fL#?�608 , � T , -p60ÃbD�-0Z O 6 , HY? O W�9�-0Z�SKW�9�-0Z_HCEML �	¯ 8:? O ? O 8:EML ¿�³ 1 ® 
�ÞJé ª � « é «�4 

L , 60D�8K9 O E�¬76 , ?FGs608:9�?C-U8K?FQ�8 , D�D�T:- , D�Z Ï ¬VZd>@9 , G O E�� , G[9�HF9ID56A-0E�GK?CDyE O D�?FHCH , 6AE�- O 6 , ¬:?CHC?FÃ�9�B]¬VZX6A8:9�-A9 O E�G , G36
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Lissajous figure: same frequency, 0 degrees phase shift

trigger
ï

timebase
ï

s/div
DC GND AC

X

GNDDC
V/div

vertical

OSCILLOSCOPE

Y
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Lissajous figure: same frequency, 90 or 270 degrees phase shift
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Lissajous figure: same frequency, 180 degrees phase shift
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s/div
DC GND AC
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Lissajous figure: Horizontal frequency is twice that of vertical
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trigger
ï

timebase
ï

s/div
DC GND AC

X

GNDDC
V/div

vertical

OSCILLOSCOPE

Y
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Lissajous figure: Horizontal frequency is three times that of vertical�P�#� , GKB , � Ï lJ��-A9 � T:9�GKD�Z`- , 6A?CE]u�8:E�-A?CÃ�E�G�6 , H)÷ � S7W�9�-p60?CD , H)÷Ìl�v Ï

trigger
ï

timebase
ï

s/div
DC GND AC

X

GNDDC
V/div

verticalö OSCILLOSCOPE

Y
ó
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A Hall effect power sensor
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Â T�T O^f<g T7h�¬ fji8k T7l-m.�6�7n f ½Uôpo h i3f ��q7rZqKT f%s q8T�l"�YTyÔ o h itf ��?Bu"�'m k TKr7Ô i �6q��'vXu�v�l f �'� g øwh��yxVh/v"x f o T�z{�6q k&gZf
�R��h s o h i3f �P�:�6xVT7h/��0 ½ m s hBqKT��6m1m=m.h/� g q i3f � f h��ET7l f Ô6m k v f �6�0Ô�|Y�'� k.f TKr6z s2f �'v k v�n2T7l!�YT8T7l f r gZk.g v�h6T gZk qKT�h6�7T
T7l f q^l"� o f h��!T�l f |/h6m1T��'n f q k v f8i �}| f zYh/�yx%�'u!q f v�h/v7ø~q k v�u"q^h k.g �'mZxVu���� f vBT�qLT�h�>"h i_k v�T7l f x k ��xVu k T<0 ¯ l k q k q�v�h6T
T7��u f �'v�r s h6� f 0 Ð h/� g q3xVh6vBT��7h/m1m f�g ¬�r_Ô'v"h6v�m k v f �'��Ô f m f x�T��7h/v k x�xVh s o h6v f vBT�q3�'� f ¬ f x%h s2k v�n s h6� f o � f |Y�'m f vBT
k vs¬!h6T7l�l�h s2f �6v gUk v g u"qKT��7r/z s2f �6v k v�n2T7l"�'T8T7l f |6h6m1T��6n f q3�6v g xVu���� f vBT�q k v�T7l f o h i3f ��q7rZqKT f%sX� q��q� f%f<gZk v"n
T7l f q f m.h/� g q��'� f � k x�l k v�l!�'� s h/v k x%q Ï�i l"�'T�q^l�h/u�m g ¬ f v k x f zOxVm f �'v�q k v f ø i �}| f |6h/m]T��'n f q��6v g xVu���� f vBT�q��'� f
¬ f xVh s2k v�nQl k n6l�m.r gZk q^T7h/�^T f�g z i l k x�l k q f ?Bu k |Y�6m f v/TtT7hQT7l f o � f q f v"x f h��5�6v k vZ,"v k T f q f � k.f qth��=l k n/l7ør�R� f ?Bu f v"xVr
q k v f
i �}| f qt�'T s u�m1T k o m f q8h��5T�l f �Ru�v g � s2f vBT��6m o h i3f � m k v f �R� f ?/u f v"x%r60

­  �x f q�q k | f l"�6� s h6v k x�q k v-�6v ½Uôpo h i3f ��q7rZqKT f%s x%�'v�hY| f ��l f �'T3T����6v"qp�Rh6� s�f ��q�z"x��'u"q f
f  �x f�f�gZk v�n/m1rAl k n/l
v f uZT7���'m6x%h6v g u"x�T�h6�5x%u��7� f vBT�q k v�T�l�� f%f ø o l"�/q f q7rZqKT f%s q%zYx%� f �YT fEf m f x�T7��h s �6n6v f T k x+Ô'v�h k q f Ô k v�T7l f �Rh/� s h������ gZk h
f%s2k q7q k h6v"q�T7l!�YTjx%�6v k vBT f �A� f � f2i8k T�lWq f v!q k T k | f2f m f xVT7��h6v k x f ?Bu k o s2f vBT�zO� f<g u"x f2f m f x�T7� k x s h'T�h6��l�h/��q f o h itf �
h6u�T o uZT<z/�6v g x��'v�¬ f8gZk1� xVu�m1T�T7h o k v o h k vBT�0 Ñ k T�l o �7h�¬�m f%s qLm k Î f T7l f q f o m.�6n6u k v�n o h i3f ��q7r�q^T f�s q%z f v�n k v f�f ��q
�'v g T f x�l�v k x k �'v!q8� f ?Bu k � fNi �}rZqtT7h o � f x k q f m.r gZf T f xVT��'v gUs2f �/q^u"� f T7l f q f x%h6v g�k T k h/v"q%0

� ª'\	«�®U�P³"� ß ©*(�Á k q�T�l f n f v f ���6mCT f � s n k | f v�T�hA� f o � f q f vBT��6v ½Uô�o h itf ��q7r�q^T f�s]Ò qU�R� f�f�g h s �R�7h s l!�'�Aø
s h6v k x8xVh/vBT f vBT<0 ½ Ô o h i3f ��?Bu"�6m k TKr7Ô s�f T f � k qyh6v f T�l"�YTyn k | f q�q7h s2f �Rh6� s h���l"�6� s h/v k x x%h6vBT f v/T k v gZk x%�'T k h6v=0

½ q k1s o m f
i �}r`�Rh6����T f x�l�v k x k �'vUT7h g�f T f � s2k v f o h itf ��?/u!�'m k TKr k vUT7l f�k ��q^rZq^T f%s�i8k T�l�h6u�T�q^h o l k qKT k x��YT f�g
f ?Bu k o s2f vBT k q2T7h�x%h s o �6� f |6h/m]T��'n f � f � gZk v�n/q�¬ f T i3f%f v�T i h��6x�xVu����YT f |/h6m1T s2f T f ��q s�f �6q7u�� k v�nWT�l f q�� s2f
q7r�q^T f�s |6h/m]T��'n f�Ï h6v fQs2f T f �y¬ f�k v�n��'vxÔ6�}| f ���'n k v�n3ÔjTKr o f h���u�v k T � q7u"x�l-�/qN�6v f m f xVT7��h s2f x�l!�'v k x%�6m s hY| f ø
s2f vBT s2f T f ��� �'v g T7l f h'T�l f �#¬ f%k v�n@�_ÔYT��7u f ø�±�� Ü ÔQTKr o f h��Lu"v k T � q^u!x�l��/q���l k n6l7ø~?Bu"�'m k TKr gZk n k T��'m s2f T f ����0
± f�s�f�s ¬ f �+T�l"�YT�Ô/�}| f ���6n k v�n�ÔaTKr o fXs2f T f ��q@�'� f x%�'m k ¬����'T f<g q7hWT7l"�'T@T7l f�k �Aq7x��'m f q k v gZk x%�YT f |6h/m]T�q`±�� Ü zÕ��oÛ�«��_ª ; (R):«��MÛ0Û5³ éUà (�©�ª ; (R)��'(�(*)K«��Q�_�Mª ß (~�%�3«bÕ�«�© ; � é «��MÛ5³7®A«��J©RÛ�Û5© ; ³VÛ�ªM©:�/� ß�0 Â �CT�l f |6h6m1T��6n f8k qt�6v�r/T�l k v�n
¬�uZT�q k v f%i �}| f øwq7l"� o f�g z6T�l f �}| f ���'n k v"n s2f T f � i8k m.m ; ªY( � f n k qKT f �3T7l f o �7h o f �8|}�6m1u f z i l f � f �6qtT7l f T��7u f ø�±�� Ü
s2f T f ���6m i �}rZq i8k m.m$z!� f nB�'� g m f q7q h�� i �}| f q7l"� o f 0 ¯ l f ��u�m f h��ET7l�u s ¬al f � f�k q8T�l k q Ï T7l f n/� f �YT f �8T�l fjgZk q o �'�Aø
k TKrs¬ f T itf�f v�T7l f T i h s2f T f ��q%z{T�l f2i h/��q f T�l f o h i3f ��?Bu"�'m k TKr k q�z5�'v g T7l f n/� f �YT f � k T�q�l"�6� s h/v k xQxVh/v/T f vBT�0½�o h i3f ��q7r�q^T f�s�i8k T7lWn6h�h g ?Bu"�'m k TKr o h i3f �
q7l�h6u�m g n f v f ���'T f�f ?Bu"�6mL|/h6m1T��6n f � f � gZk v�n/q�¬ f T itf�f v�T7l f T i h
s2f T f ��q%z�T�h i8k T�l k vUT�l f ���'T f<g�f �7��h6�3T7h/m f ���6v"x f h��LT7l f T i h k v!qKT��7u s2f v/T�q%0

½ v"h'T7l f �O?Bu"�6m k T��'T k | fys2f �6q7u�� f�s2f vBT5h�� o h i3f �O?Bu"�6m k TKr k q5T7l f h/q�x k m1m.h/q�xVh o f T f q^T Ï x%h6v�v f x�TE�'v�hBq7x k m.m.h/q�xVh o f
� ô ± ¯ ��T7h�T�l f ½Uô |/h6m1T��6n f �'v g h�¬"q f ��| f T�l f q7l"� o f h��CT7l f�i �}| f 0 ½ v�r/T�l k v�njh6T7l f �yT7l!�'v���x%m f �'v@q k v f�i �}| f
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xVh/u�m g ¬ f �'v k v gZk x%�YT k h/vAh��OT��7h/u:¬�m f�Ï

trigger
ï

timebase
ï

s/div
DC GND AC

X

GNDDC
V/div

verticalö OSCILLOSCOPE

Y
ó

AC

This is a moderately ugly "sine" wave.  Definite harmonic content here!Ü T k m.m9z k ��?Bu"�'vBT k T��'T k | f �6v"�'m.rZq k q �9gZf ,"v k T f z{v�u s2f � k x��'m=,!n6u�� f q�� k q�v f x f q7q��'��r6z"T7l f � f�k q�v�h�q7u:¬"q^T k T7uZT f �Rh/�
�'v k v"q^T7��u s2f vBT
q o f x k ,�x%�'m.m.r g�f q k n/v f�g �Rh6��T7l"�'T o u"� o h/q f 0 Ü u"x�lW�'v k v"q^T7��u s2f vBT k qNx%�'m.m f�g �_à ª'\	«�®_¿�³"� ß ©*(�Á
é «V(�«�® �'v g_k q+q7h s2f T k.s�f q�¬ f T^T f �`Î�v�h i v k v f m f x�T��7h/v k xAx k ��xVm f q2�6q2��m1h i ø��R� f ?Bu f v!xVr Û à «�À%(r®5³ é � ; � ß Á Þ «�® 0Ñ l"�'T8T7l k q k v!qKT��7u s2f v/T g h f q k q o ��hY| k.g�f ��n6��� o l k x��'m{� f o � f q f vBT��'T k h6v@h/vU� ô ± ¯ h/� gZk n k T��'m gZk q o m.�}rAq7x%� f�f v
h���T7l f ½Uô |6h/m]T��'n f�Ò q��R� f ?Bu f v"xVr�Ô/q o f xVT7��u s 0 ÔW[/u"qKT@�/q+� o � k q s q o m k T�q+�x¬ f � s h�� i l k T f m k n6lBT k vBT�h k T�q
xVh/v"q^T k T7u f v/T�xVh/m1h/��xVh s o h/v f vBT�q � l"h i�s u"x�la� f�g z{h/���6v�n f z"r f m1m.h i z�n6� f%f v5z!�'v g ¬�m.u fQk q k vXT�l"�YT�m k n/l/T���z�T7l f
q o f x�T7��u s �'v"�6m1rVÃ f ��q o m k T�q�� s2k   f�g ø��R� f ?Bu f v"x%r�q k n/v"�'m k vBT7h k T�q�x%h6v"q^T k T7u f vBT#�R� f ?Bu f v"x k1f q%z!�'v g�gZk q o m.�}rZq3T7l f
� f q7u�m]T k vUT7l f �Rh/� s h��E��l k q^T7h6n/��� s]Ï

1 3 5 7 9 11 13
Total distortion = 43.7 %

Power Quality Meter

­ �/x�l2vBu s ¬ f �3h6v+T�l f l"h6� k Ã�h6vBT��6m"q7x��'m f h��CT7l k q s2f T f �3� f o � f q f vBT�qt��l"�6� s h/v k x�h��CT7l f �Ru�v g � s2f vBT��6m=�R� f ø
?Bu f v!xVr60��"h6� ½ s2f � k x��'v o h i3f �tq7rZqKT f%s q�z6T�l f ÔKõ�Ô
� f o � f q f v/T�q���ñ� <Ã � T�l f õ<qKT3l"�'� s h6v k x'zBh6� ¾ ³ ; �/� é « ; (w� ß ��z
T7l f Ô6¡�Ô(�Rh6��õ�Í�ñ
 UÃ � T7l f ¡'� g l"�'� s h6v k x��Vz'T7l f Ô�¡�Ô(�Rh6�3¡�ñ�ñ
 UÃ � T7l f ¡}T7l+l!�'� s h/v k x���z��'v g q^h�h/v=0 ¯ l f ¬�m&�6x�Î
� f x�T��'v�n/m f q�� f o � f q f v/T�T7l f � f m&�YT k | f�s �'n6v k T�u gZf qth�� f �6x�lAh��=T�l f q f l"�'� s h6v k x�x%h s o h/v f vBT�q k v�T�l fNs�f �6q7u�� f�g
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½Uô |6h/m]T��'n f 0 ½¢o u"� f z���ñ@ <Ã�q k v fji �}| f
i h6u"m g q7l�h i h6v�m.r��2T��6m1m&¬�m&�6x�ÎX¬"�'��hY| f ��T7l f Ô:õ�Ô i8k T7l-v�h�¬�m&�6x�Î
¬"�6��q8q7l�h i8k v�n+�YT��'m.mChY| f �3T7l f h6T7l f �P�R� f ?Bu f v"x%r s �'�0Î f ��q3h/v�T�l f q�x%�'m f z7¬ f x��'u"q f � o u�� f q k v f
i �}| f l"�6q v"h
l"�6� s h6v k x�xVh/vBT f vBT<0

