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Three-Phase Brushless DC Motor

Student : Hsing-Yu Lin Advisor : Dr. Shir-Kuan Lin
Department of Electrical and Control Engineering

National Chiao Tung University

ABSTRACT

Small three-phase brushless direct current motors (BLDCM) that own high reliability,

efficiency and good controllability are extensively adopted. Howerver, a BLDCM de-

tectes the position of the rotor by using position sensors, so there are some limitations:

Positioning precisely to detect rotor’s position; Highly sensitivity to temperature and

disturbance; Life reducing, cost increasing and baffle against minimization of a BLD-

CM.

This paper presents a sensorless drive and control methods by utilizing the voltage

and current feedback signals. The reformed means with 120-degree electrical angles

driving is developed to reduce acoustic noise, to overcom the influence from the PWM

signal, and to achieve the speed control. Furthermore, a sensorless driving chip for

BLDCM is materialized.

The design of the Field Programmable Gate Array (FPGA) and the modulation

techniques and competence from system planning level opinion of the very high speed

integrated circuit hardware description language are adopted in the paper. To do

so, the commutation signals can be generated from a digital phase shifter accurately.

Additionally, the speed and efficiency of BLDCM can be enhanced by using novel

means with 150-degree electrical angles driving. Moreover, the speed of BLDCM can

be controlled and the acoustic noise can be reduced by overcoming the influence of

PWM signal. Therefore, the sensorless drive scheme accompanied with the voltage

sensing, current feedback, motor drive and peripheral circuits to construct a sensorless

control system for a BLDCM can be realized by a FPGA-based chip.
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& :TTL/sensorless OR ABST/sensorless AND brushless
'� 112 (§"%o 1.1
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)*
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0� .ÔÆ¦/0123456 (FPGA) OmP%Â)¾�
 =*ã�� FPGA¾�@>�
&äÞ��Ñ#ú8ºK�789:;<
(VHDL) 3 FPGA ,-��g8
®É�å��»½��"ÿ�ð?@?(
l�
0�ÂJ%¾�,-3Õ ��ºK
<·¥(@ FPGA,-@�
	�ÇÈÉÊËÌÍÎÉ�å��¾�C
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1.4 ����

���SN¦²@Ã)ýA´

ü(ý´þ�
½,������»3Q�
²R§"+�&B��XY�
�IC3¾�C

ü�ý´��4CXY
½,ÇÈÉÊËÌÍÎ�� N
0*P?+3
��OV
&;É�å¼½OXY3�Z
[C

üÇý´É�å�È,-"l�IC
½,É�å�È¼½,-�l�I
C
DE*ã+ÈãAæ0150ö 12�I���0º���úû»
½0ºÌ3#ö¼½æC

ü�ý´,-�ð/0WmP?j
DEg8��hiXY0ÿ,-?@�
���ðWémP?jTkC

üÂý´¾�78SN3lm"Tk3²R
XYlm�78SN
DF
ALTERAvw� Nios II'�¬3éGÈ¢�ºK%&²Rlm�T
kC

üÃý´T�
;Â8O)HT&D¥<8���I�3<=C



���

��� !"

2.1 ����������

I�ÆºJLM»��Þ�ÉÊËÌÍÎk@ÇÈ 9 K 12 ^SN ( � 
î�Ð 9 K
Õ è�Ð 12 ^ )
~LMzI+@ Y Ç
²N@ u0v0w Ç
Èz@
DºÇ~{| ( æo 2.1 (a) �� ) 3ÍÎ��æÇ~COP�8L
M»@Ó�Æ�3Qº�
ÙÐ���ÞÉ�å (sensorless) Æ�ÉÊËÌÍ
ÎðxyÍÎ
à�õçè568RSÍÎWè
éz@k@�~+{| (

æo 2.1 (b) �� )
5�È n áâÚó�ÍÎ���æ�
I¦çåî�~
L���Ýº�� (back electromotive force)8T;�ÈØC

� 2.1:"#$%&��'()*�+,-./(a)01./(b)21.

