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Design and Implementation of a Sensorless Control Chip for a Small
Three-Phase Brushless DC Fan Motor

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

National Chiao Tung University

ABSTRACT

This paper presents the development of a sensorless control chip for a small three-

phase brushless DC(BLDC) fan motor. The fan motors mostly adopt the single-phase

design now. And they need a sensor to detect the rotor position. For various products

applied to the fan motor, such as notebook, there is a trend to miniaturize. It is un-

avoidable to make fan motor miniaturization, light quantization, high performance and

high precision. Therefore, in this thesis, a FPGA (Field Programmable Gate Array)-

based chip design is taken to implement a sensorless control chip conceptual core for

three-phase BLDC fan motor drive, utilizing VHDL (Very High Speed Integrated Cir-

cuit(VHSIC) Hardware Description Language) modulation techniques and competence

from system planning level opinion, improving the single-phase characteristic reached

of fan motor at present.

The proposed sensorless drive scheme is verified with the Visual C++ simulation

first, and then is realized with FPGA-based chip collocating with voltage sensing cir-

cuit, motor drive and peripheral circuit for constructing a sensorless control system for

a three-phase BLDC fan motor.
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$¦§�'�á%3&ÛÜÝÞ�¨4æÖçÚèé�m
�Ò<>9
�ç.�ø©ª�«¬x�M��­®�¯î¿oÃÐÃ°ÁØ�±²�ç
ñ'����³ÛÜÝÞ�8´ý!µV�ì³¥$��]ÙÚÝÞ¶·­
�¸¹çÚÝÞ�D�L�"Ñåº½»¼×Ø½¾ÛÜÁ¿ Papst ��À
Á�ø�¥$�§ö'�Â·½$<�Á¿î Ebm.Comairrotron�ÃU�O
P#ÄÝÞYÓ�éÅ�ê½£½¾ÛÜ¿ZÆ.ÞÇ.�Þ.ÈÉ.ÊË
UÌ¤÷�Í¥ÀÁø�� Î�«ÏÒ§��ì³�Ð���êëÙÚÝ
Þ�èé!�ø"&U�ÿ­ÑÒ�<'Ó­YÔÕ4�]Öz×Ø�"�
]YQR-�ÓèéÙÚá%3&ÛÜÝÞ/0í�)]*+ÑåçÚÝÞ
�Þ¤÷�,��ÙÚ�­®ÛÜ¬Ý¸¹çÚÝÞ"

á%3&ÛÜÝÞL/0ì�âíMÞâ¥ÝÞô��LLWõ�/0
íß©à¥áâ�no ��ÝÞ\?ãô�2äìåæô[óâæõîï
ðñò.çèéí°êvíD��4â�®�âíLêë-ì�¡�­YU
ìåíî�î#2Mï�7ÛÜ��ð}Á�Uñå�ò_ÛÜÝÞ�­
Y"öXVØÕÖ÷ÛÜÝÞ�ø��î notebook�<ùúûü×ýþ�ÿ
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��ÛÜÝÞ�×Øý.ú�ý.��©ý!���-ý�4¤��	�"

·ê�õöÛÜÝÞ÷×�ð��âí�ø�ù¢ú­�ûü×Øý�
2_��
ý"#$��âíYþXÿ-.� ��D
ý©ª��ÛÜÝ
Þ�©�
#�âí��ÝÞô�Wõ ��©��ÝÞÄÅ���-��
��÷�®�	¡�]¤ìô�Wõ�âíLá�â/0íú}���
�
��ëÛÜÝÞ�
��V�Yþ�âÛÜÝÞôz���
�ú�Á�

#ÛÜÝÞ�2ú�»0�æõ��]ïá�â/0"&ÕÖ�ÛÜÝÞ�
2L��ÓÔ��L/0"&"

��×ØÛÜ��.��Â��Ö.|whÛÜ�Ö���Ñå��Ø
Â�� CPUÛÜ'Á�æÖÿÄÛÜ"&�<m@Ð�4�zÇ��� CPU

�ÿ-�<�¤¥� CPU ÛÜ¤}Â5]ÄÅÛÜôz�âÿ-Ø¡�Û
Üôz�0×Ø�ÿ-�¡�ÛÜôz�0*�"
#�èéÛÜÝÞ¤¥
	O¡� ��NÂ!O]$�Á�"2èéMÙN	O�<Ñ�Ð�4#
$ PWM ���)mÇ��%} PWM ��� Duty ú�]ÄÅÝÞ�Â5�
�$ÿÄÛÜ�"&"


#�YRÑ�ú4&XÒ×ØÙÚá%3&ÛÜÝÞ�]á�âío
ÚÄÅ����)mÝÞ���Â5 �/0ÝÞ�]Þ÷á�âÄÅ�Ñ
��ê��ÕÖ�ÛÜ'�IC�ð'(�×�])*+ÝÞY��å'ÛÜ
ÝÞ�ôz'|¤ì�ÄÅ�>?�Æ�
#YR�,�Â&ÄÅ!z-Ä
Å�t©���$ÿÄÛÜ�"&'��])m#$ PWM ���%}ÝÞ
�Â5�Á×�OêÞ÷z-|}�Ñ�"

1.2 �����	
��

Ñåá�âíoÚ/0!ÄÅ"&Á¨«Ö�ÕÂ0� (back-emf) M�
VoÚi�<m
�Ò��Â6��$B�ç�ÝÞ�Â5��â^¸7U
B©ª�
#­Y�]×Ø"ê�Ö#i9��	�ÒÝÞôzzØ¡��
ÕÂ0�-.z×� �!� AzØ�Ó­oÚi/¦0G��7ÝÞá
9ª«�ô�
#�«Ö�ÕÂ0� �/¦oÚi�Á��	�Ò»0�
'(��Ö2®i91ÝÞô0�3÷ÝÞôz2Á��ÕÂ0��-.3
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2(�oÚi�/¦�ß©«Ö�ÕÂ0� �M�VoÚi"ÝÞá�â
íoÚ�/0�Ù_{�¹(1)VW4(2)Y�6»04(3)��6oÚÄÅ"

(1)VW¹

mÒÝÞ�56Wõ4U»����1ÝÞ©2ª«�ô�'(��z
VW�{��ïÝÞ�ô�X\Ú2_ô_�7�F8iWõ��Ò2_{
�Y�6»0���©2�8±0ô��ô"

J. S. Kim, and S. K. Sul [1]��9V	À­�ÚO:�)�]�ïÝÞô
�9V�­_Wõ��ÝÞ�U»0åú�;�7»ô�L56Wõ�·�
2�</0Â6L	Àª�==>?�	À"S. Ogasawara, and H. Akagi [2]U
�*¥ÀÁ�VW{�"

@½A«�M 5,343,127 � [3] *¥B2ÄVW{���à¥£V�M2
!oÚ ��ïÝÞVW�«mÒÝÞô��56Wõ4U»���]C�
ÝÞô�2Y6)�hi�Wõ ( ú4�LWõD!V���¯��igF
PëEÚ�Ó­¯�_�7 )�#ö2à2=!56�oÚ��ÚH�!�
oÚ ��]�	'�hi�pq"

(2)Y�6»0¹

mÒÝÞ�Øôz¡��ÕÂ0��-.z×�
#�óâoÚi¡�
©ªF÷� �GHêÓ­oÚi/¦0G��7ÝÞá9ª«�ô4

#�'()mY�6»0�{���IU7÷32Á��ÕÂ0�Lå��
à¥9V�oÚ����7ÝÞ�]ª«��ô�êõöoÚ��JØK=
=ñåÚ�K��]�7ÝÞ�ôzLM}��|ë1ÝÞ��ÕÂ0��
-.LMñå�â�ÕÂ0�¤ªF÷� �GHêÓ­oÚi/¦0G
¡�N�]O+��6oÚÄÅ�{�"

@½A«�M 6,153,993� [4]*¥�ÝÞY�6»0¡�
�O��� 
��]PâoÚiWõ��]¤¥2!£Z�oÚ�� (forced commutation)�
#oÚ��4æÖ PWM ÄÅY§�no�|]ÎEi^}K�Ó�ià/
0"

S. Nagamori [5] *¥�Y�6z{��ÖÙEi^VK�Ó�� 1.1 �W
�ÙEi^!ÎEi^������QæÖÙEi^�����©2A:Ø
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�ÎEi^����ñå 20 % ÷ 30 % �ô_��]�Ú}
�Ò��]×
Ø»0Â&"

� 1.1:���������	
��


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

@½A«�M 5,726,543 � [6]  ��Y�6z{��ÖÙEi^VK
�Ó�|R+B2!�K�ÙEi^��7�ÕÂ0�-.�Á×�]J
370mV ñåÚ 500mV�
#�]*Sno÷��6oÚÄÅ�{��÷üY
�6»0�¡¢"

(3)��6oÚÄÅ¹

âÝÞôz�Ð2Ö�3]ø��]êë��ÕÂ0�^q�ú�]O
+��6oÚÄÅ�{�����6oÚÄÅ�{���
��]/¦¥Ý
Þ�oÚi�
#ÎEi^oÚ���ú"23JTÒU"��6oÚÄÅ
L"&4Á�«Ö�ÕÂ0�Móâô��L�Wõ�OêÞ÷oÚÄÅ�
Ñ�4� 1985 ��K. Iizaka, H. Uzuhashi, et al. [7]N*¥�]«ÖÝÞ�Â5
��â�PâU�ÓÚ�ÕÂ0��7¿�i ( Â56m
6}­\6°m
\6}­
6 )�âU�ÓÚ�ÕÂ0�Ó�7¿���24¯2_ÝÞÂ
uv 30 -�ÚWwx�N�]Ì÷oÚi"��ÖU�ÓÚ�ÕÂ0��
7¿�iM/¦oÚi¡ì�V�� �ø��
�� "ø�C�7¿�
i���oÚi�Pâ"� ÁdW"�noÂ&ig¡ø��
�Âã�
�no¡Â&X¢"mÒY�IJKL�&¥�#¡ú"Ó­C�7¿��

#��2=oÚ�¨'(Z[no� �Ó­�C7¿�"

JJ. Shao, D. Nolan, and T. Hopkins [8] *¥�2Ä PWM(Pulse Width Modu-
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lation) �no\,Móâ�ÕÂ0��7¿�i"]�à�ÕÂ0�7¿�
ióâÂ6ïU�ÓÚ (floating phase) ÚÂ5!��OÂ5Ðz�9í�7
÷�Â5HN4#�,��ÕÂ0��]�i9�^i�ÒQ�Ö PWM /
0Î£Y§�PWM ���ï"_å���O'�	`�ÕÂ0�7¿�i
óâÂ6óâ÷C7¿�i�
#óâÂ6'(�Öa^íab PWM ø�
�� ��4a^í"ø�ÚWwx��	�Ó­oÚiPâ0G�c<4
âÝÞ��ôz¡�ÚWwx��	d�*�"��ê�#�	�#R´�
�] PWM 	À'£Âã�Y§�ÚXÕ�Ò£Âã�ev)�	À�,�
ÐmÂ6i{à�Í	�]Í»�â PWM��� off�Õ¢��ÕÂ0��
6�U�ÓÚÚÂ5�ÙWLKf�
#�g�óâ¥U�ÓÚÚÂ5�7
¿�iN�7»�ÕÂ0��7¿�i�
�#i9�]�	a^í�ÚW
wx�	��]�]ÕÖ�ôz;hUABi"