£Eh i3f �8?Bu"�'m k TKr s2f T f ��q�q7u"x�la�6q�T7l k q s2k n6lBTU¬ f ¬ f T7T f ��� f � f ��� f<g T7hA�/q ªY�M«�®�(�ª ; « s�f T f ��q�z\¬ f x��'u"q f T�l f r
�'� f8gZf q k n6v f<g T�h gZk q o m.�}r�h/v�m.r�T7l"h/q f �R� f ?Bu f v"x k1f q�Î�v�h i v�T7hf¬ f n f v f ���YT f�g ¬�r�T7l f o h i3f �yq7rZqKT f%s 0 Â v2T7l�� f%f ø
o l"�/q f ½UôWo h itf �Lq7rZqKT f%s q � o � f�g h s2k v"�6vBTc�Rh6�Em&�'��n f o h i3f �E� o�o m k x%�YT k h/v"q���z f | f v7øwv�u s ¬ f � f�g l"�'� s h6v k x%q5T f v g
T7h@¬ f x%�6v"x f m f<g h/uZT�z��6v g q^h2h/v�m1r�l"�'� s h6v k x%q f   k qKT k v"n k vXq k n6v k ,!x��'vBT s2f �6q7u�� f �'� f T�l f h g�g øwvBu s ¬ f � f�g 0

� f T f ��q�m k Î f T�l f q f �6� f | f ��rAu!q f �Ru�m k vXT�l f l!�'v g q�h����AqpÎ k m1m f�g T f x�l�v k x k �'v5z=¬ f x��'u"q fjgZk ä f � f vBT�TKr o f q�h��
v�h/v�m k v f �'�8m.h/� g q3T f v g T7h+n f v f ���YT fNg�k ä f � f vBT�q o f x�T��7u s Ô6q k n/v"�YT�u�� f q0Ô i l k x�lXx%�'vXx%m1u f T�l f T��7h/u:¬�m f q7l�h�h'T f �
T7h�T7l f q^h/u���x f h���T7l f o ��h�¬�m f%s 0 ¯ l f q f-s�f T f ��q i h/�AÎ!¬Br�| f �7r�?Bu k x�Î�m.r�q�� s o m k v�n�T7l f ½Uô |6h6m1T��6n f �'T
s �'v�r gZk ä f � f vBT o h k vBT�q �'m.h6v"n�T7l fNi �}| f �Rh6� s q^l"� o f z gZk n k T k Ã k v"nQT�l�h/q f o h k vBT�q3h�� k v7�Rh6� s �YT k h6v5z��6v g u!q k v�n2�
s2k x%�7h o ��h�x f q�q^h/� � q s �6m1m�xVh s o u�T f ���OT7h o f �A�Rh6� s v�u s2f � k x%�6m���h6u"� k.f ���6v"�'m.rZq k q � T�l fN¤ �oÛ�( ¤ ª�³7®5©�«�®�¥:®7� ; Û ¾ ªM® é
h6�qÔ ¤E¤ ¥ Ôj�'m.n6h6� k T7l s �Lh6v�T�l�h/q f�g �'T�� o h k v/T�q�T�hj�'��� k | f �'T�l"�'� s h6v k xm�R� f ?Bu f v!xVr s �6n6v k T7u g�f q�0 ¯ l f o �7hZx f q�q
k qQv"h'T s u"x�lHu�v�m k Î fAi l!�YT2T7l f Ü £ Â ô ­ o ��h6n/��� s T f m.m&q��WxVh s o uZT f ��T7h g h i l f v o f �p�Rh/� s2k v�nW�W��h/u�� k1f �
�'v!�'m.r�q k qth/vX��q k.s u�m&�YT f�g x k ��x%u k T�|/h6m1T��6n f h6�8xVu���� f vBT i �}| f �Rh6� s 0

úy´_û�¦ §©¨ ª��ydV«X¬j� ¸�dV�+¸<·Xd��L	

½ q i3f q�� i­i8k T�l ù ô s�f �6q7u�� f%s2f vBT3x k ��xVu k T�q%zBT7l f x k ��xVu k T x%h6vZ,!n6u����YT k h/v�Î�v�h i vA�6q3� Õ�®5©:�%�3« x%�'v�¬ f ��| f �7r
u"q f �Ru�m i �}r�T7h s�f �6q7u�� f u�v:Î�v�h i v2|Y�'m.u f q�h��=� f q k q^T��6v"x f 0 ¯ l k q k qyT7��u f�i8k T7l ½Uô �/q itf m1m$z��'v g2i3f x%�6v@� o�o m1r
T7l f | f ��r@q�� s2f o � k v"x k o m f T7h�T�l f �6x�xVu����YT fNs2f �6q7u�� f�s2f vBT3h��Lu"v:Î�v�h i v k.s o f<g �'v!x f q�0

¯ h�� f | k1f�i z'T7l f ¬�� k.g n f x k ��xVu k T i h6�0ÎZqy�6qt� o � k ��h��{T i h�øwx%h s o h/v f vBTy|/h6m1T��'n f�gZk | k&gZf ��qtxVh6v"v f xVT f�g �/xV��h/q�q
T7l f q7� s2f q7h6u"��x f |/h6m1T��6n f z i8k T7lX� ; ³ ß�ß�® ��«%(�«�À%(�ª�® s2f T f � s hY| f%s2f vBT�xVh/v�v f x�T f<g ¬ f T itf�f vUT7l f�s T�h k v gZk x��YT f
�2xVh/v gZk T k h6v�h���Ô�¬"�6m.�6v"x f ÔQ�'TPÃ f ��h2|6h6m1T�q Ï

R1

R2

R3

R4

null

½ v�r�h6v f h���T�l f �Rh/u���� f q k qKT�h6��q k v-T7l f ��¬�hY| f ¬"� k&g n f x%�'v�¬ f T7l f � f q k q^T7h6��h��yu�v:Î�v�h i vX|Y�6m1u f zC�'v gXk T�q
|Y�'m.u f x%�6v]¬ fjg�f T f � s2k v f�g ¬�rU�2���'T k h�h��OT�l f h6T7l f �8T7l�� f%f z i l k x�la�'� f Ô6x%�6m k ¬����YT f�g z Ôjh/� i l�hBq f � f q k q^T��6v"x f q
�'� f Î�v�h i v�T7hj� o � f x k q f�gZf n6� f%f 0 Ñ l f v+T7l f ¬�� k&g n f8k q k v@�y¬"�6m.�6v"x f<g xVh6v gZk T k h/v � Ã f ��h
|6h6m1T��6n f �6q k v g�k x��YT f<g
¬�r+T7l f vBu"m1m g�f T f x�T�h6� s2f T f ����zZT�l f ���'T k h i h6�0ÎZq3h6uZT8T�h�¬ f T7l k q Ï
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²

1

R
²

2

=
R
²

3

R
²

4

In a condition of balance:

S v f h���T7l f � g |Y�6v/T��'n f q8h��yu"q k v�n���¬�� k.g n f x k ��xVu k T�T�h s2f �6q7u�� f � f q k q^T��6v"x f�k q8T�l"�YTNT7l f |6h/m]T��'n f h���T7l f
o h itf ��q^h/u���x f+k q k ��� f m f |Y�'vBT�0U£y���6x�T k x��'m.m1r�q o f ��Î k v�n!z=T7l f l k n6l f �
T7l f q^u o"o m1rW|6h/m]T��'n f zCT�l f@f �/q k.f � k T k q�T�h
gZf T f xVT �QxVh/v gZk T k h6v@h�� k1s ¬"�'m&�'v"x f ¬ f T i3f%f v@T7l f �Rh6u��3� f q k q^T7h/��q i8k T7l�T7l f v�u�m1m gZf T f x�T7h/��z��'v g T7l�u"q�T7l fNs h6� f
q f v"q k T k | fXk T i8k m.mU¬ f 0 ½ n/� f �YT f �@q^u o�o m.r_|6h/m]T��'n f m f � g q2T�h�T7l f o hBq7q k ¬ k m k TKr�h�� k v"xV� f �/q f<gHs2f �6q7u�� f�s2f vBT
o � f x k q k h/v=0  �h i3f | f ��z�T�l f � f�i8k m1m)¬ f v�h@�Ru�v g � s2f vBT��6m f ����h6� k v/T��7h g u!x f�g �/q��2� f q7u�m]T�h��y�2m f q7q f ��h6��n/� f �YT f �
o h itf � q7u o�o m1rA|6h6m1T��6n f u�v�m k Î f h'T7l f � TKr o f q8h��E� f q k q^T��6v"x fNs2f �6q7u�� f%s2f vBT�q�x�l f%s2f q�0

Â s o f<g �'v!x f ¬"� k&g n f q i h6�0ÎjT�l f q�� s2f z/h/v�m1r�T�l f ¬"�6m.�6v"x f�f ?Bu"�'T k h6v k q i8k T7l À0ª é<ànß « á�?/u!�'vBT k T k.f q�zB�/q	¬�h'T�l
s �'n/v k T�u gZf �'v g o l!�6q f �/xV��h/q�q�T�l f xVh s o h6v f vBT�q�h���T7l f T i h gZk | k&gZf ��q s u"q^T_¬ fXf ?Bu"�'m k v�h/� g�f ���Rh6�2T7l f
v�u�m.m gZf T f xVT7h6� T�h k v g�k x��YT f Ô�Ã f ��h"0 Ô ¯ l f vBu"m1m g�f T f x�T�h6�<zZh���xVh6u"��q f z s u!qKT<¬ f � gZf | k x f x%� o ��¬�m f h�� gZf T f x�T k v"n
| f �7r�q s �'m.m ½Uô |/h6m1T��'n f q�0 ½ v�q f v!q k T k | f h/q�x k m.m1hBq7x%h o fAk q2h��*T f v³u"q f�g �Rh6�2T7l k q�z3�6m]T�l�h6u"n6l�| f ��r�q f v"q k T k | f
f m f xVT7��h s2f x�l!�'v k x%�6m s2f T f � s hY| f%s2f vBT�qQ�'v g�f | f v`l f � g o l�h/v f q � q s �'m.m3q o f ��Î f ��q���l!�}| f ¬ f%f v�u"q f�g`k ��T7l f
q7h6u���x f �R� f ?Bu f v"x%r k q i8k T�l k v��6u gZk h2���6v�n f 0

Z1

Z2

Z3

Z4

General impedance bridge

A box with a "Z" written
´
inside is the symbol for
any nonspecific impedance.

null

��h/��T�l k q�n f v f ���6m/�Rh6� s h�� ½Uô ¬"� k&g n f T7h~¬"�'m&�'v"x f zET�l fAk.s o f<g �'v!x f ���YT k hBqjh�� f �/x�l�¬����'v"x�l s u"qKT@¬ f
f ?Bu"�6m Ï

=
Z1

Z2

Z3

Z4½ nB� k v=z k T s u"q^Tf¬ f q^T7� f q�q f�g T7l"�'T
T7l f+k.s o f<g �'v"x f ?/u!�'vBT k T k.f q k v�T7l f ��¬!hY| fQf ?/u!�YT k h6vNé ³VÛ�( ¬ f xVh s ø
o m f  CzO�/x%x%h6u�vBT k v�nX�Rh6�f¬�h'T�l s �6n6v k T7u gZf �'v g o l"�/q f �6v�n6m f 0 Â T k q
v�h6T�n/h�h gWf v�h6u�n/l-T�l"�YT
T�l f+k.s o f�g �'v"x f
s �'n/v k T�u gZf q
�'m.h6v f ¬ f ¬!�'m&�'v"x f�gCµLi8k T�l�h6u�T o l"�6q f �'v�n/m f q k vx¬"�'m&�'v!x f �6q i3f m.m9z=T7l f � f+i8k m1myq^T k m.m/¬ f |/h6m1T��6n f
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�6x%�7hBq7qtT�l f T f � s2k v"�'m&q h��OT7l f v�u�m.m gZf T f xVT7h/���'v g T7l f ¬"� k&g n f�i8k m1m5v�h'T<¬ f ¬"�'m&�'v!x f�g 0
¶3� k&g n f x k ��xVu k T�q8x��'v]¬ f xVh6v!qKT��7u"xVT f<g T�h s2f �6q7u�� f ÄKu"q^T���¬�h6u�T8�6v�r gZf | k x f |Y�'m.u f
gZf q k � f<g z7¬ f
k T�x�� o �/x k ø

T��6v"x f z k v g u"x�T��'v"x f zZ� f q k q^T��6v"x f z�h6� f | f vdÔ�·Q0 Ô ½ q8�6m i �}rZq k vX¬�� k&g n f�s2f �/q^u"� f�s�f vBT x k ��xVu k T�q�z�T7l f u�v:Î�v�h i v
?Bu"�'vBT k TKr k q��'m i �}rZq(Ô�¬"�6m.�6v"x f<g ÔU�'n/� k v!qKT
��Î�v�h i v�q^T��'v g �'� g zCh�¬�T�� k v f<g �R��h s �Ul k n6l7ø~?Bu"�'m k TKr6z=x%�6m k ¬����YT f�g
xVh s o h/v f vBT+T7l!�YTAx��'vN¬ f � g ÄKu"q^T f<g³k v³|Y�'m.u f u�vBT k m�T�l f v�u�m.m gZf T f xVT7h/� gZf | k x fXk v gZk x%�'T f q��`xVh6v gZk T k h/v³h��
¬"�6m.�6v"x f 0 ù f o f v gZk v"nah6v`l�h i T�l f ¬�� k.g n f@k qjq f Tju o zLT7l f u"v:Î�v�h i v�xVh s o h6v f vBT Ò q�|Y�'m.u f@s �}r~¬ fUgZf T f �Aø
s2k v f�g�g�k � f xVT7m.r@�R�7h s T�l f q f T^T k v�n�h��CT�l f x��'m k ¬"���'T f�g qKT��'v g �6� g z/h/� gZf � k | f<g �R��h s T7l"�'T q^T��6v g �6� g T�l���h6u�n/l@�
s �YT�l f%s �YT k x��'mn�Rh/� s u�m.�"0

