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The Research of The Sensorless Drive Technology for The Three-Phase
Brushless DC Motor

Student : Wei-Hsun Lai Advisor : Dr. Shir-Kuan Lin
Department of Electrical and Control Engineering

National Chiao Tung University

ABSTRACT

Sensorless brushless DC motors have been widely used for HDD ,DVD devices

because of their high speed, fast response and small size. However, the rotation of

motor requires special techniques because there are not any position sensors in the

motor. Most techniques use the back EMF to detect motor position. However, the

above techniques have a common problem: The amplitude of back EMF is too small

at low speed to be detected because the amplitude is proportional to rotation speed.

Therefore we need a serise of open-loop sequence to accelerate the motor speed. When

the back EMF is large enough, the mode is changed from open-loop mode to close-loop

mode and the motor is self-commutated by the back EMF. Thus the important thing

during open-loop mode is to acquire the largest amplitude of back EMF as quickly

as possible.This paper raises two new open-loop sequences that could acquire larger

amplitude of back EMF in the short time. Therefore the time of the start-up of the

motor can be shortened. Besides, in order to make research of the sensorless drive

techniques of sensorless contorl IC, this paper uses IC:BD6609fv to drive a BLDCM

and proposes a method to test this IC.

The proposed new open-loop sequences are verified with the Visual C++ simula-

tion firstly and then is realized with FPGA-based chip collocating with voltage sensing

circuit, motor drive and peripheral circuit for proving the announced sequences are

valid .
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çèéêëì (Brushless DC Motor, BLDCM) !0�?��íî�N Hall

IC�ØÙWXôèéêëì��Úî (Commutator) (Ûè (Brush) =ÜêÝ
ÝÈn�
�óô,Þß6õ+�àá=þ£�ª¸�ôÜê�(Ûè�I
õ÷âöãäåy9��æðüçèÞßàXG�ÿéêØÙéêôèë
ì3ij�MÞßëT6ì�ë�í�çèéêëì�%¨��ïð���
�.ù�îïðêñÛ�òk%óù��Y'�ôj�ù���Ü��]�
���U!eõö÷�÷øùúÝ6ûüÝ6Üýþ==3ij�ù���
	�Ü�����N��Ý6DVD ÿ¾î=��i PC �ÙU!���L�
�Ó�3

zK�çèéêëìïð©!���íîH�í¿ëìö�F?��N
����6�	
î;�Óî=�V�k��?��íîi�ïðîjT

¿�E���	±+ëìR��ö����Þß�þ�Ï�éË�ø�45
6?�6÷£Þß�ëT�z��.3�»�õ���íî��}£�VV
��Þß���£�72-ÏPV����ã���í��Ï+,àX�Æ
®³Û��VVkàX�2-3�L�û�����ýQÀü����ëì
�Àûü6ýûü6õëTüQõ��£üÿ!eIäå���3��?�
�íî����RM2�À�ýûü�%&L�
�3�j�?��íî-

1



 1! ") 2

#L$£60	%�=
�S.&2�í���I'ë(,�J�)ø��
Þß�I'£���Lg*ßkëìù��Ò+Q,-3�ãç�íïðñ
ò�I../ëì0
�k1¿�íî���?��2��RQ3��4¸
.����í���55*ß�e��?��íîFç�íïðñòM³�
6ô7����%·óô@t8�Fïðñò3

-)*.ç�íïð ICÖBD6609fvïð%`a�çèéêëì��H�
 {�f��ÿB@2�9�ç�íïðñò���.*�P:�]Y��
 WXûç�íïðñò��;LWXûç�íïðñò�q£��@¿Ô
ûç�íïðñò�cdT[Q<\]øù��R���k�lÔñòë
T��QWXûç�íïðñò+g�. Visual C++ankç�íïðñò
�ð]opàX�ÉÕ-%s. Nios@tuGF FPGA�ÞßvN(ëìË
w�¹Ü6���xy��A�lÔñòFIKë3

1.2 ��	


-)*��=>?×|0@æ 1976�AB�ç�íîïðçèéêëì
��¹|0��;L��|0JK�}� 3� 1.1C� 1.2!Ï�¹|0*
�JK��i�|0����cdk��×�ç�íïðñò|0D@�]
Ú3� 1.1C� 1.2I.E�{�ç�íïðñò�|0D@I��ö�?�
Fí (rotor position detection)6æ�ð`C (start-up)�»¼Ü6 (mask) Q÷£
Þß (speed control)åÛ���.ö�?�Fí�GH�|0��K©3

� 1.3(� 1.4II¿��H�ñò�@t�J�!?×Cð-���K
L��M×6¿Û06N×� 1991�Fi�OPJK�¹ñò�� 3�.
ç�íïðñòÄHQ�![R�×ST� L£3
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� 1.1:�������

� 1.2:��	
���
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� 1.3:
�����������������	
���� !"



 1! ") 5

� 1.4:#$�������������	
���� !"���

� 1.5 ![R�U§ç�íïðñò�@�J���F|0@���d
Ç��ª��I.VW�[R�@tç�íïðñò���ô?×� STX
ð-� Matsushita6sony6Toshiba6RohmXM×� Samsung6Daewoo�#!�
×J���YÆ3�ãª� 1.6I.VW����%é#�;Lç�íïð
ñòJK�Pef��@YA3

� 1.5:#$�������������	
���� %&'()



 1! ") 6

� 1.6:
��*()�����������	
���� +,

� 1.7(� 1.8�Z!×�Q����@�ø��}�J�![×�6�
��ô�|0*�G����\Ê��"�<�@�ø��]^3ª��&
�I_?×� STMicroelectronics���ç�íïðñòG`¸a	g?3

� 1.7:!"-�./0�1

� 1.8:()-�./0�1
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� 1.9!{�×#cò� �?L¸ç�íïðñò�@��)*�{
dÇ��ª��I.VWb�yc{��ô¢O��ô@��¹|0� !
×#�cò� �?%é�Pef�U§�@3

� 1.9:

1.3 ��
�

-)*�!dF#SÛe�Zf;NgÖ %!�)*� ðÝQ{
�6|0�}Q)*mn3 �!7�a�çèéêëìïðr~��C<
�coû�.(ç�íîïðçèéêëì�öÝß��Q*�¼�3 a
!!�í Rohm ���!�F IC:BD6609fv�hik�?`C6B56�ð`
C6456V÷`C6¿�ÜêQëì�í=��3 å!7;LB56�
ð`C�¿kÔûB56��CU�. Visual C++mn%&op`Y.op
e��B56��CU��LopÈÉV.�}h)3 j!7. FPGA�
ÞßvN�Õ-ëìËw�ÆÜ6���xy��A�lÔûB56��C
U3Ki� æ!GL-)*A%\È3



���

��� !"#$%�&'()*+
,

2.1 ��������������

a�çèéêëìj�ö�!ªÊkl«mn�n2�3o+ö�öð
7pq�+#����«,]rö��?�s³3rª�#�����t¦
u��jR�v§ÜêZa�¦uG�&2Ü«,�s³�
��!ö¤�
 ª¸#���ÿ�w�x�
���!%&�A��yðj�ö��HI
.+a�çèéêëì�ö3ªÜ«A��~)IV�3�+ëì!.KÛ
�ö¤��ö�7ëìö��!�«ÚCÜzÜê�!�«ð�pqy��
{é�?�� !ëìö�?�!|��Rs³��.pq��í¿ö�?
��É�ªïðÜ6�}�Lù�ÜzÜêZa���¦u���k+ëì
!.KÛ�ö¤��ö�Ú�v§Za���¦u�v§ÜêÚ��æ�]
��ûY�a�çèéêëì�ör~(�Yy	Qæ�]�ïðr~~�
NgÖ

8
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��������6789:;-<=

a�çèéêëì.Ü�56ØÙkÝÝY�ðÜêÈn�éêëì�
�.æ�ïðÜ�Æïðçèéêëì�æ�ïðÜ�ÆQa�çèéêë
ìF�ÈN� 2.1���0�ïðÜ�Ææ&B¹Õ-ö�«·?�AJ�
ðA�7çèéêëìIóôNôèéêëìFþ¨�ë3

� 2.1:23��456���������7849�

����¿ö�Q���?�N� 2.2��3

� 2.2: θr : θs ;<�
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�^�H;���� (3ô N�¦u )�I.,V

F = N · L · I ×B (2.1)

<G I �¿�¦u��Üê
L�¿�¦u�/«,�ù�ô�d£
B �¿�«Ú�£
N �¿�¦u��

a�çèéêëì�¤7�

T = F · r = N · L · I ×B · r = Kt · I (2.2)

<G Kt �¿��¤��
r �¿���


� BQ θr,θs �Ó£ô¹�I.yV

B = B(θr, θs) = Bmax · cos[P/2(θr − θs)] (2.3)

<G P �¿�ö��Êk«��«·�
θr �¿�ö��¢%£L��G£�Ó£�
θs �¿����¢%£L��G£�Ó£�

ÏY (2.3)Ù§Y (2.2)��ªy�I.,�

Kt = 6 ·N ·Bmax · L · r · sin(Pθr/2) (2.4)