R. C. Becerra, T. M. Jahns, and M. Ehsani [9]*¥2_�ÕÂ0�ðW9�
"&MóâoÚi"m@4â�ÕÂ0�Ó�7¿���Nï�ÕÂ0��
jX6Ðz2ðWí�âðW��6 Vint Þ÷Ôè�6 Vth �úà¥oÚ 
��
#��z Vth ^ðW?ß�èV�]|ò 30 -�wx¡¢�U�]4
¯ôz�Ø�OPÚWÛ�°ÚWk��lm�jî��ôz¡��]ïð
W?ß|Á.÷×wx¡¢�]*�dÆ1�oÚ4#"&���	no�
 ø��C7¿���ðWí�6���2=oÚ��NïðWíèV2 
¡¢¤�0(�D÷èV�¡¢z�ßY6óâ7¿�i�ø��î#ú�
]�	Ðmno� �ø��C7¿�i"

K. Y. Cheng, and Y. Y. Tzou [10] *¥2_ßWàÚWCí�#ÚWCí
no��_pÁÒ7�éßí�|«Ö��_éßíÞ÷PâÝÞÂuv
30 -�ÚWwx�<m@¢DîÒ¹��V¡ P (k) ! N(k) Wq�\
rs
Ó�éßí�éßí�tñ!t��Wq� ri ! rd�â�ÕÂ0�\rÓ�
¡ ( Â56m
6}­\6 )�\géßí P (k) Y6] ri �z´uå�3÷
�ÕÂ0��
rÓ� ( Â56m\6}­
6 )�ê P (k) éß÷�6N�
ÝÞ�ôÂuv 60 -�ì��¡¢�
#���wxÝÞ�ôÂuv 30 -
�¡¢�g�ï P (k) ��ÕÂ0�
rÓ�¡%]�f ri �z´Òß�N
rd = 2ri�â P (k) ÒßÚ7¡ú¹�ÝÞv\�oÚ¡¢i��ÕÂ0�
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rÓ�¡�Æ(m@w}�g4�Ö N(k)éßíMÞ­"

S.Ogasawara and H.Akagi [2] *¥�]«ÖÝÞ/0Â6��IJKL�
óâ�ÕÂ0��7¿�i�¤z#"&g©ÕÖ��ÕÂ0�^q4xq
^�ÝÞ'"<m@�ÝÞ�oÚX¢�Âã�Y§m	À�,}­>	À
�,¡�Â&"ÀzyÂã�zLIJKL��)mÂ6i{à�Í	�g
�óâU�ÓÚÒ£Âã�z�IJKL�	À�,)�]���ÕÂ0�
7¿�i�óâ"#i9U�]ê�ÝÞ�»0°Øôz¡��ÕÂ0�-
.z×êá9óâ7¿�i��	�«Uì�B2ä{��óâÂ6"

J. C. Moreira [11]*¥2_¤Öóâ�ÕÂ0�7¿�i�U¤ì�wx
Â6�oÚ"&"�ÝÞV�O:� YØ|#�NòÒ�¤"ø�Ù=}^
�Â&��]ÚÂ5�Ù=}^Â5­Wg!u~Â5�§�ÐmðWé�
��]7÷ô��À�Ù=}^�â#6Ó�7¿�¡�N�ÎEi^�o
Úi"#i9��i�Ò¤ì�Á�°{��a^í�Z[�a^íÚWw
x��	�2å'�ØK¡�Ù=}^A]��Â5�â9d©ªóâ ( 

�Ù=}^�K´4�ÕÂ0��Y^�Ùf )��]#i9�]�ÝÞ�
BÁ�ôz;h�ê#m@g©áÖÒ�ÕÂ0��xØ^�Â0Ã'"

@½A«M 6,316,894 � [12] XÒ]��oÚóâÂ6
Y§noêø�
�no� �*¥2_]��Â69­�r�Â6 (mask circuit)��g�ï
�� �Ðz#2r�Â6�oÚóâÂ6N��,no� �Ó­�C7
¿�i��ÝÞ\?�ô"

@½A«M 5,886,486 � [13] *�2_ßWà�ÚWCí�]Þ­ 90 -
�ÚWwx"#ÚWCíno�Î_éßí Pa.Na.Pb.Nb. Pc.Nc"��
V¡ Sa.Sb.Sc  �Wq4ÙÚÂ5!��ÚÂ5AB��¤¥ ��Pa.
Pb.Pc Wq
�éß Sa. Sb.Sc  �� high�¡¢�Na.Nb.Nc Wq
�é
ß Sa.Sb.Sc  �� low �¡¢�
#�2_éßí�éß¡¢¨4ÝÞÂ
uv�ô 180 -�¡¢�Cè Sa  �m high ô� low( �ÕÂ0�Ó�7¿
� )�%m Na éß Sa  �� low�¡¢�â Na éßÚ Pa 6�2�¡�N¹
�ÝÞÁ��ô�Âuv 90 -�
#à¥oÚ ��|ï Pa �7�Na ��
éß�â Sa  �m low ô� high�%m Pa éß�â Pa éßÚ Na 6�2�
¡�à¥oÚ ��|ï Na �7�ê Pb.Nb.Pc.Nc �0(U42��
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#�]«ÖÎ_éßíPâ¥ÎEi^�Î_oÚ �"

@½A«M 6,111,372 � [14] èé�2_ÀA� mask Â6�# mask Â6
"¤¥2_ mask  ��â mask  �� low ¡�óâÂ6|¤"óâ7¿�
i�mÒÝÞ�»0¡°�
�ñå¡�"ø�BÁ�Â&�
#<no
� �¡¢U"Bh���Z[#�	�# mask Â6���ÝÞÂ&��
 ��ÝÞÂ&ñå¡< mask � low�¡¢U"ñå�]�	no� Ó
­�C7¿�"

Ñå§ö'çÚÛÜèé�¤¥	O��OàFÙOà�Ä²9��
Oà²9�¤¥	O� Vcc ! GND�êÙOà²9�	O � Vcc F GND

$�Ino�MÙN	O�<t©èé����ì³�]�W�¹

1. ôzÞâ��¤¥ (FG Signal Output)~ Open-collector

2. ����¤¥ (Alarm Signal Output)~ Open-collector

3. z-ÄÅ��¤+ (Speed Control Input)

(a) ÿÄØ (Thermistor)

(b) bôzØ (Two Speed Operation)

(c) {^|}ÄzØ (PWM Signal)

��ØÂ�Á�æÖÿÄ"&M/0ÛÜÝÞ�<Ñ��Ò×ØÛÜ�
�.��Â��Ö.whÛÜ�Ö��"ÿÄ"&�m@Ð�4«Ö¾�
ÂûóâÇ�ÿ-�2)m PWM |}ÝÞÂ5�Þ÷%}ÛÜôz�Ñ�
([15]� [21])"

mÒYQRÐ�4&X×ØÙÚá%3&ÛÜÝÞ�èé2��$�ß
Wàá�âÄÅãä�����­Y!�¯Ñå§ö'çÚÛÜ�èé�Y
Rï�Vó��QÚ§�èéi9^ßWàÚWCí��$"

1.3 ��
������

YR�Ñ�Ð�4&XÒ×ØÙÚá%3&ÛÜÝÞ�]óâU�ÓÚ
�ÕÂ0��7¿�i����èé2_��$�á�âí/0ÃÅ�|
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�Qá�âí�»09^wxÝÞÂuv 30 -�ÃÅ���] FPGA (2
�ç��.�X 1.1 �ç�W�ÙÚá%3&ÛÜÝÞá�âÄÅ�Ç�>
9�#Ç�Z9�2ÝßWý� FPGA Ç���|æÖ������ VHDL

! FPGA ãäèéP��ï 120 -ÎEi^/0m@^á�âí/0ÃÅ�
ìLVt© !L2�$���ò¯#Ç�ãä!$d/0Â6�Z¾¥2
�] FPGAãä����ÙÚá%3&ÛÜÝÞá�â/0Ç�"

� 1.1:�������������������

1.4 ����

1. &XÝÞá�âoÚÄÅ���6oÚÄÅ{��*¥DE9^�×F
iGH9M�$ÝÞÂuv 30 -�Pâ�|ë©2Z[no� Ó­
�C7¿�$�"

2. �$ IC ãäèé�mÒ$dÂ6g�Ö�Î£Â6!ABíÂ6��
UMYÓ ICãä'�]÷×�ð�])*+ÛÜÝÞY�'"
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1.5 ����

YQR>9�W�Î_ó�"M2ó���0Ã!Ñ�.��:;!Ó
Ô$<.��i9!Ç���.QR=´!>9D4MKó�¢DÙÚá%
3&ÝÞ�£d9Ó!/0m@�|�,�^>9'!çÚá%3&ÝÞ�
AB4MÙó�¢Dá�âoÚÄÅãäL�$i9�noßWàÚWC
í.{à -^MÙN	Oèé4MÍó�ãät©�
^�. -�no
P�èéQRST.Vãä !�èét©^<�. -²³4M�óeS
T����>9^��²³4MÎó�²Q!UMÓÔ"



���

��� !"#$

2.1 ������� !�

YQR�Ö�ÙÚá%3&ÝÞ ( îX 2.1 �W ) 4 9 � 12 L�ÙÚ�
�ÝÞ ( £dV��Ë_��$dô�� 12 L )�<��î� 2.1"$dô�
�L�ø�v-4 30 -�m�����9­4£d�V�e4�µe'O
:��µ�8�O:Vø 5 -�
#���ø�Ã�v-� 30 -��!�
��µiÚ� 40 -�<��ù~��eO:�ù¢4mÒ£d|O��â
í�
#'()má�â/0"&M/¦ô�!V��ÚXWõ�Oê%}
O:Â&�&0ig�ø�2\g��_�Í0$dô��1ÙÚá%3&
ÝÞ©2�}2ig�ô"

10
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� 2.1:��������	 ! (ROTOR)�"! (STATOR)

� 2.1:��#���$%

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

2.2 ������� "#$%

ÙÚá%3&ÝÞ�Ù_V�O:^�ô�'������<V��W
�XÁ`îX 2.2 �W�#�ÝÞ Y #�D8Â6X��2Ú¨mÝÞ�D
8Âû.D8Â�]^ÝÞ�ô¡�ø���ÕÂ0�!­ ( Cè��O:
'�D8Âû^D�Â��Ú} )"<� L ¹��4D8Â�6�n �Ý
Þ�ÚÂ� Lp !Ú!Ú¢�¡� M�êVÚÂ&�Ú�i&+��O n �
igV¡�\Â&"
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� 2.2:"!&'�

ÙÚá%3&ÝÞ�¢ß!}ßV¡îÒ :

n¹��O
Van, Vbn, Vcn : a,b,cÙÚ�ÚÂ5
ian, ibn, icn : a,b,cÙÚ�ÚÂ&
ea, eb, ec : a,b,cÙÚ��ÕÂ0�
Lp :V�O:���6
M :V�O:�¡�6
R :V�O:�û£6
ωr :ÝÞ�ôz
θr :ô�v-
Kemax :�ÕÂ0�?ß
P :ÝÞLß
Te :ÝÞô_
Kt :�_?ß
TL :
�ô_
J¹ÝÞ¤�
Bm¹ÝÞ�û¥¦ß
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)m]'��ÝÞ¢ßV¡�N�mZ§¨©Â5Vª!«¬ã0Vª
WqÍ	¥ÙÚá%3&ÝÞ�Âui{à!Ã�i{à"

()�*+


Van

Vbn

Vcn


=


R 0 0

0 R 0

0 0 R




ia

ib

ic


+


Ls −M −M

−M Ls −M

−M −M Ls





·
ia

·
ib

·
ic


+


ea

eb

ec


(2.1)

,-�*+

Te = Kt((ia −
ib
2
− ic

2
) cos(θr) +

√
3

2
(ib − ic) sin(θr)) =

2J
P
ω̇r +

2Bm

P
ωr + TL (2.2)

./�0(123+ (2.3)
ea

eb

ec


=

2ωrKemax

P


cos(θr)

cos(θr − 2π
3 )

cos(θr + 2π
3 )


(2.3)

2.3 ������� &�'(

ÙÚá%3&ÝÞ$dô�4m��±�­®�9­�Q¯�ô�ô0
e'(��£dV�����<ô��Wõ%}")m�£d�V�'eO
:�«Ö$°�¤+Â&Ó­Â���%}�
#êø�ô_�«£dV�
�Ð9V±�
#ø��2_E(Ö�Í0$dô���]ß©�ÙÚá%
3&ÝÞ�ô"���ÝÞ4]�Á�ô_��ô�À?æÖ�i9�ÎE
i^/0�<�Y²³^´àÍ	µ�îÒ¹
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���V¡ô�!V��WõîX 2.3�W"

� 2.3: θr � θs &'�

¶�·MDa¸Vª (Q� N¹O: )��]7»

F = N · L · I ×B (2.4)

<� I V¡�O:'�Â&
LV¡�O:'F���Õ��8h-
B V¡��À�-
N V¡�O:¹ß

ÙÚá%3&ÝÞ�_e�

T = F · r = N · L · I ×B · r = Kt · I (2.5)

<� Kt V¡��_?ß
r V¡��Y


� B! θr,θs �v-�§��]Í»

B = B(θr, θs) = Bmax · cos[P/2(θr − θs)] (2.6)
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<� P V¡�ô�'������Lß
θr V¡�ô�']2iXV��i�v-H
θs V¡�V�']2iXV��i�v-H

ïà (2.6)¹+à (2.5)�ÐmÍ��]7÷

Kt = 6 ·N ·Bmax · L · r · sin(Pθr/2) (2.7)

Jà (2.7)�]Ó$ÙÚá%3&ÝÞ��_?ß Kt "õöô�ô0ê­ sin

^}ý"

/012

ÎEi^/0�<ÙÚO:	À�ià¤}�]W� 120 -ÎEi^/
0! 180 -ÎEi^/0" 120 -ÎEi^/04]]�	À�ÚO:�p
<Ò/0ÝÞ ( 2Ú�Â&¤+��2Ú�Â&¤¥��B2Ú�Y6 )�
180 -ÎEi^/0e�]�	ÀÙÚO:�p<Ò/0ÝÞ ( <��Ú�
Â&¤+��B2Ú�Â&¤¥�4°�4<��Ú�Â&¤¥��B2Ú
�Â&¤+� )"

[120-ÎEi^�/0m@ ]

���V¡ÙÚá%3&ÝÞ�ô�!V��56WõîX 2.4�W"

� 2.4:��������/ !�"!	45�
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X 2.5�âÙÚá%3&ÝÞ�ô¡�Wq� S1,S2,S3Ù_V��Wõ�
��÷ Kt õöÂuv!Ã�v}ý�^qX ( Âuv / Ã�v =pole �ßÑ
/2=6��]Âuvº� 360-�Ã�vgº� 60-�Uú4¢ÝÞgô� 60

- )

� 2.5:6� Kt � (7869 :degree:;869 :g*cm/A)

X 2.6 � S1,S2,S3 Ù_V�]�	À�ÚO:�p<Ò�Kt õöÂuv
}ý�^qX"
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� 2.6:<'=>?�(�	 Kt � (7869 :degree:;869 :g*cm/A)

Q��ÙÚá%3&ÝÞ�¤¥ô_v)��Á6�m´à T = Kt · I

�]7»�'(�ï Kt v)��Á6�
#)mX 2.6�^qX���]ò
@noÂ&�¡¢iî� 2.2"

� 2.2: 120@����	A�BC�

�, À]Â&ig ��Âuv-
�,2 S2 → S3 [-30,30]

�,K S1 → S3 [30,90]

�,Ù S1 → S2 [90,150]

�,Í S3 → S2 [150,210]

�,� S3 → S1 [210,270]

�,Î S2 → S1 [270,330]

�,2 , ,
§»noi -30,30,90,150,210,270,330
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m� 2.2 ��]7»�âÝÞ�Âuv [-30,30] ¢����� T ��Á
6�
#Â&	À�ig'(�� S2 → S3�êâÝÞ�Âuv [30,90] ¢�
Â&	À�ig'(�� S1→ S3"


#�g�7»ÙÚá%3&ÝÞ�¼2_�,i��2«ÖÂ&�n
o�)�]Þ÷�Áô_ (îX 2.7)"

� 2.7: 120@����	 DE�

[180-ÎEi^�ãôm@ ]

<Í	ià! 120-ÎEi^ÀÁ�X 2.8� S1,S2,S3Ù_V�]�	À
ÙÚO:�p<Ò�Kt õöÂuv}ý�^qX"
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� 2.8:<'=>��(�	 Kt � (7869 :degree:;869 :g*cm/A)

}@�����ÙÚá%3&ÝÞ�¤¥ô_v)��Á6�)mX
2.8�^qX���]ò@noÂ&�¡¢iî� 2.3"

� 2.3: 180@����	A�BC�

�, À]Â&ig ��Âuv-
�,2 S2 → S3 [0,60]

S1 → S3
�,K S1 → S3 [60,120]

S1 → S2
�,Ù S1 → S2 [120,180]

S3 → S2
�,Í S3 → S2 [180,240]

S3 → S1
�,� S3 → S1 [240,300]

S2 → S1
�,Î S2 → S1 [300,360]

S2 → S3
�,2 , ,
§»noi 0,60,120,180,240,300,360
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g�7»ÙÚá%3&ÝÞ�¼2_�,i��2«ÖÂ&�no�)
�]Þ÷�Áô_îX 2.9�W"

� 2.9: 180@����	 DE�

2.4 ���)������ *+,

îM2ó���ÙÚá%3&ÝÞ�MM�¸¹çÚÛÜÝÞ�ÿ��

#Y�ïO2E¢DÙÚá%3&ÝÞ!çÚá%3&ÝÞ�H½"

3456

çÚá%3&ÝÞÚ�ì�2¾ïðñòóâô�Wõ]Þ÷oÚÄÅ
�Ñ���4ïðñò©ªF�ÿê¿À�î#ïÓ­ÝÞá9�ô�*�
>��ÝÞ��"EL�ÙÚá%3&ÝÞQæÖá�âoÚÄÅ"&� 
��]�,ïðñò�­Y�U�]%Á
ïðñò¿Àê÷üÝÞ���
�	"



M 2ó ÙÚá%3&ÝÞ 21

/0789

Ñå§ö'çÚÛÜÝÞ�/0í�]W�bLØ (bipolar) FçLØ
(unipolar)�Ä>9�îX 2.10�W�çÚÛÜÝÞ/0í>9"

� 2.10:6�����F1G�� (H�IJKL��:M�I6KL�� )

mX 2.10��]7»bLØ/0íì�Í_Âã��çLØ/0íeì
��_Âã��Â·bLØ/0í�­Y'AçLØ/0í���_Âã
���4�8´'U"AçLØ/0í�"ÙÚá%3&ÝÞ�/0í�Ù
ÚbLØ�îX 2.11�W"

� 2.11:��������F1G

:;<=12

çÚá%3&ÝÞ£dV��eOià�]W�fgeO![geO�
îX 2.12�W"ÙÚá%3&ÝÞ£dV��eOià�fgeO"
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� 2.12:6�������NO"!PQ�+ (H�IRSPQ:M�I8S
PQ )

>?@ABC

mÒYQR4]U�ÓÚ�ÕÂ0��� PâÝÞoÚi��]�\
,'ïæ] 120 -ÎEi^/0ÙÚá%3&ÝÞ�î#ß©mU�ÓÚ7
»�ÕÂ0���  ( mX 2.2 �]7»�ÕÂ0�N�U�ÓÚ!��O
�Â5H )"��i)ABçÚ!ÙÚá%3&ÝÞ�ô_`^��]ï�
��ô_`^\�ý�X 2.13 �W�ÙÚá%3&ÝÞ 120 -ÎEi^\�
ý�ô_`^X"

� 2.13:�������� 120@����T$U	 DE��
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ô_`^�é�´àîà (2.8)�W"

Torque ripple =
Tmax − Tmin

Tmean
∗ 100% (2.8)


#�]é�¥ÙÚá%3&ÝÞ�ô_`^

Torque ripple = 1−
√

3/2
3/π ∗ 100% = 14.03%

X 2.14�W�çÚá%3&ÝÞ\�ý�ô_`^X"

� 2.14:6�������T$U	 DE��


#�]é�¥çÚá%3&ÝÞ�ô_`^

Torque ripple = 1− 0
2/π ∗ 100% = 157%

ABX 2.13FX 2.14�]7»ÙÚá%3&ÝÞ�çW�ð¤¥�_^
ôzÂÅ'¨�ÒçÚá%3&ÝÞ�ê
�ÙÚá%3&ÝÞ�ô_`^
×ÒçÚá%3&ÝÞ��]ÙÚá%3&ÝÞ ��-0��'"AçÚ
á%3&ÝÞ×����'U"AçÚá%3&ÝÞh"
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D>>?