½ xVh/u o m f h��Eq k.s o m f ¬�� k.g n f x k ��x%u k T�q8�'� f q^l"h i v�¬ f m.h i z�h6v f �Rh/� k v g u!x�T��6v"x f �6v g h6v f �Rh6��x�� o �/x k T��6v"x f�Ï
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Ü k.s o m f Ô6q7r s�s2f T7� k x��'mRÔ#¬�� k.g n f qOq^u"x�l��/q=T�l f q f �6� f q^h�v"� s2f�g ¬ f x%�'u!q f T�l f r f%¸ l k ¬ k TEq^r s2s2f T7��r �Rs2k �7��h6�Aø
k.s �6n f q k.s2k m&�'� k TKrZ�y¹R��h s m f ¹*T8T7h2� k n/lBT�0 ¯ l f T i h�¬�� k.g n f x k ��xVu k T�q8q^l�h i vU��¬�hY| f �'� f ¬"�6m.�6v"x f<g ¬�r@� g ÄKu"qKT k v"n
T7l f x%�'m k ¬����'T f<g � f �6xVT k | f xVh s o h6v f vBT � ÐLº h/� ô º ��0 ¯ l f r-�'� f �d¬ k Tjq k1s o m k , f�g ¹R��h s T�l f%k �
� f �'mFø$m k ¹ f x%h6u�v:ø
T f � o �'�7T�q�z!�6q o ���6x�T k x��'mLq^r s2s2f T7� k x%�'m)¬�� k.g n f x k ��xVu k T�q�h'¹*T f val"�}| f �@x%�6m k ¬����YT f�g z!|}�6� k ��¬"m f � f q k qKT�h6� k v-q f � k1f q
h6� o �6���6m1m f m i8k T7lAT7l f � f �6xVT k | f xVh s o h6v f vBT3T�h�¬!�'m&�'v"x f h/uZT�qKT����}r2� f q k q^T��6v"x f�k vAT7l f u�vKÎBv"h i vAxVh s o h/v f vBT�0
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¶3uZT�z k v�T7l f l�r o h6T7l f T k x%�6m i h/�7m g h'¹ o f �^¹ f x�Tjx%h s o h/v f vBT�q%zOT7l f q f q k.s o m f+¼ � k&g n f x k ��xVu k T�q g h@ÄKu"q^T�,"v f T�h
k m1m.u"q^T7���YT f T�l f
¼ �6q k xNx%h6v"x f o T<0

½ v fV¸ � s o m f h'¹O�Qm k T^T�m f�f%¸ T����QxVh s o m f%¸�k TKr@� g"gZf�g T7h2xVh s o f v"q��YT f ¹Rh/� � f �'mFø i h6��m g2f ä f x�T�q3x��'v ¼!f ¹Rh6u"v g
k v+T7l f q7h�ø~x%�'m.m f�g³½U¾:¿ ; Õ%À ¾ �%� ¿ z i l k x�l�u!q f q�� o �'���'m.m f m!x%� o �6x k T�h6�Aø$� f q k qKT�h6��qKT��'v g �'� g+k1s o f�g �6v"x f T7h ¼ �'m&�'v"x f
h6u�T8�6v�u�v:Î�v�h i v�q f � k.f q x%� o �6x k T�h6�Aø$� f q k qKT�h6�tx%h sQ¼�k v!�YT k h6v50 ½ m1mOx%� o �6x k T7h/��qtl"�}| f q7h s2f � s h6u"v/T8h6¹ k vBT f ��v"�6m
� f q k q^T��6v"x f z ¼�f@k TQm k T f ���6m�h6� f ?/u k |Y�'m f vBT �:k v�T�l f ¹Rh6� s h6¹ gZk1f m f x�T�� k x2l f �'T k v�nXm.h/q�q f q�� i l k x�l�T f v g T7haq o h k m
T7l f%k �
h'T7l f � i8k q f o f �7¹ f xVT7m.r-� f �/x�T k | f v"�'T7u�� f q�0�Á l k q k vBT f ��v"�6mL� f q k qKT��'v"x fQs �}r ¼�f h'¹ k vBT f � f qKT�T7h s2f �/q^u"� f z
�'v g q^h�T�l f Ñ k.f v ¼ � k&g n f �'T^T f�s o T�q�T7h g h�q^h ¼ r o �7hY| k&gZk v�nX� ¼ �'m&�'v!x k v�n k1s o f�g �6v"x f T7l"�'T k q7v Ò T�Ô o u�� f Ô
f%k T7l f � Ï
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null

¶ f%k v�n@T�l"�YTNT7l f � f �6� f T i hUqKT��'v g �6� g xVh s o h6v f vBT�q�T7h ¼!f � g ÄKu"qKT f�gH� �A� f q k qKT�h6�N�'v g ��x%� o �6x k T�h6��� T�l k q
¼ � k.g n f�i8k m.m"T���Î f ��m k T7T7m f�s h6� f T k1s2f T7h ¼ �'m&�'v"x f T7l!�'v+T�l f h6T7l f ��q itf�Ò | f q f%f vAq^hj¹:�'�<0LÁ l f xVh sj¼�k v f<g+f ä f xVT
h'¹�Â º �'v g ô º k q�T�h��'m1T f �jT�l fUs �6n6v k T7u gZf �6v g o l"�/q f �'v�n/m f u�vBT k m3T7l fA¼ � k&g n f �6x�l k1f | f qQ�-x%h6v gZk T k h6v_h'¹
¼ �6m.�6v"x f 0 S v!x f T�l"�YT ¼ �6m.�6v"x fNk q3�/x�l k.f | f<g z/T7l f q f T^T k v"n/q3h'¹OÂ º �'v g ô º x��'v ¼!f � f � g ¹R�7h s T7l f�k �8x%�6m k.¼ ���YT f�g
Î�v�h ¼ q%z/T7l f o �6���6m1m f m k1s o f�g �6v"x f h'¹=T�l f T i h gZf T f � s�k v f<g+s �YT7l f%s �YT k x��'m.m1r/z��6v g T�l f u"v:Î�v�h i v�x%� o �6x k T��'v"x f
�'v g � f q k q^T��6v"x f
gZf T f � s2k v f�gUs �YT�l f%s �YT k x��'m.m1r@¹R�7h s T7l f
¼ �'m&�'v"x fNf ?Bu"�YT k h/v �wÃ=Ä Ý Ã{Å ÷ Ã{Æ Ý Ã�Ç ��0
Â T k q2�6q�q7u s2f�g�k v�T�l f h o f ���YT k h/v�h'¹�T�l f Ñ k1f v ¼ � k&g n f T7l"�'T�T�l f qKT��'v g �6� g x%� o �6x k T�h6�jl!�6q�v f n/m k n k.¼ m f

k v/T f ��v"�'mL� f q k q^T��6v"x f z�h/�N�'TNm f �/qKTNT7l!�YT�� f q k qKT��'v"x fjk q��'m.� f � g r]Î�v�h i v-q7h�T�l"�YT k T�x��'v ¼�f ¹:�6xVT7h6� f�gak vBT7hAT7l f
¼ �6m.�6v"x f�f ?Bu"�'T k h6v=0 Ñ k.f v ¼ � k&g n f q
�'� f u"q f ¹Ru�mE¹Rh6� g�f T f � s2k v k v�nUT7l f |Y�'m.u f q�h'¹mÔ6m1hBq7q7r7Ô�x�� o �/x k T7h6� gZf q k n6v!q
m k Î f�f m f x�T��7h/m1rBT k x%q�z i l f � f T7l f�k vBT f �7v"�6m�� f q k q^T��'v!x f�k q�� f m&�YT k | f m.rUl k n/l=0+Á l f r-�6� f �'m&q7hAu"q f�g �6qN¹R� f ?Bu f v"xVr
s2f T f ��q%z ¼�f x��'u"q f T�l f�¼ �'m&�'v"x f h6¹yT7l f�¼ � k&g n f�k q�¹R� f ?Bu f v"xVr3ø gZf o f v gZf vBT�0 Ñ l f v�u"q f<g-k vaT�l k qN¹:�6q7l k h/v=z{T7l f
x%� o �6x k T�h6��q��'� f
s � gZf , ¸Zf�g`� �'v g u!q^u"�6m1m.rUh'¹ f ?Bu"�6m5|Y�'m.u f ���'v g T�l f T�h o T i h@� f q k q^T7h/��q8�6� fjs � gZf |Y�'� k � ¼ m f
�'v g �6� f � g ÄKu"qKT f�gU¼ r s2f �6v"q h'¹LT7l f q�� s2f Î�v�h ¼ 0

½ v k vBT f � f qKT k v�n`|Y�6� k �YT k h/v�h/v³T7l k q+T�l f%s2f�k q@¹Rh6u�v g³k v³T7l f v f%¸ T ¼ � k&g n f x k ��x%u k T<z8u"q f�g T7h o � f x k q f m1r
s2f �/q^u�� f�k v g u"x�T��'v"x f q�0
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Á l k q k v�n f v k h6u"q ¼ � k&g n f x k ��x%u k T k q	Î�v�h i vU�6q�T7l fQÈ � á \ ¿ ß�ß]® ½A¾:¿ ; Õ%À ¾ �%� ¿�� q7h s2f T k1s2f qqÎ�v�h i v o m.� k v"m1r@�/q
T7l f2È � á \ ¿ ß�ß ÕVÀ ¾ ��� ¿ ��z{�'v gUk q u"q f�g T7h s2f �/q^u"� f u�v:Î�v�h i v k v g u"xVT��'v!x f q k vUT f � s q8h6¹Lx%�6m k.¼ ���YT f�g � f q k qKT��'v"x f
�'v g x%� o �6x k T��'v"x f 0 ô �'m k.¼ ���'T k h6v7øwn6��� g�f
k v g u"x�T�h6��q��6� fQs h/� f�gZk1� x%u�m1TNT�h s �6vBu�¹:�6x�T�u�� f T7l!�'v�x�� o �/x k T7h/��q�h'¹
q k1s2k m.�6� o � f x k q k h6v5z6�'v g q7h�T�l f u"q f h'¹C�Nq k.s o m f Ô/q^r s2s2f T7� k x%�'mRÔ k v g u"x�T��'v"x f3¼ � k&g n f k q�v�h6T��6m i �}rZq o ���/x�T k x��'m$0
¶ f x��'u"q f T�l f o l"�/q f q7l k ¹*T�q
h'¹ k v g u"x�T�h6��q��'v g x%� o �6x k T�h6��q��6� f�fV¸ �6xVT7m.rah o"o hBq k T f2f �/x�l-h6T7l f ��z5�Ux%� o �6x k T k | f
k.s o f�g �'v"x f x%�'v ¼ �6m.�6v"x f h/uZT��'v k v g u"xVT k | f
k.s o f�g �'v"x f�k ¹LT7l f r��'� f m.hZx%�'T f�gAk vXh o�o h/q k T f m f n/q h6¹E� ¼ � k&g n f z
�6q3T�l f rU�'� f l f � f 0½ v"h'T7l f ��� g |}�6vBT��'n f h6¹Ou"q k v"n2�2�a� ¸Zitf m1m ¼ � k.g n f T7h s2f �/q^u�� fNk v g u"x�T��'v"x f ���'T7l f �tT�l"�'v��2q^r s2s2f T�� k x%�6m
k v g u"xVT��'v!x f2¼ � k.g n fjk qNT7l f2f m k.s2k v"�'T k h6v�h'¹ s2f �6q7u�� f�s2f vBT f �7��h6� g u f T7h s u�T7u"�6m k v g u"x�T��'v"x fQ¼�f T i3f%f v-T i h
k v g u"xVT7h6��q�0��a�'n/v f T k x�, f m g qNx%�6v ¼!f�gZk]� x%u�m]TNT7hUq^l k1f m g z{�'v gXf | f va��q s �'m.mO� s h/u�vBT�h6¹�xVh6u o m k v�n ¼�f T i3f%f v
xVh k m&q k va� ¼ � k&g n f x��'v k vBT��7h g u"x f q^u ¼ qKT��'vBT k �'m f �7��h6��q k vXx f �7T�� k vXxVh/v gZk T k h6v"q�0 Ñ k T�lXv�h@q f xVh/v gAk v g u"x�T�h6�8T�h
� f �6xVT i8k T�l k vUT7l f �-� ¸Zitf m1m ¼ � k&g n f zBT7l k q o ��h ¼ m f%sÉk q f m k.s2k v!�YT f<g 0

��h/� f �6q k.f q^T�h o f ���'T k h6v=z{T�l f qKT��'v g �'� g x�� o �/x k T7h6� � ô º ���'v g T7l f � f q k q^T7h/� k v o �'���'m.m f m i8k T�l k T � Â º �N�'� f
s � gZf |Y�'� k � ¼ m f z��6v g�¼ h'T�l s u"q^T ¼!f � g ÄKu"q^T f�g T7h@�/x�l k.f | fN¼ �6m.�6v"x f 0E �h itf | f ��z/T7l f
¼ � k&g n f x%�6v ¼�f
s � gZf T�h
i h6�0Î k ¹ET�l f x%� o �6x k T�h6� k q8, ¸Zf�g�� v�h6v7øw|Y�'� k � ¼ m f � �'v gAs h/� f T7l!�'vXh6v f � f q k qKT�h6� s � g�f |}�6� k � ¼ m f+� �'T�m f �6q^T8T7l f
� f q k q^T7h/� k v o �'���'m.m f m i8k T7lQT7l f x�� o �/x k T7h/��zY�'v g h/v f h6¹"T�l f h'T7l f �LT i h���0L �h i3f | f ��z k vjT�l f m.�'T^T f �yxVh/vZ,"n/u����'T k h6v
k TLT���Î f q s h/� f T7� k �6m�ø~�'v g ø f �7��h6�O� g ÄKu"q^T s2f v/TLT7h��6x�l k1f | f�¼ �'m&�'v"x f zY�6qOT7l f3gZk ä f � f vBTL|Y�6� k � ¼ m f � f q k qKT�h6��q k vBT f ���6xVT
k v ¼ �'m&�'v"x k v�n s �'n/v k T�u gZf �6v g o l"�6q f 0