[Y (2.4)I.@za�çèéêëì��¤�� Kt �|�ö�öð�2 sin

�³ü3
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4>?@��?-

æ�]�ïð]ra�¦u	Ú�]Ye�I.�� 120 £æ�]�ï
ðQ 180 £æ�]�ïð3 120 £æ�]�ïð!.¢�	Ú��¦u�>
?gïðëì ( %��Üêv§Ì�%��Üêv¿Ì�i%��B6 )�
180 £æ�]�ïð7�¢�	Úa�¦u�>?gïðëì ( <G���
Üêv§Ì�i%��Üêv¿ÌX;�!<G���Üêv¿Ì�i%�
�Üêv§Ì )3

[120 £æ�]��ïðr~ ] ����¿a�çèéêëì�ö�Q�
����?�N� 2.3��3

� 2.3:=�������>?@:A@ BC�

� 2.4�Ea�çèéêëì�ö���Z� S1,S2,S3a&���?��
��� Kt |�ÜúÓQÝÝÓ³ü��©� ( ÜúÓ / ÝÝÓ =pole ��{
/2=6��.ÜúÓ�k 360£�ÝÝÓ��k 60£��M!fëì�ök 60

£ )
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� 2.4:D� Kt � (EFDG :degreeHIFDG :g*cm/A)

� 2.5 � S1,S2,S3 a&��¢�	Ú��¦u�>?g�Kt |�ÜúÓ
³ü��©�3

� 2.5:J<KLM�4� Kt � (EFDG :degreeHIFDG :g*cm/A)
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3�+a�çèéêëì�v¿ö¤y��KÛ��ª�Y T = Kt · I

I.,V�pq�Ï Kt y��KÛ��
�rª� 2.5��©��~I.Ü
~J�Üê��R£N� 2.13

� 2.1: 120N2OPQ R�ST�

²] Ú.Üê]Ú ^_ÜúÓ£
²]% S2 → S3 [-30,30]
²]� S1 → S3 [30,90]
²]a S1 → S2 [90,150]
²]å S3 → S2 [150,210]
²]j S3 → S1 [210,270]
²]æ S2 → S1 [270,330]
²]% ¹ ¹
¹�J�£ -30,30,90,150,210,270,330

ª� 2.1 GI.,V�Eëì�ÜúÓ [-30,30] R��k�+ T �KÛ
��
�Üê	Ú�]Úpq^_ S2 → S3��Eëì�ÜúÓ [30,90] R�
Üê	Ú�]Úpq^_ S1 → S33
����,Va�çèéêëì��
%&²]£i�É0�Üê�J��HI.ì�KÛö¤ (N� 2.6)3

� 2.6: 120N2OPQ ?UVQ
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[180£æ�]��âör~ ]

<y	]YQ 120£æ�]����� 2.7� S1,S2,S3a&��¢�	Ú
a�¦u�>?g�Kt |�ÜúÓ³ü��©�3

� 2.7:J<KL=�4� Kt � (EFDG :degreeHIFDG :g*cm/A)

�~��k�+a�çèéêëì�v¿ö¤y��KÛ��rª�
2.7 ��©��~I.Ü~J�Üê��R£N� 2.2��.��,Va�ç
èéêëì��%&²]£i�É0�Üê�J��HI.ì�KÛö¤ (

N� 2.8)3
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� 2.2: 180N2OPQ R�ST�

²] Ú.Üê]Ú ^_ÜúÓ£
²]% S2 → S3 [0,60]

S1 → S3
²]� S1 → S3 [30,120]

S1 → S2
²]a S1 → S2 [120,180]

S3 → S2
²]å S3 → S2 [180,240]

S3 → S1
²]j S3 → S1 [240,300]

S2 → S1
²]æ S2 → S1 [300,360]

S2 → S3
²]% ¹ ¹
¹�J�£ 0,60,120,180,240,300,360

� 2.8: 180N2OPQ ?UVQ
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2.2 ������������

a�Ê«ëìª��¦u(ö���Êk«�l2�=�Ü6�Û��
N� 2.9��!& Y Ë�ëì=�Ü6��%�#ªëì�=�ÜÀ6=�
Ü�.(ëì�ö���!��ùÜð�l23<G� LÙ��!=�Ü�
��h�këì��Ü� Lp Q�Q�R��� M����Üêæ�Ì£ê
§Gë¦ S �]Ú�¿�RÜê3

� 2.9:��7849�
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a�çèéêëì����¿Ng :

SÖGë¦
Vas6Vbs6 VcsÖ�Z�ëìa���ÜÍ
ia6ib6icÖ�Z�ëìa���Üê
ea, eb, ec : a,b,ca���ùÜð�
LpÖëì��Ü��
MÖëì�Q�R����
RÖ��¦u�À��
ωrÖëì�ö÷ (.ÜúÓ�� )

θrÖëìö��Ó?¯ (.ÜúÓ�� )

KemaxÖ�ùÜð���
PÖëì·�
TeÖëì¿�ö¤
KtÖ�¤��
TLÖÁÂö¤
JÖëì��
BmÖëì�À���

ôk.��ëì���¿��Iª ¡¢£ÜÍ��y	¿a�Ê«ë
ì�Üú]`Y ( 2.5Y )Xijª¤¥âð��Iy	¿a�Ê«ëì�Ý
Ý]`Y (2.7Y )3

4WPXY


Vas

Vbs

Vcs


=


R 0 0

0 R 0

0 0 R




ia

ib

ic


+


Ls −M −M

−M Ls −M

−M −M Ls





·
ia

·
ib

·
ic


+

2ωrKemax

P


cos(θr)

cos(θr − 2π
3 )

cos(θr + 2π
3 )


(2.5)
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Z>�[4�\]Y 2.6


ea

eb

ec


=

2ωrKemax

P


cos(θr)

cos(θr − 2π
3 )

cos(θr + 2π
3 )


(2.6)

^_PXY

Te = Kt((ia −
ib
2
− ic

2
) cos(θr) +

√
3

2
(ib − ic) sin(θr)) =

2J
P
ω̇r +

2Bm

P
ωr + TL (2.7)

2.3 � !"������#$�%����&'

(

%óç�íñò��ö`CI.��å&`C�N� 2.10��� (1) �
? (2) B56�ð (3) 456V÷ (4) 456=÷�E12�å&`Ci�ë
ìM%é¦� å&�§��M!456=÷�_`3{��ç�íî��
ÞßñòÛ¨0���Üð�H���¡)!Eö÷_,��
��Üð�
-À�./0	12���@!©8Ù9;ªZç8Ù9�z«��	�ë
ìçb�ð��.�ëì�ð���%sÝß��¬ëì,ö÷�çb��
Üð����¡)��?.(B56�ð`CM!�äå�­�²?@!�
cdrª��&�§��ð`C�T+ö÷�DZ�Üð��8Ù9£I.
�R�g�}¿HXFi456V÷Q456=÷�&`CHI.rª�Ü
ð���íH���r¢÷£Þßîì�ëì�÷£�Þß3.gÏ;L�
å&`C.(<�¹*�A®h3
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� 2.10:���	
 `?Xab :(1)AG (2)Cc9d� (3)ec9fg (4)e
c97g

(1)�? :

ª¸ëì���?�!ÄV���kSëìTG/0�ö�pq�e_
�?�`C���?�`C!rª
¿w�]Ú�ª«�+ëì��ð��
¯R7�ö�æKLR (Align)�%&ö¤�8�x°£?��N�±H�ë
ì�Ä�B56�ð�MI²�,Vö�F��?��HI.]rB56C
U�	Ú/CJKKÛö¤����+ëìT/0�ð3

J. S. Kim and S. K. Sul[1]�¿.%íAÜê�Ú§ëì�w���¦u�
HI.�Ïëìö�7��w��ì�x°£ ( ö¤�8 ) ?��N�ëì
�Ä�B56�ð�MI²�,Vö�F��?��FiHI.]rïð
Ü6F	Ú/CJKKÛö¤���`C�+ëìT/0�ð3S.Ogasawara

and H.Akagi [2]�ô�¿����?`C3

?×|0± 5,343,127 ± [3] �¿i%5ç�í�ð`C��`C��
?iHéËJK�Üð�8Ù9£��í�3�í��Üð�8Ù9£�7
éËJ§456V÷`C��çB56`C3<�?]b!.�¨æ�]�
ª«CU�4³���.´µ�%¶�R	Úæ�]�� %l��	±�
Ïëì�?��?1iHéËJK�Üð��8Ù9�í�©N� %Ê�
?i�ô�Üð�8Ù9£��	�7^_	Úæ�]�� al��	±
( ��%l�r
!�kØ,KÛö¤JK�� )��JK �Ê�?�ð
A�N�%éË�·�é��í��Üð�ô8Ù9�z«i�ÉJ�Z4
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56�ð`C3÷�f; (N� 2.11)3e¸Eëìö��¹º?�» %l
��	± (UV) �ì�x°£?�����7� %Ê�?i�ëìe�ô
¢O�öð���M�ô¢O�8Ù9@!��.pqÉ
%ÊQ %Ê�
��CU��%l���	± (VW)�jT.KÛö¤V÷ö�.,��Ü
ð�8Ù9£��	3�w�Z�f;�! (UV) ��!ëì U C V ��	
Ú� (VW)��!ëì VCW��	Ú3