ÝÞ�ô��2ÄÃö­2,Vig!V�X��ÿ��m#ÿ�"ø
�2Ä-Äô_���Å�ô_°¬ôô_ (cogging torque)�#Ä-Äô_
4mÒV�Å������7�2_�LÒL�ûÓ�}ýê�Æ�w��
�ûô_{0�êò_ÝÞL¬ôô_4V_�L�ø���ûô_{0L
¯­"&X²9X��ÝÞê��¬ôô_ÚXÒ�ôigLù¢Ã�v-
Ç$7Õ��}ý^q�<7ÕÁ×�mÝÞ��Lß!�ß�V"

çÚá%3&ÝÞ�/0'"�hi ( á9�ô ) ��	�
#'()
m¬ôô_�|òM�	hi��	�X 2.15FX 2.16Wq�çÚá%3&
ÝÞÓ�hi!�	hi�ô_X"

� 2.15:6�������VWXY	 D�
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� 2.16:6�������Z[XY	 D�

¬ôô_�])m%}��.|òÅ�DiàM%}��4¬ôô_"
Ó­z-!WõÄÅ�GH�U"
�V�Ã�²9�§¦�Ó­¤�Ôâ
�È0!���]`Òò_Ç��¤µV"


�ÙÚá%3&ÝÞ�/0¤"�hi��	��]�èé�6¡�
�]É�×Ø¬ôô_�]��¬ôô_Ó­���"X 2.17�W�ÙÚá
%3&ÝÞ�ô_X"
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� 2.17:��������	 D�

�E+��FG

]º½×Ø½¾ÛÜ¿ Papst �'Ó�ø�KÊ[&Ü�j��<$²
ËÌ¨� 172φ X51mm"è�Wq� 6248NH(çÚÛÜÝÞ )� 6248NTD(ÙÚ
ÛÜÝÞ )�<,�ABî� 2.4�W"

� 2.4: 6248NH� 6248NTD	\]^_�

ÍÑ 6248NH 6248NTD
ÝÞÚß 1 3

l(Â5 (Volt) 48 48
¤¥t´ (W) 26 50
l(ôz (rpm) 4000 5100
�ÁÛ5 (Pa) 480 600
�ÁÛ& (m3/h) 282.5 353

X 2.18 �W 6248NH ! 6248NTD �Û5Û&,�kOX"mX 2.18 ��
]Î¥ 6248NTD �Û5Û&l(;h�no� 6248NH �Û5Û&l(;



M 2ó ÙÚá%3&ÝÞ 27

h�
#ÙÚá%3&ÝÞ�Û5^Û&�,�'"AçÚá%3&ÝÞ
�"

� 2.18: �`��\]aQ� ( H�/	 curve3 I 6248NH 	�`��\]a
Q:M�/	 curve2I 6248NTD	�`��\]aQ )

Ï¯'�� �]ò@¥ÙÚ!çÚá%3&ÝÞ�>9^,�AB�
î� 2.5�W"

� 2.5:���6�������	��b\]^_�

ÍÑ ÙÚá%3&ÝÞ çÚá%3&ÝÞ
/0í bLØ çLØ.bLØ

Âã�_ß 6 2° 4

eOià fg fg°[g
-0�� ô_`^ =14.03% ô_`^ =157%

�]-0��B× �]-0��BÁ
ÅØèé©ª ÅØèéÐÑ��

�6èé �É�×Ø¬ �	»0hi�
ô�_N� 2ä¬ô�_BÁ

çW�ð¤¥�_ BÁ B×
ôzÂÅ �Ú�ôz ¤«Ò�ôz
��F8´ hF� üFØ



���

�%&'�	
()*+,-.

3.1 "-%�-./

YQR*¥�ÝÞÂuv 30 -Pâ9�Ð�4«ÖÝÞ�ÕÂ0��
,�¹âÝÞ\?�ô¡�î³�ÕÂ0�Ó��=7¿�����=7¿
�¡¢'�¢ÒN�ÝÞ�ôÂuv 60 -�¡¢�oÓÔ¢�â�ÕÂ0
�Ó�7¿����âÝÞ�ô�Âuv 60 -ú"¥$2=7¿�"Pâ
ÝÞÂuv 30 -�i9�ÕÖ'*¥��Ä�9�2Ä4]DE9�$�
ê2Ä4]�×FiGH9�$"

3.1.1 @A$

DE94]éß�iàMé��ÕÂ0�Ó��=7¿�i�¡¢ T�

�ÝÞÂuv�ô 30-�¡¢�,� T/2�
#â�ÕÂ0�Ó�7¿�
¡�Y6éß T/2�¡¢�N�noi"

28
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X 3.1 �W�DE9�l(W�X�<� Vu.Vv.Vw Wq�ÙÚÂ5�
ud.vd.wd Wq�ÙÚÂ5!��OÂ5AB���� �� Ed �U�ÓÚ
ÚÂ5!��OÂ5AB��ßW � ( m ud.vd.wd !­ )�Cp F Cn �é
ßí�Wq
�éß Ed ÆW� high F low �¡¢�Sc �oÚ ��â Sc Æ
W%}N¹��oÚ�0(�θe �ÝÞô��Âuv"mÒ Ed N��ÕÂ
0�!7Â5ÆWAB��ßW ��
#�])m Ed ��,4Õ%}M
Í»�ÕÂ0�4Õø�7¿�"

� 3.1:c�d	ef&'�
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DE9�l(¢DîÒ¹

CèÑåô��Âuv� 60-�Â&	À�ig4J uÀ÷ v�éßí Cp J
Ed ��,%}i a úY6éß Ed ÆW� high �¡¢�âÝÞJ a i�ô�
Âuv 60 -��Ed ú"ø��,%}i b�#¡ Cp ïéß6 ]K|Ö×
éß�Cn Y6éß�â Cn éß�6! Cp �62�¡�úà¥oÚ � ( #
¡Â&	Àigno� uÀ÷ w)�|ï Cp �6�7�ê Cn ��éß�#ö
l(iàÚ}�g4o­ Cn éßÝÞ�ôÂuv 60 -�¡¢ (b ÷ c �Ø�
¡¢ )�Cp eéßPâ7÷ÝÞÂuv 30-�¡¢�]#ÀÍ�ú�]«Ö
�_éßí (Cp.Cn)¿T�0(M�$DE9"

3.1.2 BCD#EF$

�×FiGH9�²³4«ÖzUß_�»�6Í�¥�×FiGH�
i{à�<i{à�©�2=à.K=à.°]'���2«Ö#i{àM
PâÑå�6"��Ù�ÕÖ'�YQR4«ÖzUÍ_�»�6MÍ�¥
�×FiGH�2=3Oi{à���2PâÑå�6"

é�^Í	îÒ (¢�X 3.2)¹

� 3.2:ghi�jkd&'�
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� X-YFö'�Í_Ú�iWqV¡� A(1, T1).B(2, T2).C(3, T3).D(4, T4)�
3Oi{àV¡�

y = ax+ b (3.1)

ÔPâ�Ú�� E(5, T5)�V¡GH e�

e =
4∑
i=1

(yi − axi − b)2 (3.2)

ï�»�ÍiÚ�¹+à (3.2)�2«Ö ∂e
∂a

= 0. ∂e
∂b

= 0��]7÷

{
30a+ 10b = T1 + 2T2 + 3T3 + 4T4

10a+ 4b = T1 + T2 + T3 + T4

(3.3)

êÛ¾i{àN�7÷3Oi{à�¦ß

a =
−3T1 − T2 + T3 + 3T4

10
(3.4)

b =
2T1 + T2 − T4

2
(3.5)

ïÔPâ�Ú� E(5, T5)¹+à (3.1)N�7ÔPâ�6

T5 =
−T1 + T3 + 2T4

2
(3.6)


#��]�×FiGH9PâÝÞÂuv 30 -¡�4«ÖåÍ=Ý
Þ�ôÂuv 60 -�Ø�¡¢ (T1 � T4) �$"!DE9�Hq�ÒDE9
g¸zU2=ÝÞ�ôÂuv 60 -�� �ê�×FiGH9e¸åÍ=
ÝÞ�ôÂuv 60 -�� "
��×FiGH9'()�Ü?Í=ÝÞ
�ôÂuv 60-�� �
#��$''(ADE9��ÖÍ!Ý�í (R1

� R4)�ê�à¥oÚ ���<Ý�í�6'(d�2="
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�×FiGH9�l(¢DîÒ¹

�×FiGH9�l(EÞ!DE9ÀÁ�g4�PâÝÞÂuv 30-¡�
'(2�Öà (3.6)"îX 3.1�W�Cè Ed ø���,%}i b�ê Cp �é
ß�ÝÞ�ôÂuv 60 -�¡¢ (a ÷ b �Ø�¡¢ )�#¡ï Cp �6�+
R4 (R1 � R3 �ÐÜ?�åÙ=ÝÞ�ôÂuv 60 -�¡¢ )�#öï R1 �
R4 ¹+à (3.6) � T1 � T4�ï7÷�6 (T5)  ]K��+ Cp�·� Cn Y6
éß�â Cn éß�6! Cp �62�¡�úà¥oÚ ��|ïÝ�í�6
d� (R1=R2.R2=R3.R3=R4)ë Cp �6�7�ê Cn ��éß�#öl(i
àÚ}�g4o­ Cn éßÝÞ�ôÂuv 60-�¡¢ (b÷ c�Ø�¡¢ )�
Cp eéßPâ7÷ÝÞÂuv 30 -�¡¢�]#ÀÍ�ú�]«Ö�_é
ßí (Cp.Cn)¿T�0(FÍ_Ý�í (R1 � R4)�$�×FiGH9"

mÒ#i9�Y�6n÷��6¡�< R1 � R3 �64U»��
#
�Y�6n÷��6���×FiGH9'(�]DE9PâoÚi�â
R1 � R3 ²��Ù=ÝÞ�ôÂuv 60 -��  ( Uú4�ÖDE9oÚÙ
= )�ú�]�Ö�×FiGH9"

3.1.3 GH�I3JK

�MKó*÷no� ï"���ÕÂ0��7¿�ióâ�
#ì�
2®r��oÚ\,°�èér�Â6M�	no� Ó­���"no
� ø��m
M�ÒIJKL�8Õ�X 3.3 �W�Â&igm u → w n
o÷ v → w ¡	Àpq�� (a) �¢£Â&ig4mÝÞ� u Ú&Ú w Ú�
�ÝÞïÂ&o­m v Ú&Ú w Ú�X¢�Uú4 u Ú'Y�Âã� Tr1 �
OFF� v Ú'Y Tr3 � ON �X¢�Â&"m u ÚÒY�IJKL�&z�

#� (b) �¢£�Vu "X¢×� Low �ÆW�#p<"23÷ u ÚÂ&ß
�"mÒ�=oÚ�¨"Ó�IJKL�8Õ�
#��=oÚ�¨'(�
�no� ��	�ß©�ÝÞ\?��ô"
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� 3.3:(��Sl u → wmAn v → wB=>op
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DE9F�×FiGH9��9'Ð�4óâ�ÕÂ0��7¿�i�
2�ÝÞÂuv 30 -�wx�]³7�à�oÚ¡¢i��4�Ù'
�
IJKL�8Õ������=oÚ�¨"�no� �ø��î#ï"�
7�ÕÂ0��C7¿��$��UúÓ­DE9F�×FiGH9á9�
$�
#����	no� ��noi�Pâ���''(ïßWàÚW
Cí��_éßí (Cp.Cn)(2®I\"