Ê�v"m k Î f T�l f o m&� k v Ñ k1f v ¼ � k&g n f z�T7l f�¼ �'m&�'v!x f h'¹LT7l f �a� ¸Zi3f m.m�ø Ñ k.f v ¼ � k&g n f
k q k v gZf o f v gZf v/T�h'¹�q^h/u���x f
¹R� f ?Bu f v!xVr6z/�'v g�k v2q7h s2f x%�/q f qLT7l k q ¼ � k&g n f x%�6v ¼�f8s � gZf T�h ¼ �'m&�'v"x f k v�T7l f o � f q f v"x f h6¹ s2k1¸�f<g ¹R� f ?/u f v"x k1f q
¹R��h s T�l f ½Uô |6h/m]T��'n f q7h6u���x f zBT7l f m k1s2k T k v�n2¹:�6xVT7h6� ¼�f%k v�n�T7l f
k v g u!x�T7h/� Ò q qKT�� ¼�k m k TKr@hY| f �8� i8k.gZf ¹R� f ?Bu f v"xVr
���'v�n f 0

Á l f � f �'� fUs h/� f |Y�'� k �YT k h6v!q ¼�f r/h6v g T7l f q fagZf q k n/v"q�z ¼ uZTU�-¹Ru"m1m g�k q�xVu"q�q k h/v k q2v�h'T i �'�����'vBT f<g l f � f 0
Ë f v f ���'mFø o u"� o h/q f8k1s o f�g �6v"x fN¼ � k.g n f x k ��xVu k T�q3�'� f�s �'v�uZ¹:�/x�T�u�� f<g+i l k x�l�x%�6v ¼�f q i8k T�x�l f�g@k vBT7h s h6� f T7l"�6v
h6v f x%h6vZ,!n6u����YT k h/v@¹Rh6� s � ¸�k.s u s > f%¸�k.¼�k m k TKr@h6¹Lu"q f 0

Ì_Í�Î�ÏAÐVÎ�ÑÓÒ
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Ì ½Uô ¼ � k.g n f x k ��x%u k T�q i h6�0ÎXh6vWT7l f q7� s�f2¼ �/q k x o � k v"x k o m f �/q ù ô ¼ � k.g n f x k ��x%u k T�q Ï T�l"�YTj� ¼ �'m&�'v"x f�g
���'T k hNh6¹ k1s o f�g �6v"x f q � ���YT�l f �yT7l"�6v+� f q k qKT��'v"x f q�� i8k m.m"� f q7u�m1T k v@�bÔ ¼ �6m.�6v"x f<g Ô�xVh/v gZk T k h6v@�6q k v g�k x��YT f<g
¼ r@T7l f v�u�m.m�ø gZf T f xVT7h/� gZf | k x f 0

Ì ë u�m.m gZf T f xVT7h/��q�¹Rh/� ½Uô ¼ � k&g n f q s �}r ¼�f q f v"q k T k | f+f m f x�T��7h s2f x�l"�6v k x��'m s2f T f � s hY| f�s2f vBT�q�z=h/q�x k m.m1h�ø
q7x%h o f q � ô ÂEÁ Ò q���z6l f � g o l�h/v f q � � s o m k , f�g h6�Lu�v"� s o m k , f<g ��z'h/�L�6v�rNh6T7l f � gZf | k x f x%� o � ¼ m f h6¹"� f n k qKT f �Aø
k v�nQ| f �7r2q s �6m1m ½Uô |6h/m]T��'n f m f | f m&q�0 Ð k Î f ù ô v�u�m1m gZf T f x�T7h/��q�z k T�qth/v�m.r�� f ?Bu k � f�g o h k v/T h'¹5x��'m k1¼ ���'T k h6v
�6x%x%u����6xVr k q��YT#Ã f ��h"0

Ì ½Uô ¼ � k.g n f x k ��xVu k T�q�x��'v ¼!f h6¹"T�l f Ô6q7r s2s�f T7� k x��'mRÔ�TKr o f8i l f � f �'v2u�v:Î�v�h i v k.s o f�g �'v"x f8k q ¼ �'m&�'v"x f�g
¼ rA�+qKT��'v g �6� gAk.s o f�g �'v"x f h'¹�q k.s2k m&�'� TKr o f h6vUT�l f q7� s2f q k&gZf@� T�h o h6� ¼ h6T^T7h s �3h'¹LT7l f�¼ � k&g n f 0 S �<z
T7l f r_x%�6v ¼�f Ô'v�h/v"q^r s2s2f T�� k x%�6m9z Ôau"q k v�n o �'���'m.m f m k1s o f�g �6v"x f q�T7h ¼ �'m&�'v!x f q f � k.f q k.s o f�g �'v"x f q�zth/�
f | f vUx�� o �/x k T��6v"x f q ¼ �'m&�'v"x k v�n�h6u�T k v g u"x�T��'v"x f q�0

Ì ½Uô ¼ � k&g n f x k ��x%u k T�qQh'¹*T f v�l"�}| f@s h6� f T7l!�'v�h/v f � g ÄKu"q^T s2f vBT�zyq k v"x fA¼ h6T7l k.s o f<g �'v!x f�s �6n6v k T7u g�f½ ëUù o l"�6q f �'v�n/m f�s u"qKT ¼�f o ��h o f ��m1r s �'T�x�l f<g T�h ¼ �'m&�'v"x f 0
Ì Ü h s2fjk.s o f<g �'v!x fj¼ � k&g n f x k ��x%u k T�q��6� f ¹R� f ?/u f v"x%r�ø~q f v"q k T k | f�i l k m f h'T�l f ��q��6� f v�h'T<0NÁ l f ¹R� f ?Bu f v"x%r3ø
q f v"q k T k | f TKr o f q s �}r ¼�f u"q f�g �/qQ¹R� f ?/u f v"x%r s�f �6q7u�� f%s2f vBT gZf | k x f q k ¹N�6m1m8xVh s o h/v f vBT2|}�6m1u f q2�'� f
�6x%x%u����YT f m1r_Î�v�h i v50

ú�×_û�Ø §©¨ d%��	5�L�yÙX�������L�N��d�þQ�Ú�L������	L«aÙ�Û8����	

[/u"qKT��/q gZf | k x f q�l"�}| fN¼!f�f v s � gZf T�h s�f �6q7u�� f x f �7T�� k v o l�r�q k x%�'m=?Bu"�6vBT k T k.f q8�'v g � f o f �'T T7l"�'T k vZ¹Rh/� s �'T k h6v
k vAT�l f ¹Rh6� s h6¹ ù ô f m f x�T�� k x%�6m=q k n6v"�6m.q � T7l f � s hZxVh/u o m f q�z"qKT���� k vUn/�6u�n f q%z o   o �7h ¼!f q%z f T�x'0Ü��z!q o f x k �6m gZf | k x f q
l"�}| f�¼�f%f v s � gZf T7l"�'T g h�T7l f q�� s2f�i8k T7lXÝ ô 0

ÞwT k q h'¹*T f v�v f x f q�q7�6�7r2T�h ¼�f � ¼ m f T�h g�f T f x�T��6v g T7���'v"q s2k T T7l f o l�r�q k x%�'m o h/q k T k h6v�h'¹ s�f x�l"�'v k x��'m o �6�^T�q
| k � f m f x�T�� k x%�6mtq k n/v"�'m&q�0aÁ l k q k q f q o f x k �'m.m.r�T��7u f@k v�T7l f , f m g qQh'¹��'u�T7h s �'T f�g�s �/x�l k v f T7h�h6m xVh/vBT7��h6m��6v g
��h ¼ h'T k x%q�0�Ýßq k.s o m f �'v gAf �/q^r i �}r2T7h g hQT�l k q k q i8k T7lX� o h'T f vBT k h s2f T f � Ï

+
V

-

potentiometer shaft moved
by physical motion of an object

voltmeter indicates
position of that object

 �h i3f | f �<z o h6T f v/T k h s2f T f ��qyl"�}| f T�l f%k ��h i v2u�v k ?Bu f o ��h ¼ m f�s q�0E��h6��h6v f z'T7l f r�� f m1rQh6v o l�rZq k x%�6m"xVh/vBT��6xVT
¼�f T i3f%f vaT7l f Ô i8k o f �0ÔA�'v g T7l f � f q k q^T��'v!x f q^T7� k o z i l k x�l s�f �'v"q�T7l f rXq^u:ä f ��T�l f�f ä f x�T�q�h6¹ o l�rZq k x%�6m i3f �6�
hY| f ��T k1s2f 0`Ý�q o h'T f vBT k h s2f T f ��q itf �'�<zOT�l f%k � o ��h o h6�7T k h6v"�6m�h6u�T o uZT2| f ��q7u"qQq^l"�'¹*T o h/q k T k h6v ¼�f x%h s2f q�m f q�q
�'v g m f q�q x f �7T�� k v50Oàyh/u s2k n6lBT8l"�}| f �'m.� f � g r f%¸ o f � k.f v"x f�g T7l k q f ä f xVT i l f v�� g}á u!qKT k v�n�T�l f |6h6m.u s2f xVh6vBT��7h/m
h6v��6v�h6m g ��� gZk h Ï�i l f v�T i8k q^T k v�nXT�l f Î�v�h ¼ zOr/h6u s2k n/l/TQl f �6�JÔ6q�xV���YT�x�l k v"n�ÔUq^h/u�v g qQxVh s2k v�nXh6u�Tjh'¹ T7l f
q o f ��Î f ��q�0EÁ l�h/q f v�h k q f q8�'� f T7l f � f q7u�m]T�h6¹ o h�h6� i8k o f ��xVh/v/T��6xVT k vUT7l f |/h6m.u s2f xVh6vBT��7h/m o h'T f vBT k h s2f T f �<0

Ý�m&q7h"z{T7l k q o l�rZq k x��'m�xVh/v/T��6xVT ¼�f T i3f%f v i8k o f �
�'v g qKT�� k o xV� f �YT f q�T7l f o h/q�q k.¼�k m k TKrah6¹3�'��x k v�n � q o �'�0Î k v�n��
¼�f T i3f%f v�T�l f T i h-�/q�T7l fAi8k o f � k q s hY| f�g 0 Ñ k T�l s h/q^T o h6T f v/T k h s2f T f �Qx k ��xVu k T�q�zLT7l f xVu���� f vBT k qQq^h-m1h i
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T7l!�YT i8k o f �j�'��x k v�n k q
v f n/m k n k.¼ m f z ¼ uZT k T k q�� o h/q�q k.¼�k m k TKraT�h ¼!f x%h6v"q k&gZf � f�g 0�Þw¹3T�l f o h'T f vBT k h s2f T f � k q�T�h
¼�f h o f ���'T f<g+k v��'v f v�| k ��h6v s�f vBT i l f � f xVh sj¼ u"q^T k.¼ m f |Y� o h/�th/� g u!qKT k q o � f q f v/T<zBT7l k q o h6T f v/T k �6m�¹Rh6� �'��x k v�n
T7���'v!q^m&�YT f q k vBT�h@� o h'T f vBT k �'m{¹Rh/���'v fV¸ o m.h/q k h6v=#

Ê�q k v�nQÝ ô k v"q^T f � g h'¹ ù ô z itf �'� f � ¼ m f T7h�xVh s o m f T f m.r+�}|6h k&g q7m k&gZk v�nQx%h6vBT��/x�T ¼�f T i3f%f v o �6�^T�q k ¹ itf u"q f
� �Y�YÀ ¾ ��Õ ß ¿ ($À7� ; ÛRäVåYÀ é ¿ À k v"q^T f � g h'¹C� o h6T f vBT k h s�f T f ��0 ù f | k x f q s � gZf ¹Rh6��T�l k q o u�� o h/q f �6� f x��'m.m f<g Ð Ö ù Á Ò q%z
i l k x�l�q^T��'v g q�¹Rh/�tæ k v f �'� Ï �'� k � ¼ m f�ç�k ä f � f vBT k �'m{è
���'v"q^¹Rh6� s2f ��q%0LÁ l f�gZf q k n6v@h6¹=�'v Ð Ö ù Á³m1h�h�Î�qym k Î f T7l k q Ï

movable core

AC "excitation"
é

voltageê

AC output
é

(LVDT)
The Linear Variable Differential Transformer

voltageê

S ¼ | k h/u"q^m.r6zBT�l k q gZf | k x f
k q�� (9À�� ; ÛRäVå'À é ¿ À Ïyk T�l"�6q8�+q k v�n6m f o � k1s �'��r i8k v gZk v�n o h itf � f<g@¼ rA�6v f%¸ T f ��v"�6m
q7h6u���x f h6¹CÝ ô |/h6m1T��6n f z/�'v g T i hjq f xVh/v g �6�7r i8k v gZk v�nBqtx%h6v�v f x�T f�g2k v@q f � k.f qpø ¼ u"x�Î k v�n�¹:�/q^l k h/v=0OÞwT k q �}�'À ¾ ��Õ ß ¿
¼�f x%�6u"q f T�l f xVh/� fNk q ¹R� f�f T7h s hY| f�¼!f T itf�f vAT7l f
i8k v gZk v�nBq%0EÞwT k q � ¾ ë�¿ À ¿ ; ( ¾ � ß ¼�f x%�6u"q f h'¹5T�l f
i �}r2T7l f T i h
q f xVh/v g �6�7r i8k v gZk v�n/q��6� f xVh/v�v f x�T f<g 0�¶ f%k v�n+�'�����6v�n f<g T7h2h o"o hBq f�f �/x�l�h6T7l f � � õ�Í�ñ�ò�h6uZT8h6¹ o l!�6q f � s2f �'v!q
T7l!�YTyT�l f h/uZT o u�T�h'¹{T7l k q gZf | k x f�i8k m1m ¼!f T7l f � ¾ ë�¿ À ¿ ;�ì ¿�¼�f T i3f%f v2T7l f |6h6m1T��6n f h6u�T o uZTth'¹{T7l f T i h�q f x%h6v g �'��r
i8k v gZk v�n/q�0 Ñ l f v-T�l f xVh/� f�k q
x f vBT f � f<g �6v ga¼ h'T�l i8k v gZk v�nBqN�6� f h6u�T o uZT7T k v�nUT7l f q�� s2f |6h6m1T��6n f z{T7l f v f T
� f q7u�m]Tj�'T
T7l f h/uZT o uZT�T f � s2k v"�'m&q i8k m1m ¼!f+í�f ��hX|6h6m1T�q�0+ÞwT k q�x%�6m1m f�g ß ¾ ; ¿ �'À ¼!f x%�'u!q f T�l f xVh/� f�Ò q�¹R� f%f<g h s h'¹
s h'T k h/v k q�q^T7��� k n6lBTpøwm k v f 0