� 2.11:��hih?U�
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(2)B56�ð :

ª¸ëì�,ö÷���Üð��²*_À�
���í��£��S
./�0	�12�&2��£:f<=�+,ëìçb/0�öX
�p
qrªB56�ð�`C��ëì¼ÄôFGÛ��Üð�F��ïðîÞ
ßGN�
¿w����CU�+,ëìI./0��ö��|���CU
[,¨kkVVZõ¨�ëì�ö÷�éê³õ��íFëì��Üð�
�²*éêVV�E�Üð�Û�e./�0	�12�&2��£:f
<=��HI.J§456��Þß�`C3�½©�¾*�¿#ô;L
�w����CU.(B56�ðNOÀË456�ð�¸¹"k½©®h3

?×|0± 6,153,993± [4]�¿�ëìB56�ð��
��ô¼�	
±I.Fí��£?���.v¿%l#a���CU (forced commutation)�
���CU!�� PWM ñòÞßB¹�J���.æ�]�³¨ª@�]
Yïð�� 2.12Q� 2.3�Z!<æ�B¹����(B¹J��C�3

� 2.12:456C�;<�
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� 2.3:C�jRSa�

pattern TR1 TR2 TR3 TR4 TR5 TR6
m1 PWM OFF OFF OFF OFF ON

m2 OFF ON OFF OFF OFF PWM

m3 OFF PWM OFF ON OFF OFF

m4 OFF OFF ON PWM OFF OFF

m5 OFF OFF PWM OFF ON OFF

m6 ON OFF OFF OFF PWM OFF

Shigen Nagamori[5] �¿�B56_`G+�a�]��¨ª@�N�
� 2.4�a�]�ª«�C�TG+�û�æ�]�ª«�CVV 20 % � 30

%�ö¤��.���ÁÂg�I.(,�ðÜê3

� 2.4:=OPQ:2OPQ �k

Three-Step Start-Up Six-Step Start-Up
1 U → V U → V

2 U → V U → W

3 V → W V → W

4 V → W V → U

5 W → U W → U

6 W → U W → V

?×|0± 5,726,543 ± [6] �¿��òk�B56_`G+�a�]
��¨ª@��Á§i%lõ¨�a�]��N� 2.13�7ÏTVV�Üð
�²*�ÛÀ�N� 2.14����GI@z��r-a�]��¨ª@�Ç
�g��Üð�²*�ô 370mv;I!EÁ§i%lõ¨�a�]�i��Ü
ð�²*MI.VV� 500mv���|0�B56�ðJ456�ð�Ýß
!�ØÏ�Üð�²*Q%&+��I.µ��ÜÍ²*�+�3�Üð�
²*I.Û¸´�µ��ÜÍ�7J�456�ðoY3�.�Üð�²*
�VÛI.+ëì�TJ��456�ð`C�[QB56�ð�R3
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� 2.13:flmn=OPQQo�

� 2.14:flmn=OPQpq%r s4�\tu�k�
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(3)456V÷ :

ö÷ÂD�%&$R÷£i�M�J§456V÷`C���ö÷ÿ�
Gú�F.�!I.�}��Üð��©�ëìæ�]����ÃÄM%é
¶ÅgÆ3456��ÞßFñòÛ©0��Üð�H�íö�«·�?
��J�ì���Þß�{���+���Üð��8Ù9£H:f��£
���Ç�0	��!�
�0	��!©�8Ù9£�)ø��£�F
í ; �0	Û����J�Üê]Ú��!�
�Ü�Æ�J��Üê¯R
�ªg��µ¶�·Æê¿���M�&2©�8Ù9�
���%Ê��
i#pq èJ�0	�&2�©8Ù93�½©*�¿#ô;L456�
ð���¸¹6�Üð�8Ù9£Fi��?¬­ñò.(»¼Ü6="�
¹®h3

K. Iizaka, H. Uzuhashi, et. al.[7] �¿I.0�ëìÌÜÍ��í�FíÄ
ª@��Üð��8Ù9£ ( ÜÍ�ªÁ�³2R�;ªR�³2Á� )�
EÄª@��Üð�@!8Ù9i�ÉÕ-%&ÜúÓ 30 £��?¬­ð
A��I.1�KÈ��£��KÈ��£A��MI.�!KÛ��¤y
ðëì�ö�N� 2.153

� 2.15: 30N�Gvw;<�
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R. C. Becerra ; T.M. Jahns ; M. Ehsani[8] �¿%&��£�íÜ6��Ü
6.�íÄª@��Üð��4³�Ée��¬­Ü6�IR�1¿��
£��ãI.Õ-ö÷õ,�JK�?a�;�?Êi�ËÌ3YAr~ (

_� 2.16)Ng��Ö©µa��Üð�Í�~�Î©� ,��Ä	Ú�Ó¦
ë�D;g( ,7IÏÄ	Ú���Üð����

E(t) = E0t (2.8)

E�Üð�@!8Ù9� , ÏÏ��Üð��ÐL��_%&®�î��_
®�¦~iI,� vint

vint =
∫ t

0

E(t)
k

dt (2.9)

ÏY (2.8)Ù§Y (2.9))�,�Y (2.10))

vint =
E0t

2

2k
(2.10)

E®�i�� vint ì�´µ�� vth iM
¿��	±�
�e_ vth (®�
�� k �µ��I.ÑÜ�?¬­Ó£�Õ-ö÷õ,�JK�?a�;�
?Êi�ËÌ�ij��käå�ªJ�0	��!�©8Ù9�+®�î
�!<=ðA��ñòhik MASK�T�<Ab!��%Ê��i��Ï
®�îµ�%¶�Re�ðA (Rst 	±� High)�=�µ���R_ijB
��í�Üð�8Ù9£��!�N�MI.»¼xJ�0	��!�©8
Ù93
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� 2.16:s4�\x�y

K. Y. Cheng and Y. Y. Tzou [9] �¿%&�?Y�?¯î���?¯îh
ik�&ÒÛ¸8�Ó�î P (k) C N(k)�0���&Ó�îì�Fíëì
ÜúÓ 30 £��?¬­�<r~N� 2.17f;Ö���¿ P (k) Q N(k) �Z
�RÁÔÕ@�Ó�îXÓ�î�ÖVQÖ.��Z� ri Q rdXZ(k) ��
Üð�8Ù9	±XC(k) ���	±3EB6��Üð�ªÁ�³2R�
¯R�RÚÓ�î P (k) B�. ri �÷Æ×V�é�B6��Üð�ªR�
³2Á�¯R��� P (k) Ó������ëì�öÜúÓ 60 £�����
R��k¬­ëì�öÜúÓ 30 £��R���Ï P (k) ��Üð�ªR�
³2Á�¯Rs.�Ø ri �÷Æg��� rd = 2ri�E P (k) g�Z8�MÙ
�ëìÙR����R£3EB6��Üð�ªR�³2Á�¯R�ÁÚÓ
�î� N(k) B�. ri �÷Æ×V�é�B6��Üð�ªÁ�³2R�¯
R��� N(k) Ó������ëì�öÜúÓ 60 £�����R��k¬
­ëì�öÜúÓ 30 £��R���Ï N(k) ��Üð�ªR�³2Á�¯
Rs.�Ø ri �÷Æg��� rd = 2ri�E N(k) g�Z8�MÙ�ëìÙR
����R£3
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� 2.17:,GY�Gz�

?×|0± 5�886�486 [10] �}%&�?Y��?¯î�r�ì2 90

£��?¬­HJKëì��3��?¯î�ÈnGiæ&Ó�î Pa6Na6
Pb6Nb6Pc6Nc 3�~Ú�¿ Sa6Sb6Sc 	±�Z!ëìa�ÌÜÍQGë
�ÜÍ+gi�v¿	±�Pa6Pb6Pc �ZÁÛÓ� Sa6Sb6Sc 	±� high

��R�Na6Nb6Nc �ZÁÛÓ� Sa6Sb6Sc 	±� low ��R��%&Ó
�î�Ó��R#!ëìÜúÓ�ö 180£��R�<YAr~�N� 2.186
� 2.19���E Sa 	±ª highö� low(�Üð�@!8Ù9 )�sª Na Ó�
Sa 	±� low ��R�E Na Ó�î#Ó��� Pa Ó���%¨���Ù�
ëìÛÜ�ökÜúÓ 90 £�M�
¿��	±���Ï Pa Ó�îÝ8L
��� Na ÞPÓ��E Sa 	±ª low ö� high( �Üð�@!8Ù9 )�s
ª Pa Ó��E Pa Ó�î#Ó��� Na Ó���%¨��Ú
¿��	±�
�Ï Na Ó�îÝ8L���~ Pb6Nb6Pc6Nc �ðA�!%­�
�I.
0�æ&Ó�îFí¿æ�]��æ&��	±3
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� 2.18:,GY�Gz�

� 2.19: 90N�Gvw	
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S.Ogasawara and H.Akagi[2] �¿I.0�ëìïðÜ6G�µ¶�·Æ
(Fly- Wheel Diode) H�í�Üð��8Ù9£�e_�ñò�Tù���Ü
ð��©!Î©��ëì�3r~f;NgÖ� 2.20�æ�Ü�Æ����
� 2.21�æ�Ü�ÆB¹°±��� T1 ßR!	Ú ab ���. c �! open

�²]��ã. PWMJ� Ta+ B¹�E Ta+ ª	Ú²]³2´	Ú²]��
Üê�Ú_ Ta− à�µ¶�·Æ Da− �� 2.22����=�Ü6���rª
.gÜ6]`Y�y	,V�Dc− B�	Ú��R�Ü¹=¸ C ��Üð�
@!8Ù9��R��.HI0��íçèéêëìïðÜ6Gµ¶�·Æ
�	Ú�RH"��Üð�8Ù9£��í3Ü6]`Y�y	NgÖ

� 2.20:23456;<�
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� 2.21:23456C�{|�

� 2.22: Ta+ }KL~����KL~� 7849�
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ª� 2.22Iy,

VF + L
di

dt
+ ri+ ea − eb + ri+ L

di

dt
+ VCE = 0 (2.11)

<G VCE �	ÚÜ�Æ�ÜÍ(6VF �	Ú�·Æ�ÜÍ(
�.