X 3.4���r�t©�ßWàÚWCí�<� Ed �U�ÓÚÚÂ5!
��OÂ5AB��ßW �� Cp F Cn �éßí�Wq
�éß Ed ÆW
� highF low�¡¢�Sc �oÚ ��â Sc ÆW%}N¹�(oÚ�0(�
θe �ÝÞô��Âuv"
�IJKL�8Õ����
#��=oÚ��
Ed ú"ø�7¿��$�����	C7¿������]ïéßí Cp F
Cn èV2_r�¡¢6 k"g�â Cp ° Cn éß÷�6Þ÷#r�¡¢6�
ßá��Ó��v\�7¿��
#©2�DE9°�×FiGH9�ß%
é��|�$ÝÞÂuv 30 -�wx�EL�eá�Ó��C7¿��$
��#¡'(ïéß÷�6uåÚ
�éßÝÞ�ôÂuv 60 -�éßí
'�3÷ Cp ° Cn éß÷�6Þ÷Nò6 k (Ó�v\�7¿� )"

� 3.4:qrst	ef&'�
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��rst©�ßWàÚWCí<l(¢DîÒ¹

CèÑåô��Âuv� 60-�éßí Cp J Ed ��,%}i aúY6éß
Ed ÆW� high �¡¢�
�IJKL�8Õ����
# Ed ø���,%
}i c�#¡ Cp Ö×éß�Cn Y6éß�mÒ Cn ÃUéßÚ k 6úÓ��
�,i d�
#�]á�Ó��C7¿��ê Cn éß÷�6â·�ÝÞ�
ôÂuv 60 -�¡¢£��] Cn �6'(uåÚ Cp '�|ï Cn �7�#
ö Cp ��éß�3÷ Ed ø���,%}i b�#¡ Cp Ö×éß�Cn Y6é
ß�â Cn éß÷ k 6¡�úï Cp (DE9°�×FiGH9�ß%ã��
ë Cn ��éß�3÷ Cn éß�6! Cp �62�¡�úà¥oÚ ��|
ï Cp �6�7 ( Q�Ö�×FiGH9'(ïÝ�íd� )�]#ÀÍ�ú
�]���'�$DE9F�×FiGH9"

3.2 0%$1

á�âí/0ÃÅ�{à -Ð�4m Visual C++Z9ê­���Ö�
ÝÞ¢ß!�Ö�ÝÞ��2` ( ¢�� 2.1)�])ÕÖÒ���$"ÝÞ
á�âíoÚ�/0�Ù_{�¹(1) VW4(2) Y�6»04(3) ��6oÚ
ÄÅ�
#�{à -�&{'�)�<#Ù_{��$á�â/0ÃÅ"

�VW{����ïÂ&	À�ig��� u→v�â	À¡¢� 0.5 ã
��NïÂ&	Àigno� v→w�#ö	À 0.1 ãN¬­VW{�"�Y
�6»0{��ïÂ&igno� v→u�<	À¡¢� 0.08ã�#ö��à
¥ÎEi^���|÷ü	À¡¢��ÝÞôz==*+�âÝÞôz*+
Ú 200rpm N¬­Y�6»0{�"���6oÚÄÅ{��4]�ÕÂ0
�Pâ9�Ð�âU�ÓÚ�ÕÂ0�Ó�7¿���2wxÝÞ�ôÂu
v 30 -�¡¢�N��ànoi�êÝÞÂuv 30 -�wx�mDE9F
�×FiGH9�$"

X 3.5 !X 3.6 4DE9� -²³��]²ä¥ÝÞÂuv 30 -�w
x�]mDE9�$��7ÝÞ­t>���6oÚÄÅ{��ïôz*+
Úµ,ôz"



M 3ó á�âoÚÄÅãäL�$i9 36

� 3.5:��()u 30@vwxc�d

� 3.6:�� yz{�p�xc�d

X 3.7 !X 3.8 4�×FiGH9� -²³��]²ä¥ÝÞÂuv
30-�wx�]m�×FiGH9Þ­��7ÝÞ­t>���6oÚÄÅ
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{��ïôz*+Úµ,ôz�êëôz�'+¡¢ (rising time)]^µ,ô
zxå¨!DE9� -²³Ú}"

� 3.7:��()u 30@vwxghi�jkd

� 3.8:�� yz{�p�xghi�jkd



M 3ó á�âoÚÄÅãäL�$i9 38

3.3 2�34567

YRïÛÜÝÞ�MÙN	Oèé� PWM ��¤+�)m%} PWM

����]7Õ (duty ratio)�]|}ÛÜÝÞ���Â5�
#©2%}Ý
Þôz��$ÿÄÛÜ"&"

��X{^�-|}"& (pulse-width modulation�PWM) (2¢D¹{
^�-|}"&Ð�4«Ö2_�^ Vc(À?�Ùv^ )!�æ�Y^ Vcontrol(

��\ç^°V6 )�ï�_^qÐmÁ×�ABø�Y§�no �"X
3.9 �W�{^�-|}l(m@�â Vcontrol B Vc Á¡�ABL²³��Æ
W�Y§	À�Õe�ØÆW�Y§è×�¿Y§Lno7Õ!�^}�
Ts"

� 3.9:|�}@~�ef��

Y§noL�]7Õ DV¡�¹

D =
ton
Ts

(3.7)
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¤¥Â5�F�6 V̄ �]Í7

V̄ =
ton
Ts
∗ Vdc = D ∗ Vdc (3.8)

mÒ¤¥F�Â5! D­\A�
#â D�Á¡�¤¥F�Â5"�Á�E
Le�×"mÙvqÚÁV@�]Í» Vcontrol F V̂c �§¦à¹

Vcontrol

V̂c
=

(ton − Ts/2)/2
Ts/4

= 2 ∗ ton
Ts
− 1 = 2 ∗D − 1 (3.9)

mà (3.8) !à (3.9) �]7»)m%} Vcontrol �Á×ú�]%} D �Á×�

#Þ÷|}¤¥F�Â5�Ñ���${^�-|}"&"

ÛÜÝÞ#$÷ PWM ����'(�Ðz2®Â6�é@ß©Þ÷|
}ÝÞ�Â5�Ñ��X 3.10 FX 3.11 Wq�Y§Â6^{^ -3&Â5ô
oí"��� PWM ��"ïY§Â6êÑå�Ö PMOS�w��Ö Bipolar

Junction Transistor T¹ë(no��¤¥L{^ �]Â5!�ÆW�|)
mY§Â6*�32Á�Â&]/0ÝÞ�Y§Â6ø�L{^ �¤+{
^~3&Â5ôoíêÑåèé� RC a^í�w�ÖK�ØÀa^í°<
�Ú§ØÀa^ ICëï PWM ��ab��7÷����2_ DC Â56�
#2 DCÂ56N*��ÝÞ�/0Â5"
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� 3.10:5�(�

� 3.11:|����(` AG



�/�

()012345678

4.1 Quartus II6789:;<=

Altera � Quartus II èéP�*�2_>?©ªáÕ,Vèé�ì��
¬ò�FìèéQR�í42�{à��ñòò¯YÓQR"X 4.1 îW
Quartus II �èé&{�«Ö Quartus II P�YÓèé�&{�Á`�W�è
é¤+.��¯­.ïðFïO.¡�Wë. -^{àÒ��
"�Ö
QuartusIIP��]¬­èé&{���� �42Ä¬òë©ª�Ö�ñ¾
ê�iò"

QuartusIIP�no QuartusIIXqÖ�Sö.EDAÆ�Sö°�æSö�
��ò_&{�°�Ö<�2ÄSö�U�]�èé&{��¤}� ��
V`ó��Ö¤}��Í"QuartusIIXqÖ�Sö�èé&{��_� *
��t©ò@î� 4.1�W"

41
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� 4.1: Quartus II�����*
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� 4.1: Quartus II�p����I���*	������	st

Design flow Graphical User Interface

Design Entry Text Editor�Block & Symbol Editor�MigaWizard Plug-In

Manager�Assignment Editor�Floorplan Editor

Synthesis Analysis & Synthesis�VHDL verilog HDL

& AHDL�Design Assistant�RTL Viewer

Place & Route Fitter�Assignment Editor�Floorplan Editor

Timing Analysis Timing Analyzer�Report Window

Simulation Simulator�Waveform Editor

Programming Assembler�Programer�Convert Programming Files

]ÒEÞ�� Quartus II �Yèé&{�«|>�_EÞ��'ìE
Þ��Ö����Pì��,­ÍEÞ°ôõ}0EÞ{�¹

1. �Öá~�ç File→New project Wizard Z¾�Aò|�VÑ�ñò°ñ
òÇ�

2. �ÖText EditorZ¾Verilog HDL.VHDL°Altera������ (AHDL)è
é"�]�Ö Block Editor Z¾no¹�<�èéöò���i�X°
Z¾W�X"

3. �Öá~�ç Assignments�Assignment Editor.Setting XÔ÷.Floorplan

Editor.LogicLockt©,V56èéÂÅ"

4. �Ö Analysis & Synthesis¯­èé"

5. �Ö SimulatorXèéøPt© -"

6. �Ö FitterXèéøP4õF6O"
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7. �Ö Timing AnalysisXèéOP¡�Wë"

8. �Ö SimulatorXèéOP¡� -"

9. �Ö��¯­ (Physical Synthesis).¡��¯FöïõX"(Timing Closure

floorplan).LogicLock t©.èV (Settings) XÔ÷F Assign Editor OP¡
�%O"

10. �Ö Assembler�èéZ¾è{öò (Programmer files)"

11. �Öè{öò.Programmer ÅöF Altera �� ( jî Byteblaster II) Xñ
òOPè{ (program)4°ïè{öòôo�<�öò�à]�*+à
é@íD<�Ç��Ö"

X 4.2�W� Quartus IIXqÖ�Sö"QuartusIIP�n  FPGAF CPLD

èé��� �ê�iò�J]���Òê'èéi9%}��'êÒ�è
éi9�]������êHardware Description Languageë��Ç���è
é�|�ùÇ� -!ò¯�*�Jèé¤+÷�{à��ñòÒ��
�
Ýdt©"

�èé�ià'�ïæ¸ !ý�èé"#"èéEÞ����ï«Ö
������ VHDLèé�
|Z9V_ñ¾�ÝÞ/0t© !�]��
V !! !¢�t©,�0GÓ�Ã´'���"��2&XV !! 
!¢� Î9À.]tià^ò¯�Lt©,�OP -!�."î#�¤
«�ñåV !¢��Öú��U*�� -�.'�i)�"
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� 4.2: Quartus II�p����
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4.2 FPGA>?@A*��B9��

�á�âÄÅãäèéÇ�>9��<ÄÅûµ�2¾�8Ø��
�
���ñò"�z ALTERA Nios Development Board(�� NiosÓÔ� )^Â5
�âÂ6.ÝÞ/0^78Â6�]Z¾2�¬ò�ÝÞÄÅÇ�"

X 4.3 �W��# FPGA ÄÅãä£d�Ç�>9"ãä£d�no�
 !¢DîÒ¹

� 4.3: FPGA����NO	����
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[Y§ÄÅ ! ]

 !t©¹

1. «Ö Nios ÓÔ�'�Y§ÄÅÝÞá�âí/0ÃÅ»0^Ö×¹ü
Ò SW0¡�]»0ÝÞá�âí/0ÃÅ�}¡ü± SW0! SW1�]
Ö×ÝÞá�âí/0ÃÅ"

2. �m Nios ÓÔ�'��Wý (LED) D0 ²äá�âí/0ÃÅ��,¹
â D0 îW�þN¹�ÝÞá�âí/0ÃÅ�»0��,�â D0 î
W��N¹�ÝÞá�âí/0ÃÅ�Ö×��,"

� 4.2�W�Y§ÄÅ !�W �V¡¢D"

� 4.2:5������9��"����

�W¼� ÿ� Wñß  �V¡

clk INPUT 1 bit Ç�¡{ (50MHz)

Start INPUT 1 bit »0 �

Reset INPUT 1 bit �õ �

Ao en OUTPUT 1 bit VW^Y�6 !õ© �

t©�$¹

)m NiosÓÔ�'�Y§ SW0F SW1WqÄÅ Start �F Reset � (

Y§ü±¡< �� low)�|èé2_£dÝ�í Reg��7 SW0 üÒ��
Y�<á�âí/0ÃÅâ·�»0��,"

â clkÓ�\rsÓ�p<NOPY§ÄÅ !�&{�îX 4.4�W"
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� 4.4:5������*�

��/¦ StartF Reset4Õ}¡� low(}¡ü± SW0F SW1 )�Q Start

F Reset}¡� loweï Ao en^£dÝ�í RegèV� low�Q#Nò¤­¾
e��/¦ Start 4Õm high } low( üÒ SW0 )�Q4�Ôeï Ao en ^£d
Ý�í Reg èV� high�ELe��/¦£dÝ�í Reg 4Õ� high�Q£
dÝ�í Reg � high eï Ao en èV� high�ELeï Ao en èV� low"<
� Ao en ��,� high ¡�¹�á�âí/0ÃÅ�»0��,�#¡ Nios

ÓÔ�'��Wý D0 îW�þ4ELe¹�á�âí/0ÃÅ�Ö×��
,�#¡ NiosÓÔ�'��Wý D0îW��"

 -²³¹

X 4.5�W�Y§ÄÅ ! -²³�mX��]Ó$â Startm high}
� low L��Ao en �èV� high �ÆW�ê� Reset F Start }¡� low ��
,Ò�ï Ao en èV� low�ÆW"

� 4.5:5���������
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[VW^Y�6 ! ]

 !t©¹

1. �<á�âí/0ÃÅ��VW^Y�6»0{����à¥VW^Y
�6 !Î£¤¥��"

2. �z¤+ ��%}�]ïVW^Y�6»0{�Ö×°��»0"

3. �m Nios ÓÔ�'��Wý (LED) D1 ²ä4Õ�Ð¬­VW^Y�6
»0{�¹â D1îW�þN¹��¬­VW^Y�6»0{��â D1

îW��N¹�ÃU¬­VW^Y�6»0{�"

� 4.3�W�VW^Y�6 !�W �V¡¢D"

� 4.3:"9b5 ����9��"����

�W¼� ÿ� Wñß  �V¡

clk ao INPUT 1 bit VW^Y�6 !¡{

Rs INPUT 1 bit ��»0 �

Ao en INPUT 1 bit VW^Y�6 !õ© �

Cl en OUTPUT 1 bit ��6Â6õ© �

Ao flag OUTPUT 3 bit VW^Y�6 !Î£¤¥��

t©�$¹

mÒ�VW^Y�6»0�{��'(é�	À¡¢�
#'(«
Ö¡{Méß¡¢��z Nios ÓÔ�£d�Ç�¡{ (clk)�<ÈÄK´�
50MHz�Q�Ö#ÈÄK´ï"�7éßí� bit ßñå�	` IC öðñ
Á�
#ïL K� 24.414kHz�#N� clk ao  ���z clk ao N��VW
^Y�6»0{��éß�ì�	À¡¢�ê�# !�<VW^Y�6�
	À¡¢�èV� Visual C++{à -âT�¡¢"
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â clk aoÓ�\rsÓ�p<NOPVW^Y�6 !�&{�îX 4.6

�W"

� 4.6:"9b5 ����*�

��/¦ Rs��,�Q Rs� highN¹���»0�
#'(ï# !
��Ö÷�éßí^Ý�í(56ý�0(�|ï Ao flag èV� ”110”( #
���à¥�Î£Y§no �"�7Î£Â6Y§�¤	À ) ]�	ü6
$��}¡ï Cl en èV� low�Q Rs � low ¡N¹�\?ã("#ö/¦
Ao en��,�Q Ao en� lowN¹�á�âí/0ÃÅ�Ö×��,�
#
ï Ao flag èV� ”110”�Q Ao en � high N¹�á�âí/0ÃÅ�»0�
�,�
#Y6OPVW^Y�6»0{�"

�VW{����ïÂ&	À�ig��� u→v�â	À¡¢� 0.5 ã
��NïÂ&	Àigno� v→w�#ö	À 0.1 ãN¬­VW{�"�Y
�6»0{��ïÂ&igno� v→u�<	À¡¢� 0.08ã�#ö��à
¥ÎEi^���|÷ü	À¡¢��ÝÞôz==*+�âÝÞôz*
+Ú 200rpm N¬­Y�6»0{��#¡ï Cl en èV� high"â Cl en �
high��,�NiosÓÔ�'��Wý D1îW�þ4EL�NiosÓÔ�'��
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Wý D1 îW��"�VW^Y�6»0{���Â&�	Àig�]�z
Ao flagèV�Ao flag �Ðz���� !^Î£¤¥ !��N�ÄÅ$
dÎ£Â6Y§�èVÂ&	À�ig"

 -²³¹

mÒ -¡¢�ÂÅ�
#���!oÚ¡¢Ú§� -Ð�4�.<
¤¥��^&{4Õ\1���Ùl(''(ïoÚ¡¢�62�2®I%
]Þ÷�ì�oÚ¡¢"X 4.7 �W�VW^Y�6 ! -²³�mX�
�]Ó$â Ao en� highL��Nà¥ Ao flag2|��oÚ���â Ao flag

�6MK=� ”100” ¡�
��÷�Y�6»0{����2_	Àig�

#â<	À¡¢²��Nà¥ Cl en� high� �"êâ RsÓ� high��
,�#¡"à¥ Cl en� low�ÆWF Ao flag� ”110”�6�3÷ Rs�÷ low

��,�#ö��OPVW!Y�6»0�{�"

� 4.7:"9b5 �������

[��6 ! ]

 !t©¹

1. óâ�ÕÂ0��7¿�i�|«ÖDE9°�×FiGH9é�wx
ÝÞÂuv 30-�¡¢�]à¥áâ�oÚ��"

2. �z¤+ �ï��6oÚÄÅ{�Ö×°��»0"

� 4.4�W���6 !�W �V¡¢D"
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� 4.4:¡ ����9��"����

�W¼� ÿ� Wñß  �V¡

clk cl INPUT 1 bit ��6 !¡{

Cl en INPUT 1 bit ��6 !õ© �

Ed INPUT 1 bit U�ÓÚÚÂ5!��OÂ5AB��ßW �

Cl flag OUTPUT 3 bit ��6 !Î£¤¥��

t©�$¹

��6oÚÄÅ��$�DE9F�×FiGH9�Äià"mÒDE
9F�×FiGH9¨4«ÖéßíPâ¥oÚ¡¢i�î}VW^Y�6
 !èé clk ao �ià����6 !�ï clk cl èé� 1.5625MHz]4¯P
âoÚ¡¢i"
���Ç�'"�no� ����
#'(�$��r
st©�ßWàÚWCí ( ¢� 3.1.3 � ) ß©2�	C7¿���oÚi�
Pâ"

â clk clÓ�\rsÓ�p<NOP��6 !�&{�îX 4.8�W"

� 4.8:¡ ����*�

��/¦ Cl en��,�Q Cl en� highN¹��¬­VW^Y�6»0
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{��
##ö%]DE9°�×FiGH9PâÝÞoÚi�EL�e¹
�ÃU¬­VW^Y�6»0{��
#'(ï# !��Ö÷�éßí^
Ý�í(56ý�0(�|ï Cl flagèV� ”110”]�	ü6$�"

 -²³¹

X 4.9���6 !� -²³�â Cl en� highßY6øP��6oÚ
ÄÅ{�����.<ßWàÚWCí��rst©�ï Ed èé�2_V
K�i^ ��|�<oÚi��¬���2_ü¡¢�{�� -²³�
]Ó$��6 !©2Z[C7¿�|�$wxÝÞÂuv 30 -�ÃÅ"
mÒ Ed �2_7Õ��i^ ��
#�$'æÖDE9°4�×FiG
H9<²³¨"4Ú}�"

� 4.9:¡ �������

���.�×FiGH9��$��ï Edèé�2_}K�i^ ��
mÒ�Ð�.�rst©4©2�$��
#�<oÚi��¬|¤��ü
¡¢�{�])²ä�X 4.10!X 4.11Wq�DE9!�×FiGH9�$
��6 !� -²³��]Ó$oÚ¡¢i�®��Hq"

� 4.10:c�d¢£¡ �������

� 4.11:ghi�jkd¢£¡ �������



M 4ó ãät©�
^�. - 54

[���� ! ]

 !t©¹

1. �<á�âí/0ÃÅ��,à¥y�,�Î£¤¥��"

� 4.5�W����� !�W �V¡¢D"

� 4.5:¤¥¦§���9��"����

�W¼� ÿ� Wñß  �V¡

clk INPUT 1 bit Ç�¡{

Cl en INPUT 1 bit ��6Â6õ© �

Ao flag INPUT 3 bit VW^Y�6Â6Î£¤¥��

Cl flag INPUT 3 bit ��6Â6Î£¤¥��

Flag OUTPUT 3 bit Î£¤¥��

t©�$¹

)m Cl en/¦ FlagÕèV� Ao flag°4 Cl flag"

â clkÓ�\rsÓ�p<NOP���� !�&{�îX 4.12�W"