Á l f Ý ô |6h6m1T��6n f h6uZT o uZT ¼ rj�6v Ð Ö ù Á k v g�k x��YT f qLT7l f o h/q k T k h6v2h'¹!T7l f8s hY|Y� ¼ m f xVh/� f 0 Ã�f �7h�|6h/m]T�q s2f �'v!q
T7l!�YT8T7l f xVh6� f�k q8x f vBT f � f<g 0yÁ l f ¹Ru��7T7l f ��� i �}rQT�l f xVh/� f�k q ¹R��h s x f vBT f � o hBq k T k h6v=z�T�l f n6� f �'T f � o f ��x f vBT��'n f
h'¹ k v o uZT � Ô fV¸ x k T��YT k h6v\Ô/�t|6h/m]T��'n fNi8k m1m ¼�f q f%f v��YT8T�l f h6u�T o uZT<0yÁ l f o l"�/q f h6¹OT�l f h6uZT o uZT�|/h6m1T��'n f � f m&�YT k | f
T7h�T�l f
fV¸ x k T��'T k h6v�|6h/m]T��'n f�k v gZk x%�'T f q i l k x�l gZk � f x�T k h6vU¹R��h s x f vBT f � T7l f x%h6� f�k q8h�ä{q f T<0

Á l f o � k.s �'��r`� g |Y�'vBT��'n f h'¹��6v Ð Ö ù ÁÕhY| f ��� o h'T f vBT k h s2f T f �Q¹Rh6� o h/q k T k h/vHq f v"q k v"n k qjT�l f � ¼ q f v"x f
h'¹ o l�rZq k x%�6mLx%h6vBT��/x�T ¼!f T itf�f v�T7l f2s hY| k v�n��'v g q^T��YT k h/v"�'��r o �'�7T�q�0jÁ l f x%h6� f�g h f q�v"h'T�xVh/v/T��6xVT�T�l f2i8k � f
i8k v gZk v�n/q�z ¼ uZT8q^m k.g�f q k vU�'v g h6uZT i8k T�l k vU�jv"h6v"x%h6v g u!x�T k v�njT7u ¼�f 0yÁ l�u"q�z6T�l f Ð Ö ù Á g h f q3v�h'TPÔ i3f �'��Ô�m k Î f
� o h6T f v/T k h s2f T f ��z"v�h6� k q T7l f � f T�l f o hBq7q k.¼�k m k TKr@h'¹�xV� f �'T k v�n+�'v��'��x'0

î ¸ x k T��YT k h6v+h6¹CT7l f Ð Ö ù Á k q�TKr o k x��'m.m1r]õIñ
|6h/m]T�qtÂ�� Ü h6�tm f q7q�zZ�YT�¹R� f ?Bu f v"x k.f q����6v�n k v�n
¹R��h s o h itf ��m k v f
T7h�T�l f l k n6l��6u gZk h � ��ñ]Î�  í �����'v"n f 0 S v f o h'T f vBT k �'m gZk q�� g |Y�'vBT��'n f h6¹3T�l f Ð Ö ù Á k q k T�qj� f q o h6v!q f T k1s2f z
i l k x�l k q s h/q^T7m.r gZf o f v gZf v/T�h6vAT7l f ¹R� f ?Bu f v"xVr@h6¹OT�l f Ý ô |6h6m1T��6n f q^h/u���x f 0EÞw¹E| f �7r@?Bu k x�Î@� f q o h/v"q f T k1s2f q
�'� fjgZf q k � f�g z!T7l f ¹R� f ?Bu f v!xVr s u"q^T ¼�f l k n/l f ��T7hA�6m1m.h iïi l"�YT f | f ��|/h6m1T��6n f ø~q f v"q k v"n2x k ��xVu k T�q f v�h6u�n/l-xVrZx%m f q
h'¹�Ý ô T�h gZf T f � s2k v f |6h/m]T��'n f m f | f mt�6q�T7l f xVh/� f+k q s hY| f�g 0�Á5h k m.m1u"q^T7���YT f T�l f o h'T f vBT k �'m o ��h ¼ m f%s l f � f z
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k.s �6n k v f T7l k q f%¸ �'n6n f ���YT f�g q�x f v"�'� k h Ï �6v Ð Ö ù Á o h i3f � f�g�¼ rj�
��ñ
  í |6h/m]T��'n f q7h6u���x f z i8k T7l�T7l f xVh6� f ¼!f�k v"n
s hY| f<gAk va�'v g h/uZT�l�u�v g � f<g q8h'¹ET k1s2f q o f ��q f xVh/v g 0 Á l f h/uZT o u�T�h'¹ET7l k q Ð Ö ù Á i h6u�m g v Ò T f | f v�m1h�h�Î�m k Î f
�2q k v f
i �}| fN¼!f x%�6u"q f T�l f xVh/� f�i h6u�m g�¼�f
s hY| f<g T�l��7h/u�n6l"h6uZT k T�q8���'v�n f h6¹ s h6T k h6v ¼!f ¹Rh6� f T7l f Ý ô q^h/u���x f
|6h/m]T��'n f xVh6u"m g x%h s o m f T f �aq k v�n/m f x%rZxVm f #�ÞwT i h6u�m g�¼�f �'m s h/q^T k1s o h/q�q k.¼ m f T�h gZf T f � s2k v f�k v"q^T��6vBT��'v f h6u!q
xVh/� f o h/q k T k h/v k ¹ k T s hY| f qt¹:�6q^T f � T�l"�'vUT�l f
k v!qKT��'vBT��6v f h/u"q q^h/u���x f |6h6m1T��6n f�g h f q�0

Ý�|Y�6� k �YT k h/v
h6v�T7l f Ð Ö ù Á k q5T7l f ÂaÖ ù Á�z}h/� Í h6T��6�7r Ï �'� k � ¼ m f�çAk ä f � f vBT k �'m�è
���'v"q^¹Rh6� s2f �<0=Á l k q gZf | k x f
i h6�0Î�qth6v��'m s h/q^T T7l f q�� s2f o � k v"x k o m f z f%¸ x f o T3T�l"�YT8T�l f xVh/� f � f |6h/m1| f qth6v���q7l"�'¹*T k v"q^T f � g h'¹ s hY| k v�n k v��
q^T7��� k n6lBT3m k v f 0�ÂcÖ ù Á Ò q�x%�'v ¼�f xVh6v!qKT��7u"xVT f<g ¹Rh/�8m k.s2k T f�gUs h'T k h6v�h6¹L¡6��ñ�ò � ¹Ru�m.mFøwx k ��xVm f � s h'T k h/v=0

ô h6vBT k v�u k v�n i8k T7lUT�l k q o � k v"x k o m f z i3f l!�}| f�i l!�YT k qmÎ�v�h i vU�6q �@ð�ñ ;�ì )�À7å h/��ð ¿ ß Û ñ ; z i l k x�l k q � gZf | k x f
xVh/v"q^T7��u"x�T f�g �2m1h6T m k Î f � i h/u�v g øw��h'T7h/� o h6m.r o l"�/q f Ý ô s h6T7h/�8h6�8n f v f ���YT�h6�<0LÁ l f �7h6T7h6� k q ¹R� f%f T7h+� f |/h6m.| f
�Q¹Ru�m.m=¡6��ñ3ò}z á u"q^T8m k Î f � s h'T7h/��0 S vAT7l f ��h'T�h6� k q8��q k v�n/m f�i8k v gZk v�n+xVh6v"v f xVT f�g T7h2�2q^h/u���x f h'¹LÝ ô |6h/m]T��'n f z
s u!x�lpm k Î f T7l f o � k1s �'��r i8k v g�k v�nHh'¹j�6v Ð Ö ù Á�0 Á l f qKT��YT7h/� i8k v gZk v�n/qU�'� f u"q7u"�6m1m.r k v­T�l f ¹Rh6� s h6¹j�
T7l"� f�f ø o l"�6q f àQz"�6m]T�l�h6u�n/lUq7r�v"x�l���h/q i8k T7l s h6� f T�l"�'vUT�l�� f�f o l"�6q f q l!�}| f�¼!f�f v ¼ u k m1T Ï

rotor
winding

three-phase
stator winding

AC voltage
source

modern schematic symbol

stator
connections

rotor
connections

Synchro (a.k.a "Selsyn")

Ö�h6m1T��6n f q k v g u!x f�gUk vUT7l f q^T��'T7h6� i8k v gZk v�n/q8¹R�7h s T7l f ��h'T�h6� Ò q Ý ô fV¸ x k T��'T k h6v��'� f ; åY( o l!�6q f ø~q^l k ¹*T f<g�¼ r
õ<��ñ�ò �/q k v���� f �6m�T7l"� f�f ø o l"�6q f n f v f ���YT�h6�<05Þw¹CT�l f ��h'T�h6� i3f � f8f v f ��n k.í%f�g2i8k T7l ù ô x%u���� f v/Tt���'T7l f ��T7l"�6v�Ý ô
�'v g T7l f q^l"�'¹*T�q o u�v-x%h6vBT k v�u�h6u"q7m.r6z�T�l f vaT7l f |/h6m1T��6n f q i h/u�m g�¼�f T��7u f T7l�� f%f ø o l"�6q f 08¶3uZT�T�l k q k q�v�h6T�l�h i
�2q^r�v"x�l"�7h k q g�f q k n/v f�g T7h ¼�f h o f ���YT f<g 0�Â��YT�l f �<zBT7l k q k q8�Jà åMÛ ¾ ( ¾ å ; ® Û ¿ ; Û ¾ ; � gZf | k x f�s u"x�l�m k Î f �'v�ÂaÖ ù Á�z
fV¸ x f o T�T�l"�YT k T�qjh/uZT o uZT�q k n/v"�'m k q s u"x�l s h/� f�g�f ,"v k T f 0 Ñ k T7l`T�l f ��h'T�h6� f v f ��n k.í%f<g�¼ r�Ý ô z=T�l f q^T��'T7h/�
i8k v gZk v�n�|6h/m]T��'n f q i8k m1m ¼!f o �7h o h/�^T k h/v"�'m k v s �'n6v k T�u gZf T�h
T7l f �'v�n/u�m.�6� o hBq k T k h6v+h6¹{T7l f ��h'T�h6�<z o l"�/q f8f�k T�l f �
ñ�ò
h6�JõIÍ�ñ3ò�q^l k ¹*T f<g z�m k Î f �@� f n6u�m&�'� Ð Ö ù Áïh6�NÂaÖ ù Á�0!àyh6uax%h6u�m g T7l k v:Î�h6¹ k TN�/q��2T����6v"q^¹Rh6� s�f � i8k T�lah6v f
o � k1s �6�7r i8k v gZk v�n��6v g T�l�� f%f q f xVh6v g �'��r i8k v gZk v�nBq%z f �6x�l�q f x%h6v g �6�7r i8k v gZk v�nQh/� k.f vBT f�g �'T �ju�v k ?Bu f �'v�n/m f 0
Ý�q�T�l f ��h'T�h6� k q�q7m1h i m.rUT7u���v f<g z f �/x�l i8k v gZk v"n k vaT�u��7v i8k m.mEm k v f u o gZk � f xVT7m.r i8k T�laT�l f ��h'T�h6�<z o �7h g u!x k v�n
¹Ru�m.m=|6h/m]T��'n f z i l k m f T�l f h'T�l f � i8k v gZk v�n/q i8k m.m o ��h g u"x f q7h s2f T�l k v"n+m f q7q3T�l"�'vA¹Ru�m.m5|6h/m]T��'n f 0

Ü r�v"x�l���h/q��'� f h6¹*T f v-u"q f�g�k v o � k ��q%0 Ñ k T7lWT7l f%k �N��h'T�h6��q�x%h6v�v f x�T f�gak v o �'���'m.m f mL�6v gaf v f ��n k.í%f<ga¼ r�T7l f
q�� s2f Ý ô |/h6m1T��'n f q7h6u"��x f zBT7l f�k ��q^l"�'¹*T�q i8k m1m s �'T�x�l o hBq k T k h6vUT�h2��l k n6l gZf n6� f%f h'¹��6x�xVu����6x%r Ï
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Synchro "transmitter" Synchro "receiver"

The receiver rotor will turn to match position with the
transmitter rotor so long as the two rotors remain energized.

Ü u"x�l~ÔYT7���'v!q s2k T^T f �5ÝY� f x f�k | f ��Ô o � k ��q�l"�}| f�¼�f%f v-u"q f�g h6v-q7l k o q�T�h�� f m&�}rA��u g�g�f � o hBq k T k h6v=z{h/��T7hU� f m&�}r
v"�}| k n/�YT k h/v"�'m!n6r���h o hBq k T k h6vAhY| f �y¹:� k ��m1r2m.h6v�n gZk q^T��6v"x f q%0�Á l f h6v"m1r gZk ä f � f v"x f�¼�f T i3f%f v�T7l f Ô'T7���'v"q s2k T7T f ��Ô
�'v g T7l f Ô6� f x f�k | f ��Ô k q i l k x�l-h/v f n f T�q�T�u��7v f�g�¼ ra�6vah6u�T�q k.gZf ¹Rh6��x f 0�Á l f Ô'� f x f�k | f ��Ô@x%�6v á u"q^T
�6q f �/q k m1r
¼�f u"q f�g �/q8T7l f ÔYT����6v"q s�k T^T f ��Ô ¼ r�¹Rh/��x k v�n k T�qNq7l"�Y¹*T�T7h+T�u��7va�6v g m f T7T k v�n+T7l f q7rBv!x�l��7h+h/v�T7l f m f ¹*T s �YT�x�l
o h/q k T k h/v=0

Þw¹CT7l f � f x f�k | f � Ò qE��h'T�h6� k q�m f ¹*Ttu�v o h i3f � f�g z k T i8k m.m{�6x�T3�6q�� o hBq k T k h6v:ø f �7��h6� gZf T f x�T7h/��z/n f v f ���YT k v�nQ�'v@Ý ô
|6h/m]T��'n f �YT�T7l f �7h6T7h/� k ¹�T7l f q7l"�Y¹*T k q��6vBrBT�l k v"n�h'T�l f ��T7l!�'v~ð�ñ ò h/���BÖMñ ò q^l k ¹*T f�g ¹R��h s T�l f q^l"�'¹*T o h/q k T k h/v
h'¹�T�l f T����6v"q s�k T^T f �<0�Á l f � f x f%k | f ����h'T7h/� i8k m1mLv�h@m.h6v"n f ��n f v f ���YT f �'v�rUT7h6��?Bu f �6v g xVh/v"q f ?Bu f vBT7m.r i8k m.mOv"h
m.h6v�n f �8�'uZT�h s �YT k x��'m.m1r s �'T�x�l o hBq k T k h6v i8k T7lUT7l f T7���'v"q s2k T7T f � Ò q Ï

Synchro "transmitter" Synchro "receiver"

AC voltmeter

AC voltmeter registers a voltage if receiver rotor
position isn’t exactly 90 or 270 degrees shifted from
the position of the transmitter rotor.