L
di

dt
+ ri = −ea − eb

2
− VCE + VF

2
(2.12)

ij�ª��Iy¿Gë£ÜÍ Vn

Vn = VCE + ri+ L
di

dt
− eb = −VF − ri− L

di

dt
− ea (2.13)

Vn =
VCE − VF

2
− ea + eb

2
(2.14)

�. C���ÜÍ�

Vc = ec + Vn = ec +
VCE − VF

2
− ea + eb

2
(2.15)

�
� C�g��µ¶�·Æ	ÚÇ��

Vc < −VF (2.16)

ÏY (2.15)Ù§Y (2.16)I,�

ec −
ea + eb

2
< −VCE + VF

2
(2.17)

�
��Üð�!Î©� ,�. ea + eb = 0�
� C�g��µ¶�·Æ	Ú
Ç��

ec < −
VCE + VF

2
(2.18)

Ú��Üð�ÜÍ ec �Û¸ VCE Q VF�
�E ec B�³± (�Üð�@!8
Ù9�²] )��� C �g��µ¶�·Æ�B�	Ú�
����íÄª
@�Ü�Æà�µ¶�·Æ	Ú²]HI."��Üð�8Ù9£��í�
� 2.23H!�á)*�¿�µ¶�·Æ	Ú²]��íÜ63
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� 2.23:������6KL~� 49

J. Shao, D. Nolan and T. Hopkinsy[11] �¿k%5 PWM(Pulse Width Modu-

lation) �J�¸¹H�í�Üð��8Ù9£3WX�Üð�8Ù9£�í
Ü6ÏÄª@� (floating phase) �ÜÍQGë¦ÜÍ�_.bîi,��Ü
Í�.A��F���q£�¸3+� PWMïðæ�B¹�PWM�°±Ï
�âV�Gë¦��	��Üð�8Ù9£�íÜ6��í�½©©8Ù9
£�
��íÜ6pq+�ã�îãä PWM �!�0	�I!ã�î��
!�?¬­�¡)�&2��£Fí<=�å<!Eëì�õö÷���?
¬­�¡)U�WL3�k�¬�¡)��*�^_. PWM J�ëìïð
î���Ü�ÆB¹��Lù�g�Ü�Æ7y��	Ú²]�N� 2.24�
�ª� 2.25Ü6]`Y�y	I.,V�E PWM °±� off�ßR��Üð
����Äª@�ÌÜÍ�a�F�Ø�
�����í¿Äª@�ÌÜÍ
�8Ù9£�I,V�Üð��8Ù9£�
��]bI.äåã�î��
?¬­¡)��R�gæç���£��.I.ù��ö÷îï�+g�3
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� 2.24: PWMKL��

� 2.25: A→ B  ~�7849�

�~y	�¹Ü6]`YNg�©µ� A → B 	Ú�²]�ã A �
PWM� off�ßR�ëìÜê�¼êZÜ�Æà��·Æ Vd�� phase C
�
!B6���ô¢OÜêêÚ�ª=�Ü6�Iy¿Ö

Vn = 0− ri− Ldi
dt
− ea (2.19)
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Vn = ri+ L
di

dt
− eb (2.20)

Y (2.19)QY (2.20)�VI,Y (2.21)

Vn = −ea + eb
2

(2.21)

Ú
� ea + eb + ec = 0��.I.,�

Vn =
Vc
2

(2.22)

�. C�ÌÜÍ Vc �

Vc = ec + Vn =
3Vc
2

(2.23)

�YG Vc � c ��ÌÜÍ�ea6eb6ec �Z�ëì a �6b �6c �tl��
ùÜð�� rC L�Z�ëì��ÜÀC�Ü��Vn �ëìGë£ÜÍ3

Julio C. Moreira[12]�¿%&e��í�Üð�8Ù9£��e��¬­
Ü6���ñò�I0��Üð��aÊº�1¿R����£3�]b�
þ£�¸e��Û�;è0�ã�î� èkã�î�?¬­�¡)�ÉV
��,¨��aÊº�+WXÌÜÍ�íbUS.�í ( 
�aÊº��¨
Æ!�Üð�4-��aØ )��.�]bI.+ëìôgÛ�ö÷îï�
�!�r~�T��¸�Üð��Îû��ÜðÝ��<y	Ngf;Ö

ëì a6b6c a���Üð� eas6ebs6ecs hik½©ÜÍº�2��I��
�

eas = E(cos(ωet) + k3 cos(3ωet) + k5 cos(5ωet) + k7 cos(7ωet) + ... (2.24)

ebs = E(cos(ωet+ 120) + k3 cos 3(ωet+ 120) + k5 cos 5(ωet+ 120) + ... (2.25)

ecs = E(cos(ωet+ 240) + k3 cos 3(ωet+ 240) + k5 cos 5(ωet+ 240) + ... (2.26)

Y (2.24)+Y (2.25)+Y (2.26)I,�
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eas + ebs + ecs = E[cos(ωet) + cos(ωet+ 120) + cos(ωet+ 240)]

+Ek3[cos 3(ωet) + cos 3(ωet+ 120) + cos 3(ωet+ 240)]

+Ek5[cos 5(ωet) + cos 5(ωet+ 120) + cos 5(ωet+ 240)]

+...

= E[cos(ωet) + cos(ωet) cos(ωet+ 120) + sin(ωet) sin(ωet+ 120)

+ cos(ωet) cos(ωet+ 240) + sin(ωet) sin(ωet+ 240)]

+Ek3[cos(3ωet) + cos(3ωet) cos(3ωet+ 360) + sin(3ωet) sin(3ωet+ 360)

+ cos(3ωet) cos(3ωet+ 720) + sin(3ωet) sin(3ωet+ 720)] + ...

= 3Ek3 cos 3(ωet) + ...

��ëì��¦u� Yû�Ë�Ç�g�I.y	¿.gY�

Vas + Vbs + Vcs = 3Ek3 cos(3ωet) + Vhigh freg = V3 + Vhigh freg (2.27)

λr3 =
∫
V3dt (2.28)

<G V3 �aÊº�ÜÍ�Ï V3 L�R®�iI.,�ö�«Ú�aÊº�
λr3�E��@!8Ù9����æ�]����£�N� 2.26��3

� 2.26:=��QR�	
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?×|0± 6,316,894 [13] �¿%&»¼Ü6 (mask circuit)�{��¸é
º���íÜ6/�J�0	�12�&2©8Ù9�z«�!3���
¿� 2.27G�ê±� VU , VV , VW �a��ÜÍ	±� PU , PV , PW �a��ÜÍ
QGë¦ÜÍ�.Fi�	±� DUU , DUL, DV U , DV L, DWU , DWL �ïðæ�Ü
�ÆB¹�	±� FGP � FG 	±�ÜúÓ 30 £�?¬­i,��	±�
FBU1, FBU2, FBV 1, FBV 2, FBW1, FBW2� DUU , DUL, DV U , DV L, DWU , DWL Q
FGP �_ SELECTOR CIRCUIT�ÃÄâ�Fi�,��	±X MU ,MV ,MW

!Ï FBU1,FBU2,FBV 1,FBV 2,FBW1,FBW2¼�Z GATE CIRCUIT��ZQ
PU , PV , PW �_GATE CIRCUIT¿�ÃÄâ��,�� FG!ÏMU ,MV ,MW �
_ exclusive-ORÃÄâ�i�,3�|0�»¼r~�¸I.0� FBU1,FBU2,

FBV 1,FBV 2,FBW1,FBW2 Þß PU , PV , PW !ëTJ� MU ,MV ,MW�²�
���ôE FBU1, FBU2#� High�²]��PU jT�ù�MU �����
�!�Üð�@!8Ù9£��ì��.�e�)ø8Ù9£��íX3E
FBU1, FBU2e!#� High�²]��PU Hçb�ù�MU ��MU y�r-
��?�
�3ôJ�0	@!� VU ��N� 2.28�MI.� FBU1, FBU2