� 4.12:¤¥¦§���*�
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��/¦ Cl en��,�Q Cl en� highN¹��¬­VW^Y�6»0
{��
#ï Flag èV� Cl flag�EL�e¹�ÃU¬­VW^Y�6»0
{��
#ï FlagèV� Ao flag"

 -²³¹

X 4.13��$���� !� -²³�â Cl en� low¡�Flag"èV
� Ao flag�
#<6"õö Ao flag ê}�êâ Cl en � high ¡�Flag "èV
� Cl flag�
#<6"õö Cl flagê}"

� 4.13:¤¥¦§������

[Î£¤¥ ! ]

 !t©¹

1. �<Î£¤¥���à¥ÚXÕ�Î£Y§no �]ÄÅ$dÎ£Â
6Y§"

2. à¥oÚ �]Pâôz"

� 4.6�W�Î£¤¥ !�W �V¡¢D"
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� 4.6:�¨©ª���9��"����

�W¼� ÿ� Wñß  �V¡

clk INPUT 1 bit Ç�¡{

Flag INPUT 3 bit Î£¤¥��

Tr1 OUTPUT 1 bit uÚ'£Y§no �

Tr2 OUTPUT 1 bit uÚÒ£Y§no �

Tr3 OUTPUT 1 bit v Ú'£Y§no �

Tr4 OUTPUT 1 bit v ÚÒ£Y§no �

Tr5 OUTPUT 1 bit w Ú'£Y§no �

Tr6 OUTPUT 1 bit w ÚÒ£Y§no �

Sc OUTPUT 1 bit oÚ �

t©�$¹

]���iàà¥Î£Y§no �^oÚ ��î� 4.7 �W�mÒ
Î£��'£Y§èé� PMOS ñò�
#Q��'£Y§	À'(��
low � ��Q��<¤	Àe�� high � ��êÎ£��Ò£Y§èé
� NMOSñò�
#Q��Ò£Y§	À'(�� high� ��Q��<¤
	Àe�� low� �"â clkÓ�\rsÓ�p<NOP���0("
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� 4.7:�¨©ª���

Flag Tr1 Tr2 Tr3 Tr4 Tr5 Tr6 Sc Â&	Àig

000 1 0 0 0 1 1 1 v → w

001 1 1 0 0 1 0 0 v → u

010 1 1 1 0 0 0 1 w → u

011 1 0 1 1 0 0 0 w → v

100 0 0 1 1 1 0 1 u → v

101 0 0 1 0 1 1 0 u → w

110 1 0 1 0 1 0 0 á

 -²³¹

X 4.14 ��$Î£¤¥ !� -²³��]Ó$ Tr1 � Tr6 ^ Sc "õ
ö Flag�%}¤¥� 4.7��X<��ÆW"

� 4.14:¤¥¦§������
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[�ÕÂ0��� ! ]

 !t©¹

1. ïABíÂ6�¤¥ � (ud.vd.wd) ¯­¥U�ÓÚÚÂ5!��O
Â5AB��ßW � (Ed)"

2. à¥$d�Æí�ÄÅ � (Mux c)�mÒ$d�Æí�¤+Wq�Ù
ÚÂ5!��OÂ5Ú���Â56�
#)m Mux c �ÄÅ$d�
Æí�N���Æí�¤¥�U�ÓÚÚÂ5!��OÂ5Ú���Â
56�ê#Â56N�ÝÞ�ô¡��ÕÂ0��
#�]²äÝÞ�
ô¡��ÕÂ0�^q"<� Mux c� ”00”¡�Æí¤¥� uÚÂ5!
��OÂ5Ú���Â56�Mux c � ”10” ¡�Æí¤¥� v ÚÂ5!
��OÂ5Ú���Â56�Mux c� ”01”¡�Æí¤¥� wÚÂ5!
��OÂ5Ú���Â56"

� 4.8�W��ÕÂ0��� !�W �V¡¢D"

� 4.8:�0(12¦§���9��"����

�W¼� ÿ� Wñß  �V¡

clk INPUT 1 bit Ç�¡{

Flag INPUT 3 bit Î£¤¥��

ud INPUT 1 bit uÚÂ5!��OÂ5AB���� �

vd INPUT 1 bit vÚÂ5!��OÂ5AB���� �

wd INPUT 1 bit wÚÂ5!��OÂ5AB���� �

Ed OUTPUT 1 bit U�ÓÚÚÂ5!��OÂ5AB��ßW �

Mux c OUTPUT 2 bit $d�ÆíÄÅ �
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t©�$¹

)m/¦ Flag ���7»ÑåO:	Àig ( ¢�� 4.7 )�
#�]Z
¾¥� 4.9��7 Ed �¤¥��U�ÓÚÚÂ5!��OÂ5AB��ßW
 �^$d�Æí�¤¥��U�ÓÚÚÂ5!��OÂ5Ú���Â5
6"â clkÓ�\rsÓ�p<NOP���0("

� 4.9:�0(12¦§���

Flag Ed Mux c

000 ud ”00”

001 wd ”01”

010 vd ”10”

011 ud ”00”

100 wd ”01”

101 vd ”10”

 -²³¹

X 4.15 ��$�ÕÂ0��� !� -²³��]Ó$ Ed ^ Mux c

"õö Flag�%}¤¥� 4.9��X<�� �"

� 4.15:�0(12¦§������
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[��»0 ! ]

 !t©¹

1. âÝÞ���6oÚÄÅ{�¡�QÝÞôzØÒ 150rpm Nà¥��
»0 ���ÝÞ��JVW�{�Y6"

2. «Ö NiosÓÔ�'�Y§ (SW1)3#à¥��»0 �"

� 4.10�W���»0 !�W �V¡¢D"

� 4.10:«¬­1���9��"����

�W¼� ÿ� Wñß  �V¡

clk ao INPUT 1 bit Ç�¡{

Reset INPUT 1 bit �õ �

Sc INPUT 1 bit oÚ �

Cl en INPUT 1 bit ��6Â6õ© �

Rs OUTPUT 1 bit ��»0 �

t©�$¹

â clk ao Ó�\rsÓ�p<NOP��»0 !�&{�îX 4.16 �
W"
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� 4.16:«¬­1���*�

��/¦ Reset 4Õ� low( ü± SW1 )�Q Reset � low�eï Rs èV�
high��7á�â/0ÃÅ��»0�ELe��/¦ Cl en4Õ� high�Q
Cl en � lowe¹�ÃU÷��6oÚÄÅ{��
#ï Rs èV� low�EL
e¹��O+��6oÚÄÅ{��#ö«Ö Sc  �é�ÝÞôz�âô
zØÒ 150rpmNï RsèV� high�ELeèV� low"

«Ö Sc  �é�ÝÞôz�¢DîÒ¹

mÒYQR�Ö�ÙÚá%3&ÝÞ� 9� 12L�
#Âuv!Ã�v
�§¦�¹Âuv / Ã�v =pole �ßÑ /2=6��]Âuvº� 360 -�Ã
�vgº� 60 -�Uú4¢ÝÞgô� 60 -"CèÎEi^��2E�	
À¡¢� T�âÂuvº� 360-Uú4	À� 6T �¡¢�
#�]Í»Ý
Þ�ô2: (Ã�v 360- )	
Ø� 36T �¡¢�î#�]é�¥ôz�

rpm =
1

36T
∗ 60 =

5
3T

(4.1)

)mà (4.1)N�Í�¥ôz� 150rpmÒoÚ¡¢ T�Á×

T =
5

3 ∗ rpm
=

5
3 ∗ 150

= 0.011(s) (4.2)

mÒ Sc  �v)}2ÆW�¡¢N�ÎEi^�	À2E�¡¢�

#)méß Sc v)}2ÆW�¡¢N�/¦ÝÞôz4ÕØÒ 150rpm"
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 -²³¹

X 4.17 ��$��»0 !� -²³��]Ó$â Reset � low ¡�
Nà¥ Rs � high �ÆW�êâ Cl en � low ¡�Nà¥ Rs � low �ÆW��
Cl en� high¡eéß Sc v)}2ÆW�¡¢�â�z2_¡¢�Nà¥ Rs

� high�ÆW"

� 4.17:«¬­1������

[{^�-|} ! ]

 !t©¹

1. ø�{^�-|} ���Ù²ä PWM|}ÝÞôz�t©"

2. «Ö NiosÓÔ�'�Y§��{^�-|} ���]7Õ¹ü± SW2

à¥ Duty � 0.6 � PWM  ��ü± SW3 à¥ Duty � 0.5 � PWM  
��Q�_Y§�áü±eà¥ Duty� 0� �"

� 4.11�W�{^�-|} !�W �V¡¢D"

� 4.11:|�}@~����9��"����

�W¼� ÿ� Wñß  �V¡

clk INPUT 1 bit Ç�¡{

Duty1 INPUT 1 bit �]7Õ 1

Duty2 INPUT 1 bit �]7Õ 2

PWM signal OUTPUT 1 bit {^�-|} �
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t©�$¹

)m NiosÓÔ�'�Y§ SW2F SW3WqÄÅ Duty1 �F Duty2 �
( Y§ü±¡< �� low)"PWM  �ø��iàÐ�4«Ö2_Ùv�^
Vc !2_�V6��æ�Y^ Vcontrol( ¢� 3.3 � )�Ùv�^ø��iàÐ
�4«Ö clk éß�t©�ï<K´èé� 20kHz�|�z Duty1 F Duty2 è
V�æ�Y^�V6 ( Q Duty �»�mà (3.9) é�¥�æ�Y^�V6Á
× )�ï Vc ! Vcontrol �ABN�7÷ PWM �"

 -²³¹

X 4.18 ��${^�-|} !� -²³�Q Duty1 F Duty2 ��
high�< PWM signal¤¥� Duty� 0�Q Duty1� low�< PWM signal¤¥�
Duty� 0.6�Q Duty2� low�< PWM signal¤¥� Duty� 0.5"

� 4.18:|�}@~�������



�9�


:;<=>�+5*?@�AB

5.1 CDB9��

îX 5.1 �W��ÙÚá%3&ÝÞá�âíL��>9�<�ÄÅû
µ� NiosÓÔ��L FPGA�� PC�«Ö AlteraÓÔP� QuartusII®¯èé
�ìt©��L�������|�zÂ���Ã|#
|²Ú ByteBlaster

Ò��
ãä�ãäL¤¥
�ø�LÄÅ �ÐmÝÞ/0^78Â6/
0ÝÞ�êãä¤+
e�¸ÝÞÙÚÂ5!��ÚÂ5AB��� �]
Z9¥2�ÙÚá%3&ÝÞá�â/0Ç�"#$�������>9
'�Ièé��9íF�ÆíDÂ6��zãä¤¥
�ÄÅ �%}�Æ
í�¤+��]JÎEi^���2E�¸¥�ÕÂ0��
#©2²ä
ÝÞ�ô¡��ÕÂ0�^q�ñå�.����"X 5.2 ��Ù�âTQ
R�c'i� NiosÓÔ��cÒi�Â5�âÂ6.ÝÞ/0^78Â6"