Á l k qyx%�6v ¼!f T�l�h6u�n/lBTyh'¹=�'m s h/q^T��/qy�
q7h6�7TEh6¹ ¼ � k&g n f x k ��xVu k TyT�l"�YT��/x�l k.f | f q ¼ �'m&�'v!x f h6v�m.r k ¹{T7l f � f x f%k | f �
q7l"�Y¹*T k q ¼ ��h6u�n/l/T T�h�h/v f h'¹LT i h �:s �'T�x�l k v�n�� o h/q k T k h6v"q i8k T7lUT�l f T7���'v"q s2k T7T f ��q^l"�'¹*T�0

S v f ���'T7l f � k v�n f v k h6u!q+� o�o m k x%�YT k h/v_h6¹�T7l f q^r�v"x�l���h k q k vHT�l f xV� f �'T k h6v_h6¹N� o l"�/q f øwq7l k ¹*T k v�n gZf | k x f zo ��hY| k.gZf<g T�l"�YT T�l f qKT��YT�h6� k q f v f �7n k1í�f�gA¼ r@T7l�� f%f ø o l!�6q f Ý ô Ï
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three-phase AC voltage
ï

source (can be Y or Delta)
Synchro

full rotation of the rotor

voltage signalö
output

will cause output voltage to
smoothly shift phase from 0
degrees all the way to 360
degrees (back to 0).

Ý�qyT7l f q^r�v"x�l"�7h!ó qE��h'T�h6� k q�T�u��7v f�g z/T7l f �7h6T7h/��xVh k m i8k m.m o ��h6n/� f q7q k | f m.r��'m k n6v i8k T7l f �6x�l+qKT��YT�h6��x%h k m9z/T7l f�k �
� f q o f x�T k | f�s �'n/v f T k xQ, f m g q ¼�f%k v�n�õ<��ñ�ò o l"�6q f ø~q7l k ¹*T f�g ¹R�7h s h6v f �6v�h'T�l f �<0jÞ~v ¼!f T itf�f v�T7l�hBq f o h/q k T k h/v"q%z
T7l f q f o l"�/q f øwq7l k ¹*T f�g , f m g q i8k m.m s2k]¸ T�h o ��h g u"x f �@�7h6T7h6�8|/h6m1T��6n f q7h s2f%i l f � f
¼�f T i3f%f v[ñ�ò'z)õ}��ñ�ò<z�h6���Mæ3ñ�ò
q7l k ¹*T<0jÁ l f o ���6xVT k x%�'mL� f q7u�m]T k qN� gZf | k x f x%� o � ¼ m f h'¹ o ��hY| k.g�k v�nU�'v k vZ,!v k T f m.rX|Y�'� k � ¼ m f ø o l"�6q f Ý ô |/h6m1T��6n f
i8k T7lUT7l f T i8k q^T�h'¹L�2ô�v�h ¼W� �YT7T��6x�l f�g T7h2T7l f �7h6T7h6�8q7l"�Y¹*T���0

Ü hj¹:�'�3T7l f T7���'v!q g u!x f ��q g�k q�xVu"q�q f�g l!�}| f �6m1m ¼�f%f vAh'¹=T�l f�k v g u"x�T k | f |Y�6� k.f TKr/0L �h itf | f �<z k T k q o h/q�q k.¼ m f T�h
s �'ô f T7���'v!q g u!x f ��q i l k x�lAh o f ���YT f h6v�|Y�6� k � ¼ m f x�� o �/x k T��'v!x f �/q i3f m.m$z�Ý ô ¼�f%k v�n�u"q f�g T�hQq f v"q f T�l f x�l"�'v�n f
k v�x�� o �/x k T��6v"x f �'v g n f v f ���'T f �Q|Y�6� k � ¼ m f h6uZT o uZT�|/h6m1T��'n f 0

Â f�s�f�sj¼�f �ET�l"�YT�T�l f x%� o �6x k T��'v"x ft¼�f T i3f%f vQT i h
xVh/v g u"xVT k | f q^u"�^¹:�/x f qL|Y�'� k.f q i8k T7l�T7l�� f%f8s � á h6�L¹:�6xVT7h6��q�õ
T7l f hY| f �7m&� o�o k v�n
�6� f ��h6¹{T7l�hBq f T i h�q^u"�^¹:�/x f q�zYT�l f�gZk q^T��'v!x f8¼�f T i3f%f v2T�l f%s z��'v g T�l f�gZk.f m f xVT7� k x8x%h6v"q^T��6vBTyh'¹
T7l f
s �'T f � k �'m k v ¼!f T itf�f vAT7l f q^u��7¹:�6x f q�0EÞw¹LT i h2h6uZT�h6¹OT�l�� f%f h'¹LT7l f q f |Y�6� k � ¼ m f q8x��'v ¼!f , ¸Zf�g�� q^T�� ¼�k m k.í%f�g �
�'v g T�l f T7l k � g �'m.m1h i3f�g T7hX|Y�'��r6zCT�l f v`�6vBr s�f �6q7u�� f%s2f vBT
h'¹8x%� o �6x k T��'v"x fQ¼�f T i3f%f v�T�l f q7u��^¹:�/x f q i8k m.m ¼�f
q7h6m f m.r k v gZk x��YT k | f h6¹Ex�l!�'v�n f q k vUT�l"�YT T7l k � g |}�6� k � ¼ m f 0

� f<gZk x��'m=� f q f �6��x�l f ��qtl!�}| f m.h6v�n s � gZf u"q f h'¹yx�� o �/x k T k | f q f v"q k v�n@T7h gZf T f x�T o l�rZq k h/m1h/n k x%�'m=x�l!�'v�n f q k v
m k | k v�n ¼ h gZk.f q�0yÝ�q f �'��m.r��6qyõIð�ñBÖZzZ� Ë f � s �6vA� f q f �6��x�l f �3v"� s2f�g  j0 ô � f�s2f � o m&�6x f�g T i h s2f T��'m o m.�'T f q h/v
f%k T7l f �
q k&gZf h'¹t� ¼�f �YT k v"n�¹R��h6nAl f �6�^T��'v g-s�f �6q7u�� f�g T�l f x%� o �6x k T��6v"x f x�l"�'v�n f q�� f q^u"m]T k v�n�¹R�7h s T7l f l f �'�7T
�'m1T f �7v!�YT f m1r�,"m.m k v�n��6v g�f%s o TKr k v�n k T�q f m1¹�h'¹ ¼ m.hBh g 0 Ü k.s�k m&�'� s2f �6q7u�� f�s2f vBT�qCl!�}| f�¼�f%f v o f �^¹Rh/� s2f�g h/v
lBu s �6v
¼�f%k v�n/q i8k T7l s2f T��'m o m.�'T f q o m.�/x f<g h/v�T�l f x�l f qKT��6v gA¼ �6x�ô{z�� f x%h6� gZk v"nQ� f q o k ���'T7h6��r+�'v g x��'� gZk �/x��6x�T k h/v ¼ r
s2f �6v"q�h'¹tx�� o �/x k T��6v"x f x�l"�'v"n f q�0Q�"h6� s h6� f o � f x k q f x%� o �6x k T k | fjs2f �/q^u"� f�s�f vBT�qNh'¹3h6��n/�'v��6x�T k | k TKr6z s2f T��'mo ��h ¼�f qOl"�}| f�¼!f�f v k v"q f �7T f<g�k v/T�h�h/�7nB�'v"q �Rf q o f x k �'m.m.r�T�l f l f �6�^T��=h/v
T7l f T k o qLh'¹"x��YT�l f T f �LT7u ¼�f q�z'x%� o �6x k T��'v"x f
¼�f%k v�n s2f �6q7u�� f�gA¼!f T itf�f vAT7l fjs�f T��6m o �7h ¼!f �6v g T7l f
¼ h g r�h6¹OT�l f q^u ¼ZáKf xVT�0yö k T7lX�+q7u � x k.f vBT7m.r@l k n6lXÝ ô
fV¸ x k T��YT k h6v�¹R� f ?Bu f v"xVr��'v g q f v"q k T k | f8f v�h/u�n6l2|/h6m1T��'n f8gZf T f x�T�h6�<z'v�h6T á u"q^TyT7l f o u s o k v�n��6xVT k h6v ¼ uZTt�6m.q7h�T7l fÛ%åY÷ ; �oÛ h6¹5T�l f �6xVT k | f l f �6�^T�x��'v ¼!f � f � gZk m.r k vBT f � o � f T f�g 0

ø k ô fQk v g u"x�T k | f T����6v"q g u"x f ��q�zCx%� o �6x k T k | f T7���'v!q g u!x f ��qNx%�'v��'m&q^h ¼!f2s � gZf T7h ¼�f q f m1¹�øwx%h6vBT�� k v f�g u"v k T�q%z
u�v�m k ô f T7l f�g�k � f xVT o l�r�q k h6m.h6n k x%�6m f%¸ � s o m f q gZf q7x%� k.¼!f<g � ¼ hY| f 0 Ü h s�f T����6v"q g u"x f ��q i h6��ô ¼ r s �6ô k v�n2h/v f h'¹
T7l f x�� o �/x k T7h6� o m&�YT f q s hY|Y� ¼ m f z f%k T7l f � k v�q7u"x�lW� i �}r��/q�T�hA|Y�6�7rUT7l f hY| f ��m.� o�o k v�n��'� f �@h6��T7l f2gZk qKT��'v"x f
¼�f T i3f%f v@T7l f o m.�'T f q%0 S T7l f �tT7���'v"q g u"x f ��q i h/�7ô ¼ r s hY| k v�nj� g�k1f m f x�T7� k x s �YT f � k �6m k v��'v g h6uZT ¼!f T itf�f v+T i h
, ¸Zf�g o m&�YT f q�õ



¡�ñB� çED�ò�ùN�Eâ�ã²è�F"�_òbçHGaâ��Eâtã8IKJjú²çLIKãyçNMOI%��P

capacitance changes with
changes in plate overlap

capacitance changes with
changes in distance

capacitance changes with
changes in dielectric

ÁO���6v"q g u"x f ��q i8k T7lAn6� f �YT f �yq f v"q k T k | k TKr+�'v g2k.s2s u�v k TKr�T7h�x�l"�'v"n f q k v@h6T7l f ��|Y�'� k � ¼ m f qyx��'v ¼�f h ¼ T�� k v f<g
¼ r i �}r+h'¹ gZk ä f � f v/T k �6m gZf q k n6v=z s u"x�l�m k ô f T�l f x%h6v"x f o T ¼�f l k v g T7l f ø6û ù Á � ø k v f �'�8ûy�6� k � ¼ m f�üj¾ ë�¿ À ¿ ; ( ¾ �'ý
ÁO���6v"qK¹Rh/� s2f ���V0L  f � f �6� f �Q¹ f%i�fV¸ � s o m f q h'¹ gZk ä f � f vBT k �6m=x%� o �6x k T k | f T7���'v!q g u!x f ��q�õ

capacitance changes with
changes in plate overlap

capacitance changes with
changes in distance

capacitance changes with
changes in dielectric

Differential capacitive transducers

Ý�q�r/h6u_x��'vHq f%f z��'m.m3h'¹�T�l fXgZk ä f � f vBT k �6m g�f | k x f q�q^l"h i v k v�T7l f � ¼ hY| f�k m1m.u"q^T7���YT k h6vHl"�}| f (*)ZÀ ¿�¿�i8k � f
xVh/v�v f x�T k h6v!q+���'T7l f �2T7l"�6v³T i h!õah6v fXi8k � f ¹Rh6� f �6x�l�h'¹�T7l f-þ'f v g�þ o m&�YT f q@�'v g h6v f ¹Rh/�+T7l f�þ xVh s2s h/v þo m&�YT f 0+Ý�q�T�l f x%� o �6x k T��'v"x fQ¼�f T i3f%f v�h6v f h'¹tT7l f@þ6f v g"þ o m.�'T f q
�6v g T7l f@þ xVh s2s h6v þ o m&�YT f x�l"�'v�n f q�zCT7l f
x%� o �6x k T��'v"x ft¼�f T i3f%f vjT�l f h'T�l f � þ'f v g�þ o m&�YT f �6v g T�l f8þ x%h s2s h6v þ o m.�'T f k q�q^u"x�lQT7h�x�l"�6v�n f3k vQT7l f h o�o h/q k T f
gZk � f x�T k h/v=0�Á l k q�ô k v g h'¹OT7���'v"q g u"x f �8m f v g q k T�q f m]¹�| f �7r i3f m.m{T7h k.s o m f%s2f vBT��'T k h6v k vX� ¼ � k.g n f x k ��x%u k T�õ
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V