ÀÐ� MU j���^ MU ,MV ,MW �!� DUU , DUL, DV U , DV L, DWU , DWL H
e�
�Üð��©8Ù9�@!<=���	±�ì�»¼��É3

� 2.27:�� (mask)49
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� 2.28:fl��49�r Qo�

Full-wave sensorless drive ICs for brushless DC motors[14] �á)*G��0
� IC j�ÜS½¾Ü�Ëß�¿¿�¶�R t1 Q t2 HAö�?��í�ð
A�N� 2.29�t1 !�`ÜS½Ü�RX t2 7![ÜS¾Ü12ã�g%Ê
ÜS´í½Ü��R3� t1 �R#�¹4�Üð�8Ù9£�í��T��
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M!f��¶�RFi�j�B��Üð��8Ù9£�í�{��¸éº
8Ù9£�í/�J�0	�12�&2©8Ù9�z«�!Xi%¶�R
�{�!:fB56�ð`C!ëI.J�Z456V÷`C�<]b!�
t2 �R#:fô�ô�í�Äª@��Üð��8Ù9£�3Ä�í�8Ù
9£�H��ëìö÷îÄì�IJ��456V÷`C�ö÷�»�7Þ
Pg%&B56�ð`C���CU3

� 2.29:��4���4A� watchdog time��49

?×|0± 6,111,372 [15] µÓk%&�+�»¼Ü6��»¼Ü6�v
¿%& VMASK 	±�E VMASK � low���íÜ6�e��í�Üð��8
Ù9£�äå�í�
J�0	�!�©8Ù9��!<=��ðA3�Ü
6�»¼ËßI.]^J�0	�ËßÛÀ�JKæ�ÑÜ�ðA�N�H
I.�¬ëì��ð;�ÁÂVV��J�0	�Ëß�Vd�¡)3<
r~I.� 2.30f;F��G� P16P2 �Z!Q FG 	±��6���	
±�<I.Þß»¼Ü6LÜS C1 JK½¾Ü�ðA�P1 � High6P2 �
Low �� C1 JK¾Ü�ðAXP1 � Low6P2 � High ��C1 JK½Ü�ð
AXclamp Ü67!Ï C1 ½¾Ü�ÜÍï� V a6V b G��_ clamp Fi�
½¾ÜÜÍÉ�ZQ´µ��¾ÜÍ� VD +−V1 %n�_�&+gîÜ6�
�&+gFi�v¿%nv§Z OR ÃÄði�<v¿�� VMASK 	±3
� 2.31G»¼�R A16A2�dQI.|�J�0	�ËßÛÀ�JKæ�Ñ
Ü�<r
ñ�¸ A16A2 �dQØ¬¸ÜS½6¾ÜòÆ�òÆPÛ�7
A1 PQXòÆPÀ�7 A1 Pd3÷�HfEëì��ð;�ÁÂVV��
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ê�ëì�Üê³Û�¸!Üê�í��v¿�ÜÍ VRNF M�³Û�+,
[�Üêó (63)��Ü�Æ Q1�Üê³Û�
�ê� Q2�Üê³À�N�
ÈÉ�+,ê_ÜS C1�Üê³À�
� C1½¾ÜòÆ³À�A1³d�H
I.1ô»¼x
ÁÂVV+,Ëß³d�J�0	3

� 2.30:��49

� 2.31:��49 Qo�
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(4)456=÷ :

Eö÷ÂD�÷£áõ�ö÷��B�J§456=÷`C���ö÷
I.e_÷£Þßîï�ö÷áõ�eÉö�ÂD���ÁÂVL	�ö÷
g(��e_÷£Þßî�TÏö÷÷¼Z÷£áõ3

?×|0± 6�153�993 ± [4] �¿%&÷£Fí.(÷£Þß�Ý
ß��Ýß#�ö�?�FíÜ6 (position determination circuit)�:f¿�Ü
ð�8Ù9	±i�H
¿	±$ö�ö÷FíÜ6 (rotation speed detection

circuit) Ó�¿ëìö÷��Ü6J�!�^�%Ê8Ù9£�{��8Ù
9£FR��R�Ó�¿ö÷ Nc��ãÏ Nc 	±
Zëìö÷=��¿
Ü6 (rotation speed comparator circuit)��Ü6ÁÛ+g Nc Qáõö÷ Nsc�
3 Nc < Nsc�7�Ü6
¿VVëìÜÍáõ (increase voltage) �°±$ëì
ÜÍ¬¸Ü6 ( voltage determination circuit)X�F7
¿./ëìÜÍáõ
(decrease voltage)�ëìÜÍ¬¸Ü6�r�VV;./ PWM duty .ì�Ü
ÍVV;./�HI"�÷£Þß3

?×|0± 6�377�008 ± [16] �¿%&÷£Þß�Ýß�0� FG 	
±¼�Zëì÷£¬¸�� (speed discriminator) "÷£:f�:f�]b!
Ï FG �ËßQ�¾Ëß (reference period) "+g�NÉ FG �ËßÛ¸�¾
Ëß�V÷øù (accelerating pulses) �[ high level ö³� low level���ãy
� low level ��R� FG �ËßQ�¾Ëß��R���V÷øù�	±�
É�_ã�î,�g,¨�éêÜÍ�ÉQaÓÂ�"+gFi�HI.�
!gÛ duty� PWM �©��,�kV÷��É�.÷7����úA�N
� 2.323
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� 2.32:gN��	




���

IC-*�./0�12

3.1 BD6609fv�� IC)*+�

BD6609fv !ª Rohm �!��a�çèéêëìFç�íîïð IC�J
�!ù�� CD/MD�J ëìïð���` IC#iÜêáõÞßî�#a
�Üê¼�56�Ïëì¼��ÜêQÜêáõ+g����HÞßëìï
ðÜÍ�ÛÀ�ÉÕ-ëìö�?��íÜ6¼W�?�	û�HISa�
Ê«ëìì�öð3�` IC �ç÷£áõÞßî��üýf�çbe_ IC

�j�þ?;!j�Ü6Þßëìö÷��.ëìö÷�%éÂDZKÛ
÷£�FiMy��KÛ÷£��.�çN� 2.10���456=÷�ð`
C3ò�Fj��` ICóô.g�TÖ

1.#a�ðÜ63
2.#aÿJ�ïðàX (Soft-Switching)3
3.#a»¼Ü6 (Mask)3
4.#aÜó��.(_S�º�T3
5.#a FGv¿3
6.#a standbyÜ63
7.#aQ6��þ?3

42
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� 3.1!�` IC �ù�����e_������Ü6�HISa�Ê
«ëìR���ö� 1620619 �a�ËþpqË�a�Ê«ëì�a�Ì
£X 3646566�a�Ê«ëì¼���a��ÜÍQGë¦ÜÍ	±X76
869� ICj��Ë�ÜS�{�!�ëì�ð_`G��}��CU��ø
ÞßX16 !�` IC �°±�Üó��} IC #��ÃÄðïðX17 !�}�
ÆÜ�ÆïðÜ6�ÜóX11 � FG�	±�I0��°±Ó�ëìö÷3

� 3.1: BD6609fv[����
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3.2 BD6609fv�� IC,-�./

�3^_a&� 5���ÜÀopa�å¦YëìÁÂ��. YË�]
YQ BD6609fv �Ë�N� 3.2�ij�3JK�` IC ¿�Üê�íA�.»
k�¿�Üê�ëì�ö�a&�§G�³ü�Q)ø¿�Üê�
�3�
�3+�	ÜÀëÁÂ�{�!
<�ô�Üð���!��.�` IC �

�Ä�í�I.�}��Üð���%é¦��?QB6�ð�`C�.
H¸
�3

� 3.2:=��hY4���

AB"#

�~��?`C��A�l]��Ï�e_g�{&){H®h�`
C3
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1.AGXa � �

2.AGXa pq�

3.AGXa ST�

4.CSTHCSL1HCSL2�=���4� AGXa> ¡��

5.AGXajR¢Cc9d�Xa ^��

�?`C�{�!rª
¿w�]Ú�ª«�+ëì��ð���

7�ö�æKLR (Align) ���%&ö¤�8�x°£?���íg%&
ª«ðA3� 3.3�! IC�Âj�ÜS CST = 0.1uf�CSL1 = CSL2 = 0.05uf(