64
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� 5.1:�����������G®¯���

� 5.2:¢°i±

5.2 ALTERA Stratix EP1S10 Nios Development Board

YQR�ÙÚá%3&ÝÞ FPGAãäÄÅÇ���æÖ� ALTERA´
� Nios Development Board �Ð��èé�ÓF�"� Nios ÓÔ���FPGA

ãä�ÄÀ!Ø�� Stratix EP1S10F780C6�<����îÒ� 5.1�W"
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� 5.1: EP1S10F780C6��$%

�� Feature EP1S10F780C6

LEs 10,570

M512 RAM blocks (32 x 18 bits) 94

M4K RAM blocks (128 x 36 bits) 60

M-RAM blocks (4K x 144 bits) 1

Total RAM bits 920,448

DSP blocks 6

Embedded multipliers 48

PLLS 6

Maximum user I/O pins 426

ÒX 5.3 �W� Nios ÓÔ�Â6��X" �2¾ FPGA ãä^2ä¤
¥ / +#�$�Ãno� 8Mbytes �Ö¸���.50MHz £dÈÄí.$d
ÈÄí.Í!ü�Y§.�_ LED�Wý.�!� îWí.�! RS232�
�
.1Mbytes� static RAM^ 16Mbytes� SDRAMD"
#��Ç�t©!
èé¡���. 0'��XÇ�èé�*�¬ÁëÖz�ê�iò"



M 5ó Ç���>9!��L²³!Wë 67

� 5.3: NiosV4²(�¢��

ÒX 5.4�W� NiosÓÔ�'Â6>9�i�X"

� 5.4: NiosV4²(����³�
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5.3 CD!E

X 5.5 �]²ä¥ÝÞ��ô¡�mÒIJKL���g	ÀÂ&�Ó
­�Â5ø��^�
#�óâ�ÕÂ0�¡�"�C7¿��$�ø��
�7oÚ¡¢Pâ0G����	#2p<��]ïßWàÚWCí(2_
I\]Z[no� �C7¿��ê��'èé�rs¡¢� 90us4X 5.6

�ÙÚÂ5!��OÂ5AB��^qX��]²ä¥no� �¡¢��
20us4X 5.7 �ÙÚÂ5!��OÂ5Ú���^qX�
��ÕÂ0�N
�U�ÓÚÚÂ5!��OÂ5Ú���Â5��z�Æí�èé��]ï
ÎEi^���ÕÂ0�¯­¥M4X 5.8 �ÚWwxÝÞÂuv 30 -�^
qX��]²ä¥�ÕÂ0�Ó�7¿��2wxÝÞÂuv 30 -N�Ý
Þ�oÚ¡¢i"

� 5.5:��	��(`�/]Q(`�p� (1:Vu:2:Vv:3:Vw:4:VCT )
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� 5.6:��(`�/]Q(`^_	�p� (1:ud:2:vd:3:wd)

� 5.7: �0(12´��(`�/]Q(`�µ	�p� (1:bemf:2:U-CT:
3:V-CT:4:W-CT)
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� 5.8:�9vw��()u 30@	�p� (1:bemf:2:Ed:3:FG)

X 5.9� PWM��|}ÝÞ�Â5�^qX�Qï DutyèV� 0.5�Ý
Þ�Â5"|}� 6V�
#ÝÞ�ôz"×Ø�Þ÷ÛÜÄz�Ñ�"

� 5.9: PWM¶�~���·(`�p� (1:PWM signal:2:��·(` )

X 5.10 îW� restart �t©�âôzzØ¡�"Ó­ FG ���K´×
Ø�«Ö FPGA��
���»0 !óâÝÞôz�âôzØÒ2_V6
(èV� 150rpm)�N»0 restartt©�ÝÞú"JVW�{�J�Y6��
�'4«Ö$��ÅÝÞÖ×�2ï$�C ��²äÝÞ4Õ���»
0"
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� 5.10: restartst (1:FG signal:2:low-levelI¸�:high-levelIT¹º )

mÒÝÞ'|O�Wõóâí����1>é�ÝÞ�ô�'+¡¢�
�]��äå' encoder"X 5.11 ��Q�dW� 90 !D�����«Öç
r¦í SY-508óâÝÞ�ä'D�����N�¤¥2!ôz�§�i^�
� (ÝÞ�ô2:�çr¦í"ø� 90_i^ )�2�z ADLink DAQ-2501ó
â#i^���é�¥i^�K´�2 ] 90N�ÝÞ�Ù'�ôz6"

� 5.11:»¼ 90��½¾³	¿À
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X 5.12 �DE9�$á�â/0�ôzX�<'+¡¢�� 12 ã�
X 5.13��×FiGH9�$á�â/0�ôzX�<'+¡¢U�,� 12

ã�m���]²ä÷#�Äià�'+¡¢'4�,Ú}��ê�Äià
U¨©2�$á�â/0"&"

� 5.12:c�d¢£���F1	 y�

� 5.13:ghi�jkd¢£���F1	 y�



�C�

?��DEFG

6.1 !�

1. mÒ§ö'|á×ØÙÚÛÜÝÞ�Ú§ø�¥$�
#YQR��
Ö�ÝÞ4]ÕÖ� 9 � 12 L�ç�ÃÐ[ÝÞ�Ð ( ��î� 2.1�
W )�mÒÐ[ÝÞ�V�ÂûBÛÜÝÞ×�
#���'ïÐ[
ÝÞ�Û 9 ���Âû]�¯ÛÜÝÞV�Âû�Nò�êÝÞ�/
0Â5èV� 12V�Qå'ç�ä<ôz�Ú 7000rpm ac�Â&��
0.5A"

2. YQR]�8Ø��
���� FPGAãä����«ÖDE9!�×
FiGH9M�$ÙÚá%3&ÛÜÝÞá�âÄÅãä�èé�|ë
©2�$ PWM|}ÝÞôz�Þ÷Ñå§ö'çÚÛÜÿÄÛÜ�"
&"
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6.2 FG	


1. �@Q'�ÙÚÝÞ�,�¨"AçÚÝÞ���4§ö'ÃU�×Ø
ÙÚÛÜÝÞ�Ú§ø�¥$�I¤©2�Ù>AB¥×ØçÚ!ÙÚ
ÛÜÝÞ�,�"
#UM�]&X§ö'�×ØÛÜÝÞ�ï�µe
OiàmçÚeOèé�ÙÚeO�2�Ùâ�<ôz.Â&.Û&^
Û5DD�êmÒ
�4Ú}��
#�]ÖM�.ÙÚ�èéià<
,�4Õ�ÒçÚèé"

2. mÒYQRÐ�4&X×ØÛÜèé���1 IC �ðÉ�×�
#ï
Â&ÄÅ!z-ÄÅ�,�EL�g�ïYQR�$�"&2å'Â&
ÄÅ^z-ÄÅ�N�ñå<ÕÖ;h�îç�Ã.��Ã.MDD"



HI�J

[1] J. S. Kim, and S. K. Sul,�New stand-still position detection strategy for PMSM

drive without rational transducers.�, Applied Power Electronics Conference and

Exposition APEC, 94, vol. 1, pp. 363-369, 1994.

[2] S. Ogasawara, and H. Akagi,�An approach to position sensorless drive for brush-

less DC motors�,IEEE Trans. Industry Applications., vol. 27, pp. 928-933, 1991.

[3] G. Maiocchi, and V. Giuseppe,�Start-up procedure for a brushless sensorless

motor�, United States Patent 5,343,127

[4] N. Oomura, A. Hiruma, and S. Ikawa,�Method and apparatus for controlling

a brushless DC motor that indicates a motor failure�,United States Patent

6,153,993

[5] S. Nagamori,�spindle motor drive method by use of reverse excitation�, I.E.E

Japan Transaction on Industry Applications., Society, 1993.

[6] S.H. Park, S.H. Bahng, and N.J. Kang,�Sensorless brushless DC motor start-

up circuit using intermittently-accelerated-rate clock�, United States Patent

5,726,543

[7] K. Iizaka, H. Uzuhashi, et al.,�Microcomputer control for sensorless brushless

DC motor�, IEEE Trans. Ind. Applicant, vol. 21, pp. 595-601, May-June 1985.

[8] J. Shao, D. Nolan, and T. Hopkins,�A novel direct back EMF detection for sensor-

less brushless DC (BLDC) motor drivers�, Applied Power Electronics Conference

and Exposition APEC 2002, vol. 1, pp. 33 - 37, 2002.

75



¢�R´ 76

[9] R. C. Becerra, T. M. Jahns, and M. Ehsani,�Four-quadrant sensorless brushless

DC motor drive�, Applied Power Electronics Conference and Exposition APEC,

91, pp. 202-209, 1991.

[10] K. Y. Cheng, and Y. Y. Tzou,�Design of a sensorless commutation IC for BLDC

motors�, IEEE Trans. Power Electronics, vol. 18, pp. 1365-1375, 2003.

[11] J. C. Moreira,�Indirect sensing for rotor flux position of permanent magnet AC

motors operating over a wide speed range�, IEEE Trans. Industry Applications,

vol. 32, pp. 401-407, 1996.

[12] T. Hashimura,�Driving device for three-phase brushless motor�, United States

Patent 6,316,894

[13] S. K. Jeong, I. J. Ha, and D. H. Jung,�Sensorless brushless DC motor�, United

States Patent 5,886,486

[14] K. Nishimura,�Sensorless motor driver�, United States Patent 6,111,372

[15] C. K. Ko,�Fan speed control circuit�, United States Patent 5,457,766

[16] H. M. Hsieh, and C. N. Lin,�PWM control circuit for a DC brushless fan�,

United States Patent 5,942,866

[17] A. Horng, and N. L. Tsai,�Fan motor with its speed controlled by operating

periods of a pulse wave�, United States Patent 6,385,395

[18] T. H. Huang,�Method and device for controlling revolving speed of heat-

dissipating fan�, United States Patent 6,390,379

[19] A. Horng, M. S. Wang, and N. L. Tsai,�Fan motor having two-stage speed con-

trol�, United States Patent 6,396,231

[20] T. T. Ho,�Fan driving circuit using a PWM input signal�, United States Patent

6,806,673

[21] A. Horng, Y. Y. Lu , and M. S. Wang,�Speed-control drive circuit for a D.C.

brushless fan motor�, United States Patent 6,815,916



¢�R´ 77

[22] Altera Corporation,�Nios Development Board Reference Manual, Stratix Edi-

tion�, December 2003.

[23]  î! ,DCá%Â0Ã!ÄÅÂ6 ,R"#ð$±�Â´� , 1995 .

[24] %�& ,×ØÂ0Ã���»1 ,R"#ð$±�Â´� , 1995 .

[25] '() ,Ç�ãäèé¹�Ö QUARTUS II,ÝÉX#´� , 2005 .