Differential capacitive transducer
bridge measurement circuit

Pictoral diagram

Schematic diagram

sensor
capacitive

Á l fN¼ � k.g n f x k ��xVu k T k q v"h'T3T7l f h6v"m1r i �}r�T7h f ä f xVT k | f m.r k v/T f � o � f T3T7l f
gZk ä f � f vBT k �'mCx%� o �6x k T��'v"x f h/uZT o u�T
h'¹=q7u"x�l@�NT7���'v!q g u!x f �<z ¼ uZT k T k qyh6v f h'¹{T7l f q k.s o m f q^TyT7h k.s o m f%s2f vBTt�6v g u�v gZf ��q^T��6v g 0�Ý�q i8k T�l2T7l f ø6û ù Á�z
T7l f |6h6m1T��6n f h6uZT o uZT�h6¹"T�l f�¼ � k.g n f k q o �7h o h/�^T k h/v"�'mBT7h�T�l f�gZk q o m.�/x f%s2f v/Tyh6¹"T�l f T7���'v!q g u!x f ���/x�T k h6vQ¹R��h sÿk T�q
x f vBT f � o h/q k T k h/v=z'�'v g T7l f g�k � f xVT k h6vjh6¹"h�äCq f T i8k m.m ¼!f k v gZk x%�YT f�gQ¼ r o l"�6q f q7l k ¹*T�0�Á l k qLô k v g h'¹ ¼ � k&g n f x k ��x%u k T
k q�q k1s2k m.�6� k vX¹Ru�v"xVT k h6vXT�h@T7l f ô k v g u"q f�g�i8k T7l�q^T7��� k vXn/�6u�n f q%õ k T k q�v�h'T k vBT f v gZf<g T7h ¼!fQk v�� þ'¼ �6m.�6v"x f<g�þ
xVh/v gZk T k h6v��'m.m�T7l f T k1s2f z ¼ uZT8���'T7l f �3T7l f
gZf n6� f%f h'¹ k.sj¼ �'m&�'v"x f � f o � f q f vBT�q�T�l f�s �'n6v k T�u gZf h'¹OT7l f ?Bu"�6v/T k TKr
¼�f%k v�n s2f �6q7u�� f�g 0
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Á l f r�q+*}r-,7l.*/,jv f x f q�q k ,Kr k q0,�l f@s h/,�l f�1 h6¹ k v�| f v2, k h/v43�Ý5,jm f */q6, k v7,7l f x8*6q f h'¹5,7l k q ¼ h�h6ô{z4,�l.*9,'* g *'n f
k q:, 1 u f 33Ý�q;*'v k v g u"q<, 1�k *'m f m f x=, 1 h6v k x�q k v!q6, 1 u"x>,7h 1 z�Þ i *6q ¹Rh 1 x f�g ,7h�u"q f *+q7u ¼@? q<,+*'v g * 1�g , fV¸ , ¼ h�h6ô g u 1�k v�n
s rBA 1 q6,�r f * 1 h'¹C, f *6x�l k v�nD3U�Xr�q<,7u gZf vE,�q i3f�1�f@g * k m.r-¹ 1 u"q<, 1 *9, f�gWi8k ,�l7,7l fAs *'v�r	,Kr o h6n 1 * o l k x8*'m f81F1 h 1 q*'v g h ¼ q�xVu 1�f�fV¸ o mG*'v.*/, k h6v"q k v!,�l k q ¼ h�h/ô�z!l.*}| k v"n@q o f vE, s u"x�l!, k.s2f *9,�l"h s2f q6, 1 u"n6n6m k v�nH,7h�x%h s o 1�f l f v g,7l fNs */, f�1�k *'m i8k ,�l k vI3�ö�h 1 q f r f , itf817f ,7l f�s *'v�r k v!xVh 1+1�f x=,C*'v"q i3f�1 q k v�,�l f�¼ *6x�ô2h'¹I,7l fN¼ h�h/ôH,7h2q f m f x=, f<g
o 1 h ¼ m f%s q83�Ý g�gZk v�n k v"q7u�mJ,:,�h k v á u 1 r i */q5,7l fLK@M8NONQP o 1�k x f 3R h6vE,S*6x=, k v"nL,�l f o u ¼ m k q7l f�1 o 1 hY| f�g ,7h ¼!f *6v fV¸Zf�1 x k q fNk v�¹Ru@, k m k ,Kr23�îy| f vT,7l�h/u�n6l!,�l f o * 1 , k x%u�mG* 1 , fV¸ ,�Þ
i *6qNu"q k v�n�l.* g-¼�f%f v k v o 1�k vE,U*'v g�k v o h o u"mV* 1 u"q f ¹Rh 1 *�x%h6u o m f h'¹3r f * 1 q�zW,7l f r�x%mV* k1s2f�g�s r�xVh s o mG* k vE,
i *6qX,7l f A 1 q<,X,�l f r{ó g-f | f�1 l f * 1�g 3j�Xr 1�f8Y u f q6,�,7h 1�f | k1f�i ,7l f2gZ1 *'¹[,N¹Rh 1 ,7l f v f%¸ , f<gZk , k h/v-h6¹\,7l f%kV1N¼ h�h6ô
i *6q s2f , i8k ,7l gZk q k vE, f817f q6,8h6v],7l f%kV1 o * 1 ,�zZ*6v g Þ 1�f q7h6m.| f<g ,7h^A"v g *6v-*'m_, f�1 v.*/, k | f , fV¸ ,`3

� k v gZk v"nL*jq7u k ,+* ¼ m f *'m_, f81 v.*/, k | f�i *6q s h 1�f�gZk1� xVu�m_,a,�l.*'v�Þ�l.* g�k1s *'n k v f�g 3cb�u 1�f zE,7l f�1�f�i3f�1�f o m f vE,Kr2h'¹, f%¸ ,�q k v o 17k vE,�z ¼ u@,),7l f\1�f *'m.m.r�n/hBh g
¼ h�h6ôZq5q f%f�s2f�g * ¼�k ,d,7h�h�l f *}|�r�h/ve,7l fts *9,�l'*'v g ,7l f m f q7q k v2, k1s2k&g *9, k v"n
¼ hBh/ôZq8h s2k ,<, f<g *2m1hO,�h'¹ k vZ¹Rh 1�s *9, k h6v�Þt¹ f m_, i *6q k.s o h 1 ,S*'vE,83Cb�h s2f h'¹f,�l f�¼�f q<, ¼ h�h/ô�q itf817f h6uZ,�h'¹ o 1�k vE,�z*'v g ,�l�h/q f ,7l.*/, itf817f q<, k m1m ¼�f%k v�n o 1�k v2, f�gAitf817feY u k , f
f%¸ o f v!q k | f 3

Þg, i */qth/u@, h'¹5¹ 1 u"q<, 1 *9, k h/vh,7l.*/,8Þ�xVh s o k m f�g-i5¿>jSj å9k jN¾ kTl3ý ¿ ì�m À ¾ ì � ¾ À ì ÷ ¾ m j ¹ 1 h s v"h/,Fn<qC*'v.oqpVo@n`*6q3Þ#r.*2o
¼ n�n%v�x>s2t_tVn�x>,Fp.v�n@¹us 1 rOn8* 1 q83
�Xr o 1 p s * 1 r�nOsE*/tdv5*/q;,+s o u@, 1 n8*2oZ* ¼ t_n/zWr.p1n2r ?gY u.*Ot_p_,Kr!p1v�¹us 1�s */,FpVs6vBp1vE,Fs],Fr.nr.*6v.o�qfs'¹ s rQq6,�u.o@n%vE,�q%z ¼ u@,\*�q<n<x>s/v.oZ* 1 r�nOsE*/t@vC*6qd,Fs s *'ô2na,+rZn ¼ sEs/ô'*6qc*/wWs 1 o.* ¼ tVn5*/q o sBq7qFp ¼ t_n23cx�|2n 1 ,Fr.n
rOn`* 1 q%z"Þ:r.*Oo!n ¸ o n 1 pVn%v"x�n8oT,Fr.n ¼ n%vZn�AZ,�s6¹ 1 n<x>n�p.|Qp1v"n2¹ 1 n8n'p.v"q6, 1 u!x=,FpVs6v	*6v.o!n%v!x>s6u 1 *6nOn s n�v2,yp.v s r o u 1 q7uZp_,s'¹dt_n`* 1 vZp1v"nLn8t_n<x=, 1 s6v.p.x�qy¹ 1 s s s *'v�r o n�s o t_n/z@p1v!x>t.u.o@p.v�n�qFn%|2n 1 */tD,Fn`*6xSrZn 1 qas'¹ s p.vZn0p1vTn�tVn s n�v2,S* 1 rh*'v.oqrZp1n2r
q�xSrZsQsOtz3LÁCrZn8p 1 q<n8tJ{Dn�q�qa*/q7qFp.q<,+*6v"x>n o tV*}r2n8oh*
ô2n%r 1 s2t_nyp.v s r^s9v8v@q<,7uDo@p_n<q%z o *}|Qp.v�ne,+rZn;vC*}r�¹us 1 * 1 n�vC* 1 o@p.v�n
x�* 1 n8n 1 *'vDo�¹|*/q7x�p1vD*9,Fp.v�nHrZs ¼�¼ rO3yÞw¹fs6vZt.r�Þ x>s/uZtGo]n ¸ ,Fn%vDoq,+rZn
nOp1¹[,;s6¹d,+rZn�p 1 rZn8t o ¼ r�n2p1|Qp.v�n^,Fshs/,+rZn 1 o n�s o tVnv:r.*/,:,FrZn�r@n2*}|2n;,+s s nH3:3:3bQs!z�ÞXo@n�x�pVo@n`o-,+s s *'ô2nU,+rZn ¼ sQs6ô�¹ 1 n�n8t1r-*}|9*/pVtV* ¼ tVnO3
�-s 1 nU,+r.*'v},Fr.*/,�zCÞ;oZn�x>pGo@n`o-,Fs s *'ô2n'p_, þ s o n%v=z þ
¹usOtVtVs9v:p1v�n�,+rZn�qF* s nyo@n%|2n�tVs o s n%vE, s s@o@n�t�u!q<n`oLp.v^,FrZn s *6ôEp.v�nes6¹!¹ 1 n�n8qFs'¹[,6vC* 1 n �:s s/q<,yvZs/,S* ¼ t.re,Fr.n8|~* 1 pVs6u!q
Ê;��Þ��Õu@,+p_tVpJ,+p_n`� 1 n�tVn8*O�Fn8o ¼ r	,+rZn@� 1 n�nqbQs6¹[,6v5* 1 n2�Zs/u�v.oZ*/,FpVs6v=z)*'v.oB,+rZn@ø4p.v�u ¸ s2�Dn 1 */,Fp.vZ�-�<�@�<,Fn s zdv:rZs2�Fn
¹|* s n:pG�f� 1 s9v:p1v.�;n%|2n%vH*O�EÞ)v 1 p_,Fn}�=3EÁCrZn:�OsE*/tQvC*O�d,Fs�x�sO�Q� 1 pV�OrE,),FrZn5,Fn ¸ ,f�U�Fse*O�),+s�� 1 sO,Fn�x>, s �'*6u@,Fr.s 1 �<rZpV�� ¼ u@,Un ¸ � 1 n`�F�Ft_�B*/tVt_s9v�*6vQ�Os6v.n',+s	o@pV�<, 1 p ¼ u@,Fnh*6v.oD�~s 10� s@o@p1¹u�	,+rZnH,Fn ¸ ,e,Fs	�F�ZpJ,e,+rZn�p 1 s9v:�%�Zn�n`oZ�0v:pJ,+r�*� p_�.p � � � s'¹Dt_n8�2*/tEn��D�>� �Q¼Z1 *O�.�>n23OÁCrZpG�fv:pVt_t1¹u�ZtZ*/�Do
¹us 1+� */t 1 n8�Os/ôEpV�Z�ys6¹W�<,+*O�.oZ* 1 oUo@pG�<, 1 p ¼ �Z,FpVsO�'tVp � p_,+*/,FpVsO�.�

¡ N »



¡ N � �f��ò�ù��Eâ�ã²è`���_ò�°0�^� � �f�;�<�A°e�e�C�
�Z�.oZn 1 �>s2�E� 1 p_�2rE,XpG�0v:rZp � �FpV�8*/tVt_�!,+n 1+� n8o ì åS� ñ ý ¿ ä m 3+Ý;�E�2sO�ZnH��*O� þ �>sO�Q�QtVnV¹[, þ ,FrZn8p 1 � 1 n`*9,+p_�2n'v5s 1 ô!�Fp � �.t_�
¼ �T*O�Z�Wn��.o@pV�Z�q*H�.s/,FpG�>nU,Fsh,+r.*9,;n�wWn`�=,�sO�!,Fr.n�p 1 v5s 1 ôW� ¼ �@,X�Fn��2n 1 */t5øIpV��n��.�Fn8�y*Ot 1 n8*2o@�qn ¸ pV�<,8�W�>s9�On 1 pV�Z�^,Fr.nA.�ZnetVn��E*/t��WsOpV�E,+�CpV�T� 1 n`*9,:o@n>,S*/pVt�3

ÁCrZnqA 1 �<,h�<�.�Sr�ø4pG�>n8�.�<nAÞ'*/�.�Zt_pVn8o�,Fs � �7v5s 1 ô%vC*O�',Fr.n Ë £tø�� Ë n��Zn 1 *Ot3£\� ¼ tVpV�Uø4pG�>n8�.�<n��7s6¹y,Fr.n
� 1 n�nTbQs'¹[,6vC* 1 n@�Zs2�Z�.oZ*/,FpVsO��� Ë ��ÊX�>3LÁCr.n Ë £�ø\�IrZs9v5n��2n 1 �IpG�'pV�E,Fn8�.o@n8o�,Fs}��sO�Q�Qt_n%¹[,'vas 1 ô@�es6¹y�>s � �Z�Z,Fn 1�Fs'¹[,6vC* 1 nO�O*O�.oh*/t_,FrZs2�Z�OrHp_,+�\p_�E, 1 s@o@�.�>,Fs 1 �'tG*/�.�O�.*O�On:pG� ¼Z1 s2*2o'n8�ZsO�Z�2rH,Fs'��s9�On 1 vas 1 ô@�fs'¹ ,+n ¸ ,8�EpJ,S�#v5s 1 o@pV�Z�pG�:�Zs/,;*2�:�>tVn8* 1 *O�Cp_,;�>sO�.tVo ¼ n�¹us 1 ,+r.*9,;*O�Z�ZtVpV�8*9,FpVsO�I3�ö�rZn��-sO,FrZn 1 �@tVn8�+�y�F�Dn`�>p_AD�e�>s2�E�QtVnV¹[,�ø4pG�>n8�.�Fn8� ¼ n��E*/�*/�.�Dn`* 1 p_�Z�hv:p_,Fr.p_�!,+rZn
¹ 1 n�n'�Fs'¹[,6vC* 1 ne�>s �H� �Z�Zp_,6�O�"ÞC�SrZsE�<nes2�Znes'¹f,Fr.n � �[,Fr.nL¡Xn8�Fp_�2�}b@�>pVn��.��n�ø4pG�>n8�.�<n2�.s 1¡0bZød�C*2�5,FrZnes � ��pV*Ot��Zs/,+pV��n�¹us 1:� ��� 1 s á n8�>,83