�¾� 3.1) ��?�ë�z����G� U �� HighXW �� LowXV �
� Middle��.I.:f¿�` IC �?`C�ª«!w�Ú U → W ���
V �B63�� 3.4G��3I.:f¿�?`C��RÛÀ�!ª CST  
±&½¾Ü�Ëß T1�ÉV�E CST ¾Ü1Fi ,CSL2 B�½ÜZ$R�
V2 ��R T2��.�?�R T = T1 + T23� 3.4G� V1�V2 �Z! CSL1¾Ü
Q CSL2 ½ÜZ$R��ÜÍ�I.
��E V1 = V2 = 2.8v ���?`CH
È��J�ZB56�ð`C��M!f��?`CJ�ZB56�ð`
C�Ýß!�Øw��RJ� ( ���� CSL16CSL2 Fg )3�ª¸ IC �
datasheet Gô;�gÖ� CSL1 Q CSL2 pq^����ÜS�ÛÀ��.
� 3.4G� CSL16CSL2½¾Ü�©!�Ëã¨Æ���
���ÑÜ�a`
ÜS�ÜS��r�)øÜS½¾Üúk�HI.J�ÑÜ�?�RdQ3
<���­�µÓ6ê-�?`C�m~�¿�
�EV�e����ëì
ÁÂ��HI.ª�a`ÜSHÑÜ�Lù��?�R�.ì�½��?�
�É3� 3.1!ÔÕe�ÜS���?�R�ª��I
��EÑÜ CST6
CSL16CSL2 �a`ÜS���?�R�Mô�s³�
�ÜSPÛ�½¾
Ü�òÆMPÀ�ì� V1 = V2 = 2.8v �J�Ç��2��RMPd�.�?
�RPd3
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� 3.3:AGXa> U,V,W�pq

� 3.4:AGXa> U �pq:��4� CSL1,CSL2,CST ��4Qo



 3! IC�ð`C�AQ�l 47

� 3.1:£¤¥¦4�S AGST

CST CSL1 CSL2 �?�R ª«²]
1 0.1uf 0.01uf 0.01uf 0.05625(s) U → W

2 0.1uf 0.033uf 0.033uf 0.06375(s) U → W

3 0.1uf 0.05uf 0.05uf 0.0725(s) U → W

4 0.22uf 0.01uf 0.01uf 0.1375(s) U → W

5 0.22uf 0.033uf 0.033uf 0.14375(s) U → W

6 0.22uf 0.05uf 0.05uf 0.14875(s) U → W

*+,!�"#

�~�B56`C��A�l]��Ï�e_g�{&){H®h�`
C3

1.Cc9d�Xa � �

2.Cc9d�Xa R�a§:R�^��

3.Cc9d�ST�

4.CSTHCSL1HCSL2��4� Cc9d�Xa> ¡��

5.Cc9d�jR¢ec9d� ^��

B56�ð�{�!�¼Ä¼�FGÛ��Üð�F���
¿%àU
���CU�cd�l��CUT+ëìö÷éê³õ���ëì��Üð
��kk³Û�.�¸I.ÅFJ��456�ð`C�Ç���.B56
�ðCU��»!cd�PQ��R#VÛ�Üð�²*3�B56�ð`
C��A�l]��� 3.5!B56�ð`C��ª��I.
�¿�` IC

�B56�ð`C�
¿���CUñ!%&eLÃ�æ�]��e�¸�
û��LÃ�æ�]���æ�]��Ú V → W�W → U�U → V��a�
ª«��ª«�Rg�i²]�ª«�RQk½©��.j�©2�eLÃ
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�æ�]�3

� 3.5:¥i¨2OPQ

�eLÃæ�]����Ýß!ªj�ÜS CSL1�CSL2 �Þß�
ª� 3.6I
����&Ëß� CST ½¾ÜFi�CSL1 B�¾ÜXCSL2

B�½Ü�� V1�V2 �Z! CSL1 ¾ÜQ CSL2 ½ÜZ$R��ÜÍ�E
V1 = V2 = 2.8v ��H"g%&²]���ðA ;V3�V4 �Z! CSL1 ½ÜQ
CSL2 ¾ÜZ$R��ÜÍ�E V3 = V4=1.8v ��H"g%&²]���ð
A��üýf�B56�ð`C���Ýßñ!ªj�ÜS CST6CSL16
CSL2 �Þß��ªs³�a`j�ÜS�HI.s³ÜS½¾ÜòÆ�J
�ÑÜ�%&²]�ª«�R�ì�s³B56�ð��CU�ª«¨Æ�
N�%H�HI.;Le����ëìÁÂ�ÑÜB56�ð��CU�
ª«¨Æ�.ì�KÈü�{�3� 3.76� 3.8�Z!ÔÕ CST = 0.22uf6
CSL1 = CSL2 = 0.01uf Q CST = 0.22uf6CSL1 = CSL2 = 0.05uf�ª��&
�I
�¿VÛ CSL16CSL2 I.+ TCSL ³Û�
�ÜSPÛ�½¾Ü�
òÆMPÀ�ì�J�Ç��2��RMPd��. TCSL ³Û3



 3! IC�ð`C�AQ�l 49

� 3.6:Cc9d�R�^�

� 3.7:Cc9d�R�^�
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� 3.8:Cc9d�R�^�

Ë��~��k�B56�ð`CJ��456V÷`C!���Ç�
Õ@g"J�����mn�N� 3.9���òk.a& 5���ÜÀ�. Y

Ë�ûYHopa�å¦YëìÁÂ���ª A/D��Øa�ÌÜÍ	±J
�Ü�"`Y:f�% �í�B6� (open phase) � U ��²]i�HB
�. D/A �
§aÓ�	±�"��Üð��©	±3�©	±�Qr-
�Gë¦ÜÍ�Vi
J IC #�¦~�N�%H�E�©�Üð�ÅF IC

#µ�J�Ç�i�IC#��B56�ð`CQ456V÷`CH���J
��N� 3.10�J�Z456V÷`Ci��3HI.rªs³ D/A��!
�aÓ� ( ©�Üð� ) ¨Æ�Þßæ�]��J�¨Æ�l;ÿ�J��
.�Üð�8Ù9£���4³�456`C3
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� 3.9:Cc9d�jRec9fg^��©ª«�
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� 3.10:Cc9d�jRec9fg

F�.�^_�í�B6�� U��²]�jB�. D/A�
§aÓ�
	±�<r
�¸�3r�´µ IC #��J�Ýß�k�üÜ6�IT�
�í�w���B6²]��:f����Üð�	±!ëÅFJ�Ç�3
²����_��i@zç)!^_B6�� U�;!<}���#I.�
H:f�Üð�!ëÅFÇ�.ì�B56�ð`CQ456V÷`C�J
���üýf��` IC �B6456J�Ýß%é��í�%��²]�
e!�w�;L���B6²]A�í3

B6456J�Ýß���ÈÉ@z
J IC �©�Üð�	±pq�
�ÅF²*Q¨Æ����»jT1ôJ��456V÷�²]�²*��
»!©�Üð�	±²*�ÐL�pqÛ¸ 50mvX¨Æ��»!©�Üð
�	±¨ÆpqÛ¸B56�ð`C¿�%��¨Æ3¨Æ��»!p�Ç
���M!f3�3^_
§�©�Üð�¨Æ,¸r�B56��CU¿
�%��¨Æ�7Ï&2N� 3.11GB56���CUQ456���CU
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���0�ÈÉ�ãçb.©�Üð�¨ÆHÞß��CU�J�¨ÆX²
*��»!½�Ç���M!f©+²*�ÐL��ôÅF$RÇ��7ç
bJ��456��CU�I!Q�
�¨ÆÅF$RÇ�*ß��I.]
©�Üð�¨ÆHÞß��CU�J�¨Æ�� 3.12H!�3��^_
§
�©�Üð��<²*�ÐL��ôÛ¸ 50mv��.çb,�LÃ�æ�]
�456��CU3

©+�Üð�²*��ði6úMI.VÛ�ÅF²*J�Ç��I!
���ëìö�ITîÄ»�ª«¨Æ�3�ß��.456V÷`C��
�CUA���ðA�7IT�	�ëì���>?��` IC �²*6¨
Æ$RÇ���LÇ�HI.äå�­�>?@!3

� 3.11:¬­®n¯°+ ±²
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� 3.12:¬­®tu°+ ±²

C+,DE"#

�~�456V÷`C��A�l]��Ï�e_g�{&){H®h
�`C

1.ec9fgXa � �

2.FG ³| ´µ�

3.ec9fgXa R�a§�

4.ec9fgXa R�^��

5.CSL1HCSL2��4� ec9fgXa> ¡��

[B56�ð`CJ�Z456V÷`CFi����ö÷ÿ�Gú�
F.�!I.�}��Üð��©�FiHI.]r*�G���ç�í�
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�¸¹HJKæ�]�����+,ëìö÷I.éê÷õZì]ö÷3
�` IC Ö�� FG 	±��¿]Y�N� 3.13���!Ïëìa��ÌÜ
Í UIN6V IN6WIN��ZQGë¦ÜÍ COM �_a&+gî�,� PU6
PV6PW 	±�PU6PV6PW É�_MASKÜ6�»¼¦~�Æäkâ� PU6
PV6PW ��J�0	i�É�_%&��;ð (EX-OR Gate)�HI.,�
FG	±3ª��Ü6�!� FG	±�I.@zE�~
JÆ�©�Üð�
	±@!8Ù9��FG 	±Hö]%Ê�N� 3.14����. FG 	±I.
I2!�Üð�8Ù9£	±3

� 3.13: FG³|´µ49�

� 3.14:s4�\³|: FG³|
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�` IC ����456V÷`C��CU!N� 3.15��ûæ�]�
ª«��æ�]�CU���Ýß�!rªB6���Üð��©F8Ù9
£	±��í�É¬­%& 30 £�?¯�HØ,��£.�zç�í��
Þß�N� 2.15f;3�` IC � 30 £�?¬­ñò!¼� FG 	±"�Þ
ß	±�Þß�`j�ÜS CSL1�CSL2 �½¾Ü�Ý�N� 3.163E FG

	±ª Low ö]� High�¯R�HB�.%w�Üê ICSL1(charge) L CSL1 ½
Ü�éZ FG 	±ª High ö]� Low ��É.ÛÜ�Ø� ICSL1(charge) �w�
Üê ICSL1(discharge) L CSL1JK¾Ü�ðA�éZ VCSL1 g(Z%&w�ÜÍ
1.2V���H���g%&²]Xi%`j�ÜS CSL2 �.���Ýßð
A�.Ø,i%&��£3�.ªÜS½¾Ü��YHI.y,g��Y
�Ö

tCSL1 = tFG ∗
ICSL1(charge)

ICSL1(discharge)
(3.1)

tCSL2 = tFG ∗
ICSL2(charge)

ICSL2(discharge)
(3.2)

ªY (3.1)6Y (3.2) I.y¿ tCSL1 ÛÜ! tFG �%¨�R���&�Ü
ð�8Ù9£FR�ÜúÓÜ�! 60 £��M!f�tFG !ëìö��k
60 £ÜúÓ��R�� tCSL1 H! 30 £ÜúÓ��R�ëìö�HI.ì
� 30 £�?¬­�Þß3+� FG 	±"�Þß	±�þ£H!I.]r
ëì���ö�>?�æð��ÑÜ¬­�R�ì���£�KÈü3+
NEëìR��ö�� �V�%&j�ÁÂ�+,�Üð�¨Æ³À�
tFG³Û��� tCSL1HI.æð��"�Lù�ÑÜ�ì���£�KÈü3
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� 3.15:2OPQpqQo

� 3.16: IC 30N�Gvw¶y
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FGH��I

� BD6609fv �` IC G�Üê��?6B56�ð`CG�³üN
� 3.17���I.I¿��?QB56�ð_`G�IC #!}$w�ÛÀ�
ÅÂÜêJK�ð�`C��M!æ��ÆÜ�Æ�B¹!!.ÜêÅÂ�
]Y�"J����ô^_. PWM(Pulse Width Modulation)ÞßB¹J��
�.�� IC #��*êÜ6H��L��pqäå�ÜêÅÂ�>?g"
# IC3

ICj�ô�&jËÜÀ�)øÅÂÜêÛÀ���&ÜÀ�Z!Üê�
íÜÀ RF Q*êÜÀ RIB� (�¾� 3.1)�Üê�íÜÀ�{�!¼�Üê
�	$ÜêÞßîX*êÜÀ�{�7!äåÜê_Û�"# IC3�kíA
��`j�ÜÀLÜê�)ø��.µÓk%&���ÁÂQ�a&� 5 �
��ÜÀ�EÜê�íÜÀ RF w��>?g�I.rªs³ RIB �ÛÀÑ
Ü*êÛÀ�N� 3.2�RIB ÜÀPÀ�"# IC�ITëPÛXI! RIB _
ÀÉ�	�ê�ëì�Üê_À�çbôFG�ö¤ïðëì�ö3Ew�
RIB �>?g�s³ RF�Üê��|Fs³�RF PÛ�ëì��Üê�M
PÀX�F�ëì��Üê�MPÛ�N� 3.33ª��IV�Üê�íÜ
À RF Q*êÜÀ RIB �ëì�ö_`G!I�HÞßëì�KÛÜê3
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� 3.17:µ04�Qo�

� 3.2: RIB i­�4�'· ./

RF RIB Üê�
1 1Ω 10Ω Û¸ 1.1A
2 1Ω 50Ω Û¸ 1.1A
3 1Ω 1KΩ 0.415A
4 1Ω 10KΩ 0.372A

� 3.3: RF i­�4�'· ./

RF RIB Üê�
1 1Ω 5Ω Û¸ 1.1A
2 5Ω 5Ω Û¸ 1.1A
3 10Ω 5Ω 0.62A
4 50Ω 5Ω 0.28A
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3.3 BD6609fv����,!

�. BD6609fv ïðëì��A���~^��a�çèéêëì ( N
� 3.18 �� ) ! 9 $ 12 ·�a�Ê«ëì ( #���ôä&$�j�ö�ô
12 · )�<ëìÖ×N� 3.43j�ö��·���Ó£! 30 £�ªÊk«
��n2X#����7!�Nt�¦u��N�w�¦u�� 5 £�
�
�$���ÝÝÓ£� 30 £�$Q$�GN£�% 40 £�<G��&�'
t¦u��R3ª¸#���ô�íî�
�pqrªç�íïðñòH:
fö�Q����L?��J�s³¦uÜê�êð]Ú��!%RÚ�
�¤�yðj�ö��Sa�çèéêëìTG(�%]Ú�ö3� 3.196
� 3.20H!. BD6609fvïða�çèéêëì��A�QË¦�3

� 3.18:=�¸q�� ?@ (ROTOR):A@ (STATOR)



 3! IC�ð`C�AQ�l 61

� 3.4:=�¸q��¹º

λr 7.62× 10−4Wb− turn
Ls 0.136mh
Rs 1.95Ω
J 17× 10−7kgm2

Bm 5× 10−3Ntm/(rad/sec)
M 0.63mh

� 3.19:» BD6609fv��=��������¡�
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� 3.20: BD6609fv¼h�
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� 3.216� 3.22�Z!Eëì�ö�ì]ö÷��a�ÌÜÍ�©��
.(0� CSL1�CSL2ì� 30£�?¬­��©��ª��&�I.I¿e
)!ëìÌÜÍ�æ�]�CU;! 30£�?¬­�Ab#QF�.ÜÀo
pëì�íA��ë!%��3� 3.23I.�l FG �©��¿]Y.(�
` IC �»¼�T� UIN6V IN6WIN !ôJ�0	12�a�ÌÜÍ��
ZQGë¦ÜÍ COM �_a&+gî�,� PU6PV6PW 	±�I.
�
�J�0	Q�¿z� PU6PV6PW ��Fi�_ MASK Ü6�»¼¦~�
É�_%&��;ð (EX-OR Gate)�HI.�!�ôJ�0	� FG 	±�
ì�»¼��T3

�j��` IC �¿�Üê��?6B56�ðQ456V÷`CG�
³üN� 3.24���I.
�� IC }$KÛ�Üê.JK�?QB56�
ð�`C�FiJ��456V÷`C���Üð�²*|�ö÷�D�é
êVÛ�ªY 2.5I.VWE�Üð�²*³Û��IC �}�ÜÍ��Üð
�)*ä%��¸!Üêéê³À�é�ëìö÷�D�ì]���Üð�
²*eÉVÛ�Üê�©B��¸ì]3

�k��gÓ�ç�í�ö`C��D�R��~^_��9���N
� 3.25�÷£	
î�	
]Y!Ï�9jïÑÒ���V� 90l;Î�Ï
Ð��0��»fî SY-508�í��;Î�ÏÐ�N�±H��»fîÏ�
;L;ÎÏÐ�!]�°± ( ëì�ö%u��»fî��! 90 &]� )�
�.��e_ A/D ��Ø�]�°±�ÉÓ�¿]��¨ÆiÉò. 90 �
�ëì����ö÷�3e_�&��]b�HI.;�g�í�Ü&ç
�í�ö`C��D�R.(ì]ö÷�N� 3.26��~I
�¿ëì[�
?6B56�ð6456V÷�ì]�öÛ+� 10(s) ��R�<ì]ö÷
Ü 3800rpm3�ã�` IC �e�}+��I.s³ëìì]ö÷��T��
üýf�+��çbe_ IC �j�þ?;!j�Ü6Þßëìö÷��.
ëìö÷!%éÂDZKÛ÷£�FiMy��KÛ÷£3� 3.27!�
V
�%&j�ÁÂ�ö÷��©��ª���~I.I¿Eëì/�¯R�±
&j�ÁÂ�ö÷g(���` IC #��ÜêÞßîVÛ¿�ÜêÏö÷
÷¼Zì]ö÷�>©3



 3! IC�ð`C�AQ�l 64

� 3.21:=�½4¾Qo�

� 3.22:�GvwQo�
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� 3.23: FG³|´µQo�
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� 3.24:4�Qo�

� 3.25:¿$ 90ÀÁÂÃÄ ÅÆ
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� 3.26:?gQo

� 3.27:fÇ�� ?gQo



�3�

456-*�.%�789

B56�ð`CGKL��M!NO�PQ�R#��!PÛ��Üð
�²*�+ëìPTJ��456�ð`C�[QB56�ð�R3
��
�%!�`YopJ�!;LB56�ð`C¿���CU,.op�}�
��¿�¿�&ÔûB56��CU�rª`Yop�ÈÉQWXYB56
��CUA+g��cdT�PQ�R#¦,PÛ��Üð�²*�ij�
�;L BD6609fv�í�@z�B56��CU,.`Yop�.opÈÉ@
z���CU�þ£3-!�`Yop�!ª Visual C++ 6.0 edition �an
�2��+��ëì��!.F��í�ëìÖ×%��( �¾� 3.5) .H
¸FiI.�A�lopÈÉ3�h)B56��CU�opÈÉ����
�WXYæ�]�Qa�]����CU3