Þ�� þ �>sO�Q�QtVnV¹[,FpV�Z� þ ,FrZpG�#,+n ¸ ,8��Þc�2�.* 1 */�E,Fn8n8o^,+r.*9,5�ZsUpV�.�6, 1 �D�=,Fs 1 v5sO�.tVo ¼ nXtVp � p_,Fn`o ¼ �h*0,Fn ¸ ,CpV�.�<� � ��p_n8�E,
¹us 1 ,FrZn8p 1 �Zn�n`oZ���Q*O�yÞ)rD*Oo ¼ n�n��hv:p_,Frhn 1F1 s 1F?g1 pGoZo@n8�',+n ¸ , ¼ sQs6ô@�E¹ 1 s ��� * á s 1 �.� ¼ tVpV�FrZn 1 �83OÞ�ó � �F� 1 nC,FrZpG� ¼ sQs6ôpV�Tp_,+�yp_�Zp_,FpG*/t{¹us 1F� v:p_tVt��ZsO,;�F*/,FpG�K¹u��n8�On 1 �2sO�Zn2� ¼ �@,;*/�Q�Os2�Zn�r.*O�5,+rZn�¹ 1 n8n8o@s � ,Fs��SrD*/�Z�2nXp_,8�ZtVn��2n 1 */�2p_�Z� � �n>w s 1 ,+�;,Fs!�F�ZpJ,0�9* 1 pV*O�E,�*/�Do	pV�.o@pV�EpGo@�.*Ot 1 n Y �.p 1 n � n��E,S��3
�Zs 1 ,+rZn ¼ n8�OpV�Z�ZpV�Z�T�<,F�Do@n��E,0s'¹\n8t_n`�=, 1 sO�.pV�8��� tVn8* 1 �v:r.*/,0�2sO�7��*O�a¹ 1 s � ,+rZpV� ¼ sQs6ô �4n`o@p_,FpV�Z�!pJ,'*2�X�2sO��¹un�n8tc�Zn8��n8�+�F* 1 �-p1¹a�2sO�7�>s � nH*O� 1 sE�F�0*]�.�<n%¹u�Zt#�ZpVn8��nHs'¹pV�Z¹us 1+� *9,FpVsO�I3LÁCrZn8�4�Qp]¹4�2sO�h�.*2�F�\pJ,CsO�H,+sL�Fs � n�s2�Znyn8tV�FnO�E�Os2�hv:p_tVt ¼ n;�2p_�QpV�Z�e,+rZn � �Fs � n>,+rZp_�.� ¼ n>,<,+n 1 ,Fr.*O�v:r.*/,;�Os2� 1 n8��n�pV�On8o43t�Zs 1 ,Fr.nUp_�D�6, 1 �.�>,Fs 1 s 1 n8t_n`�=, 1 s2�ZpV�8�C� 1 s'¹un8�+�Fp_s2�.*/tz�Z¹un�n8t=¹ 1 n�n0,+sh�.�<nU,FrZpG�;*2�y* 1 n%¹un 1 n��.��n� */�Q�.*Ot��E*OoZo@pV�Z�es 1 n8o@p_,FpV�Z�e,+se�Os2� 1 rZn`* 1 ,�ó �#�>s2�2,+n��E,83EÁCrZnys2�ZtV� þ �8*9,S�Sr þ pV�#,FrZpG�%õ)p1¹4�OsO�H�ZtG*/�^,+s'o@pG�6, 1 p ¼ �@,+n�Os2� 1^� s@o@p_A.n`o��On 1 �FpVsO��s6¹:,FrZpG�^,Fn ¸ ,`�#�Os2� � �D�6,h�OpV�OnT� 1 n8o@p_,Lv:r.n 1 nT� 1 n`o@pJ,HpG�^oZ�Zn%�u,Fs � nO�c,+rZn!s 1 p_�2p_�.*Ot*/�Z,FrZs 1 �4*O�.oB*O�Q�OsO�.n'n�tG�Fn^v:r.s2�Fn � s@o@p_AD��*/,FpVsO�.�e* 1 nH�>s2�2,S*/pV�Zn8o}p_�%�Os2� 1 �On 1 �Fp_s2�D�=�4*O�.o	�2sO� � �.�<,en��.�F� 1 n,FrD*9,av:r.sEn8�On 1 �Os2�h�OpV�On:,+rZny,+n ¸ ,#,FsLpV�a*~v5* 1 n:s6¹ ,FrZn8p 1 ¹ 1 n8n8o@s � ,+s'�Fp � pVtV* 1 tV�^�Fr.* 1 ny*O�.ohn8oZpJ,a,FrZn;,Fn ¸ ,`3EÁCr.n�Zn ¸ ,;�SrD*/�@,+n 1 �>s9�2n 1 �#,+rZpG�:� 1 sQ��n8�+�5p_� � s 1 neo@n>,S*/pVt�3

Þg, � �D�6, ¼ n � n��E,FpVsO�.n8o],Fr.*/,X*/t_,Fr.sO�Z�2rAÞC�6, 1 pV�On0,+s � */pV�2,S*/pV�q,+n8�SrZ�.pV�8*/tI*2���>� 1 *2�>��pV�-*/tVt4s'¹),FrZpG� ¼ sQs6ô{ó ��>s2�E,Fn��E,`�4,Fr.n��<� ¼�á n8�=, � */,<,Fn 1 pG� ¼Z1 s2*OoB*/�.o%r.* 17¼ s 1 � � */�Q�}�Ws/,+n��E,FpG*/t#oZ*O�Z�On 1 �83@î#tVn8�>, 1 pV��pJ,6� � *Op � �e*O�.o
ôQp_tVtG�0v:pJ,+rZsO�@,U� 1 s9�2sQ�8*9,+p_s2�4��*/�.o%o@n8�Fn 1 �On`�y,+rZnh�@, � sE�6, 1 n8�F�Dn`�=,`3QÞ0�6, 1 s2�Z�OtV�!n��.��sO� 1 */�2nLn ¸ �Dn 1 p � n��E,+*/,FpVsO�sO��,FrZnX�.* 1 ,as6¹�,FrZn 1 n`*Oo@n 1 � ¼ �@,CsO�ZtV�Hv:pJ,+rq�>p 1 �>�Zp_,+�a�Ds9v5n 1 n8o ¼ �h� � *Ot_t ¼ */,<,Fn 1 pVn8�\v:rZn 1 ny,+rZn 1 n;pG�a�Zs 1 pV�7ô^s'¹n�tVn8�>, 1 pV�'�<rZs@��ô �ZA 1 n2�.n ¸ �ZtVs2�FpVsO�4�Dn>,+�O3� ypV�Or ? �Ws9van 1 n�tVn8�=, 1 pG�U��p 1 �>�Zp_,+�X�<r.sO�ZtGo ¼ nLt_n%¹[,y,Fsq,FrZnL��* 1 nes'¹f, 1 *Op_�Zn`o� 1 s'¹un`�F�Fp_s2�.*/tG�8¢3ÁCrZn^¡;n`�<pV�O�}bZ�>pVn��.��njø4pG�>n8�.�<nL�>tVn8* 1 tV�T�<,+*/,Fn8�y,Fr.*/,;�Zn8pJ,+rZn 1 ÞC�Zs 1 */�Q�T��sO�E, 1 p ¼ �@,Fs 1 �5,+s�,+rZpV�
¼ sEs/ô ¼ n8* 1 *O�Q��t_pG* ¼ p_tVpJ,6��¹us 1 v:r.*/,:pV�yoZsO�Zn0v:p_,Fr!pJ,S�y�>s2�E,Fn��E,S��3

������× £�¤!( Ù!&d(�$L¥§¦q��¨L¨�©
xX�Zn-s6¹;,Fr.n ¼ n`�6,�vC*~�@�^,Fs7tVn8* 1 �ªrZs9v«,+rZpV�Z�2�hv5s 1 ô�pG�H,Fs�¹us2t_tVs9v«,+rZn-p_�Do@�.�=,+p_�2n	*/�Z� 1 sE*O�Sr=õT,Fs�s ¼ �Fn 1 �On�F�Dn`�>p_AD�	pV�.�<,+*/�D�>n8�]s'¹e,+rZpV�Z�2�]vas 1 ôQpV�Z��*/�Do¬o@n 1 pV�On	�2n��Zn 1 *OtX�>s2�.�>tV�.�Fp_s2�.�+¹ 1 s � ,+rZs2�Fn	s ¼ �<n 1 �9*9,+p_s2�.�83¢Þ���+�>pVn��.��nqn8oZ�.��*/,FpVsO�4�ftG* ¼ vas 1 ôBpV�',Fr.nq, 1 *2o@pJ,+p_s2�.*/tVtV�%*2���>n8�@,Fn`o��On8�Q�Zn+¹us 1 ,Fr.pV�',6�Q�DnTs'¹ytVn8* 1 �ZpV�Z�D�f*OtJ,+rZsO�.�OrpV� � *O�Q�­��*2�<n`�HtV* ¼ ��* 1 n	o@n`�<pV�O�.n8o ¼ �®n8oZ�.��*/,Fs 1 �H,+s 1 n8p_�Z¹us 1 ��n!� 1 pV�.��p_�ZtVn8�q� 1 n��Qp_s2�.�Ft_��tVn8* 1 �.n8o­,Fr 1 sO�.�OrtVn8�=,+� 1 n�s 1 ,Fn ¸ , ¼ sQs/ô 1 n8*OoZp_�Z�D� 1 */,FrZn 1 ,Fr.*O�q,+s�*/tVt_s9v�,+rZnU�<,F�.o@n8�E,:,FshtVn8* 1 �qs2�T,FrZn8p 1 s9v:�],Fr 1 sO�.�Or!*', 1 �.t_�n ¸ �ZtVs 1 *9,+s 1 �H� 1 s@��n8�+��3

 ;*~�QpV�Z�h,S*/�Z�2r2, � �@�Fn�t1¹ � s2�<,Xs6¹#,FrZn^n�tVn8�>, 1 sO�ZpG���;,FrD*9,�Þ�ôQ�Zs9ve�{Þ;*/�Z� 1 n`�>pG*9,Fn',FrZnH�Fn��.�Fn's6¹y¹ 1 �D�6, 1 */,FpVsO��<,F�.o@n8�E,+� � *~�er.*~�2napV�^,Fn8*2�SrZpV�Z��,FrZn � �Fn�tV�On`�L¹ 1 s �¢¼ sEs/ô@��3LÝyt_,FrZs2�Z�OrHn�tVn8�>, 1 sO�ZpG�5�>s � �WsO�Zn8�E,+�c* 1 n5,6�Q�ZpV�8*/tVt_�pV�Zn ¸ �Wn��.�Fp_�2nO�@�ZsO,:n��On 1 �2sO�ZnXr.*O�5,+rZn � n8*O�.�5s 1 sO�.�Ds 1 ,+�Z�Zp_,6�h,Fsh�Fn>,:�Z�!*LtG* ¼ s 1 *9,+s 1 �Hp_�T,Fr.n�p 1 s9v:�qrZs � n`���*/�DoHv:rZn��H,+rZp_�.�2�#�2sUv 1 sO�Z�0,+rZn 1 n6ó �c�ZsUs2�Zn:,+s'*O�7ô�¹us 1 rZn8t_�43c¯-sE�6,\,Fn ¸ , ¼ sQs6ô@�a�<n8n � ,Fs'*O�Z� 1 s2*O�SrL,Fr.ny,+*2�^ôs'¹cn`o@�.��*/,FpVsO��¹ 1 s � *�o@n`o@�.�=,+p_�2n'�Wn 1 �<�Wn8�>,FpV�On/õ\,+n�tVtI,+rZn'�<,F�.o@n8�E,XrZs9v°,Fr.p_�Z�E�;* 1 n'�F�Z�Z�Ws2�Fn8oT,+s�v5s 1 ôW�.,FrZn8�*/�.�Zt_�T,+rZs2�FnU� 1 p_�D�>pV�Zt_n`�y,+sq�F�Dn`�>p_AD�UpV�.�<,+*/�D�>n8�;,FrD*9,;,+rZnL�<,F�Do@n��E, � *~�Ts 1X� *~�T�ZsO, ¼ nL* ¼ t_n',Fsqn ¸ �Zt_s 1 n ¼ �,Fr.n � �<n8t_�2n8�83�ÁCrZnep_�Do@�.�=,+p_�2nU*/�Z� 1 sE*O�Sr4�Q*O�C�.�FnV¹u�.tI*O�Cp_,ypV�8�ZpG�Cr.* 1 oq,FsHA.�.oTpV�T,FrZne�.*O�On`�as6¹f* ¼ sQs6ô 3
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Ì�ÁcÂ-Ã.Ä iE¾ k"÷OÅ xX�Wn 1 *9,FpV�Z�]b@�Q�<,Fn � �Uø4pV�Q�.��Áds 1 �9*/tGoZ���{Â:pG�Sr.* 1 o	bE,S*/tVt � */�I�W*O�.o	*hrZsE�6,�s'¹cs/,+rZn 1 �:,+sQs�E� � n 1 s2�.�a,Fs � n��E,+p_s2�43
Ì«Æ ¾ é§,Fn ¸ ,yn8o@p_,Fs 1 �A¶ 1 * � ¯	sEs2t_n8�.*O* 1 */�.o]s/,+rZn 1 ��3
Ì­Çjì ¾ À ì ÷ ¾ m o 1 *'¹[,FpV�Z�H� 1 s2� 1 * � ��ÁCp � î\oZv5* 1 oZ�83
Ì ð@ÈcÉ/Ê l ��p 1 �>�Zp_,y�<p � �.tV*/,FpVsO�!� 1 sO� 1 * � �h,FsQs � */�Q�q��sO�E, 1 p ¼ �@,Fs 1 �a,+s � n8�2,+p_s2�43
Ì Á î �§,Fn ¸ ,y� 1 s@��n8�+�<pV�Z�H�<�@�<,Fn � ��¡XsO�D*/tGoTË0�Q�@,+rT*O�.oTs/,+rZn 1 ��3
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Ì�Á ¾ é � p � *O�On � */�ZpV�Z�ZtG*9,+p_s2�]� 1 s2� 1 * � �h,FsQs � */�Q�q�>s2�E, 1 p ¼ �Z,Fs 1 �5,Fs � n��E,+p_s2�43
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