4.1 �012�3012��

WXæ�]�ïð]rÜêêÚ�]Y�� 120 £	ÚQ 180 £	ÚÞ
ß�<ïðr~N 2.1d��� 120£æ�]�ïð!.¢�	Ú��¦u�
>?gïðëìX180 £æ�]�ïð7�¢�	Úa�¦u�>?gïð
ëì�N� 4.13e_ª¸ç�íîïð]Ypq÷¿Ä	Ú���Üð�"
�ëìö�?�Þß��.^_ 120 £æ�]�ïð]Y3� 120 £	ÚÞ

68



 4! B56�ð`CF`Yop 69

ßG�æ�Ü�Æ�Ê�ô�&Ü�Æ	Ú��Z!	Ú����B¹Qg
�B¹��üýf���&²]¿�p��ô%��´	Ú��N� 4.2�
��H! Tr16Tr4 �	Ú�²]��.W�H!´	Ú����HI.0�
W ���Üð�"ëì?�Þß3� 4.3!Ïëì 12 ·ö�« ?�=��
æ&ÏR��æ�]�ïð!�Ø� 60 £ÜúÓ (10 £ÝÝÓ ) ��%Ê�
�.%&ÜúÓËß#�ôæÊ���ëìö�-�ök 60 £ÝÝÓ�N
� 4.4���
�3T.æ�]����CU��g���£JK���ð
AHT+ëì/0g�ö3WXa�]�ïð!�Ø� 120 £ÜúÓ (20 £
ÝÝÓ ) ��%Ê��.%&ÜúÓËß#�ôaÊ���ëìö�-�ö
k 60£ÝÝÓ�N� 4.5��3

� 4.1: 120È180NKL��
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� 4.2: 120NKLC���

� 4.3: 12�?@qF7�b 6�ÃT

� 4.4:2OPQ��?@;<�
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� 4.5:=OPQ��?@;<�

-!d�B56��CUop#!����Ò+gJK�.�¨ª«
�]Yop��.�Üð�²*ÛÀ6LÃëQe���<ëT�.�( e
��ñ�ëìö��ö�ÜúÓ£T»�ª«áõ )���ëT�.�Öî
g�^_. 40Hz �¨ª«JK��CU�op��
�æ�]��%&²
]!Ú. 60£ÜúÓXa�]��%&²]!Ú. 120£ÜúÓ��.æ�
]��%��¨Æpq!a�]���Ø�� f6 = 2f3 = 40Hz�N�jT+
g¿�%&��CUT�B56�ð`CôK��ëT�z3

4.2 30124567�89�:

� 4.6!opB56CU!æ�]��>©�ª� 4.7G�ö÷�©I.
I¿ëì!.Ü 25 / 60 rpm �g�ö÷�ö�ö��ö�Ó£�6ì��
VV��ô���>©3� 4.8!ö¤Q�Üð��©��ªö¤�I.I¿
<h0¦!1�¸� 2.6��©���Üð��©7!6LÃg�RÁ 47mv

�g233
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� 4.6: 40HzAnpq 2OPQ

� 4.7:?gQo:ÉGz�
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� 4.8:?U:s4�\Qo

4.3 �0124567�89�:

� 4.9!opB56CU!a�]��>©�ª� 4.10G�ö÷�©I.
I¿ëì!.Ü 10 / 75 rpm �g�ö÷�ö�ö��ö�Ó£�6ì��
VV��ô���>©3� 4.11!ö¤Q�Üð��©��Q� 4.8+gI.
I¿a�]���CU�!�ö¤+æ�]��!�ö¤ÛkÜ 25 %��.
I.+ëìö÷+æ�]�õ��ªY 2.2 I.VW�Eëìö÷ ωr Põ�
�Üð�²*�MPÛ��.I.
��� 4.11��Üð�²*�+� 4.8�
Û��ã�Üð�²*�ÐL�Iì 59mv�I!��Üð��©q£!LÃ
ëeÈ��.��í�Üð�8Ù9£��S.
�íÜ6�´~��ù�
@!�íe�8Ù9£�>©3
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� 4.9: 20HzAnpq =OPQ

� 4.10:?gQo:ÉGz�
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� 4.11:?U:s4�\Qo

4.4 BD6609fv4567�89�:

� 4.12!op ICÖBD6609fv �B56��CU���&CU�opG�
�kTQWX�æ�]�Qa�]�+g�+<xÍö÷#%­�
�^
_. 22 Hz �¨ª«	Ú W → V6U → W6V → UX. 220 Hz �¨ª«	Ú
W → U6U → V6V → W�HI.ì��� BD6609fv �B56��CU3ª
� 4.14G�ö¤�©I.I¿�B56CU�!�ö¤�©ÜQa�]�%
­�I!�Q� 4.11�ö¤�©+g�I.VW�B56CU�!�ö¤�
<¯R²*!À¸a�]���!�¯R²*��.� 4.13Gö÷�KÛ�
�À¸a�]���
�� 4.14G�Üð�²*�KÛ�Ü� 50mv�¹À¸
a�]��!��Üð�²*�I!�
�RÁö¤#+a�]�H,À�
�.ëìö�ge�ô4ð�>©�
��Üð��©e��!��a�]
��eLÃz«��¬ka�]��q£����Üð�²*�TVÛ��
ãëì�T/0�ö��ô���>©3
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� 4.12: BD6609fvR�a§ÊË

� 4.13:?gQo:ÉGz�
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� 4.14:?U:s4�\Qo

4.5 ;<4567�89�:


�� 4.7Q� 4.10I.@zWXYæ�]�Qa�]��ö÷KÛ�#
!w���
�<�Üð�²*�KÛ��w���&� VBemf�e�ô-
Û�³ü�35�Û���ëì�;!ëì��ð�67�-Û�	�ëì
xÍö÷g(�+, VBemf »�g(�IT�çbÅFJ��456`C�
Ç��	��ð�8��.ÔûB56CUpqT è�&¡)3�39A
�r-�B56CUGV§2ð�+�Üð�²*T�2ðV§iVÛ�7
5���¡)��g(i�²*QTÅFJ�Ç�3

-)*]^��]b�¿k�&ÔûB56CU��op<�B56�
ð`CG�ëT�z�� 4.15! %&B56CU�op��3^_�r-
40 Hz �¨�æ�]���CUG�Á§ 20 Hz �a�]��ª� 4.16G�ö
÷�©I.I¿r-�æ�]��T+ëì.Ü 25 / 62 rpm �g�ö÷�
ö��Á§a�]�i�ö÷KÛ� ωrmax I.VÛ� 74 rpm��ãFiÉ
	Úæ�]���ö÷e�g(�r-� 62 rpm��!.Ü 70 rpm�ö÷�
ö���Üð�²*ÛÀ�|�ö÷�����!N� 4.17G�³ü�N�
%HHI. è��¡)3®h<r
�¸a�]��2ðVVkëìö¤
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( N� 4.17G�ö¤�©� )�+ ωrmax �D��.FiÉ	Úæ�]�i�
ωrmax Me�ä�r�����Üð�²*
�TgWXYæ�]�VÛk
14%�ãô¨��LÃë�ëì�T/0�ö��ô���>©3

0�a�]�TG�!+æ�]�Û 20 / 30% ö¤��ë��3�¿
 �&B56��CU�� 4.18!�B56CU�op��3^_�. 20 Hz

�¨	Úa�]��ÉÚ. 40 Hz �æ�]��cd�Üð�TG�%B�
H�!+gÛ�²*3ÈÉªop� 4.196� 4.20I.I¿�	Úa�]�
I.�%B�M,�+gÛ�ö¤Q ωrmax��ãFiÉ	Úæ�]���
ωrmax ÞP�D+,�Üð�²*VÛ� 62.3mv�gWXYæ�]�VÛk
32%�ãëì�T/0�ö��ô���>©3

� 4.15:ÌÍR�a§ÊË
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� 4.16:?gQo:ÉGz�

� 4.17:?U:s4�\Qo
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� 4.18:ÌÍR�a§ÊË

� 4.19:?gQo:ÉGz�
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� 4.20:?U:s4�\Qo
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� 5.1:�©ÎÏ

� 5.2a !	Ú 40 Hz æ�]��� U �ÌÜÍX� 5.2b6� 5.2c 7!ì
£e���Üð��©�
���&�I.@zæ�]��!��Üð��
©!6%���²*��ô-Û³ü�<KÛ�Ü 70mv3

� 5.2: U�½4¾:s4�\Qo



 5! B56CU��ÈÉ 84

ICÖBD6609fv �B56��CU�A!^_. 22 Hz �¨ª«	Ú
W → V6U → W6V → UX. 220 Hz �¨ª«	Ú W → U6U → V6
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©�I.I¿�Üð�+æ�]�BÛ�ãôLÃ��ë��.Q��op
�ÈÉ!I.���l�3
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