6
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���¤Þ�ÇÈÉÊËÌÍÎ (æo 2.2�� )@ 9K 12^
é/µæ
¶ 2.1CÍÎÕ è�¸^���»Ã�ö@ 30 ö
�³U´V�N$%�
 �î�xõ�V�z�~LN$
V����~Lÿ� 5 ö
à¸K��
�»Ã�ö@ 30 ö
K3K�5�ØÈW 40 ö
é5��X@zÿ~L�
�¡%�ôÍÎ� YÐãä�åæ
H%áâ
�É�å��pq8T;
è�3î��È;ãä
�àZî~LºÌ�Ì�I�
�éc�(>�[
�\]�Õ è�
gÇÈÉÊËÌÍÎ^o(I�WèC

� 2.2:0��������34564

7 2.1:0�89��:;

λr 7.62× 10−4Wb− turn

Ls 0.37mh

Rs 2.2Ω

J 17× 10−7kgm2

Bm 5× 10−3Ntm/(rad/sec)

M 0.63mh
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2.2 ���������� !

ÇÈÉÊËÌÍÎÐÇ)î�~LW�è���³U´V
�ÔºKo
æo 2.3 ��
%@ÍÎ Y Ç~L��ÔºKo
¸(È7�ÍÎ��Ôº
ÿ0�Ôº� WÍÎWè �c���Ýº��@$ ( _�ÇÈ~L��
�ÔºÿW�Ôº�`Èo )Cé5 L À¶�¾�Ôº�a
DFÓÍÎ�
Èº� Lp ÖÈ3È¡�b� M
àÿÈºÌcÈ�ØÌ�5�È n �I�
î¼@>ºÌC

� 2.3:��<=>?�

ÇÈÉÊËÌÍÎ�9*3�*î¼æ¡ :

n´5�È
Vun , Vvn , Vwn : u, v, wÇÈ�Èº�
iu , iv , iw : u, v, wÇÈ�ÈºÌ
eu , ev , ew : u, v, wÇÈ��Ýº��
Lp :ÍÎz@��Èº�a
M :ÍÎ��È�b�a
R :î�~L�ÿda
ωr :ÍÎè#
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θe :ÍÎè�º��
Ke :�Ýº���*
P :è�´V^*
Te :ÍÎè�
Kt :[��*
TL :efè�
J´ÍÎgh
Bm´ÍÎÿij*


� ���ÍÎ9*î¼
k¦��lmnº�îo3pq®�îo
²N]�¥ÇÈÉÊËÌÍÎ�º�If+3»ÃIf+C

>@-A.


Vun

Vvn

Vwn


=


R 0 0

0 R 0

0 0 R




iu

iv

iw


+


Lp −M −M

−M Lp −M

−M −M Lp





·
iu

·
iv

·
iw


+


eu

ev

ew


(2.1)

BC�D>�EF. (2.2)
eu

ev

ew


=

2ωrKe

P


sin(θe)

sin(θe − 2π
3 )

sin(θe + 2π
3 )


(2.2)

$G-A.

Te = Kt(iu −
iv
2
− iw

2
) sin(θe) +

√
3

2
(iw − iv) cos(θe) =

2J
P
ω̇r +

2Bm

P
ωr + TL (2.3)
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2.3 ��������"�#$

ÇÈÉÊËÌÍÎÕ è�¾�³U´V�N$
ôr�è�è�
s
áâõ�� î��´.tuè��ãä��C
�� î���~L
"
ÞÕ1�§�ºÌ
$º´.���àc�è�
v� î�Ùëwîx

� c�Ó()yOÞË]�Õ è�
�ÇÈÉÊËÌÍÎWèC@Ó�
ÍÎWè ÏÐ0��è�
¹�äÞ�IC@Ã�I���
é��z{
Wv+]�|:æ¡´

��
î¼è�3î��ãäæo 2.4��C

� 2.4: θr 5 θs HI�

}~�8,��îo
¦ �4ÍÎ�º´Ë

F = N · L · I ×B (2.4)

é5N´~L�*
L´~L��´.�Ý�ÐÔQö
I´~L��ºÌ
B´´¹íö
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ÇÈÉÊËÌÍÎ[�s@

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

é5 Kt´[��*
r ´Ë�

H@ B3 θr0θs ��öÐ¢
¦ ]4

B = B(θr, θs) = Bmax · cos[P/2(θr − θs)] (2.6)

é5 P´è��³U´V�´^*
θr´è���(Ø;î�5Ø��ö�
θs´î���(Ø;î�5Ø��ö�

®+ (2.6)À�+ (2.5)¨ë�]©¦ ��

Kt = N ·Bmax · L · r · sin(P · θr/2) (2.7)

c+ (2.7)¦ '�ÇÈÉÊËÌÍÎ�[��* Kt òÎÄè�è�à$ sin

���C

1234

Ã�I���tuÇÈ~L�¹�I+ào¦ ²@ 120 ö3 180 öÃ
�I���C 120 öÃ�I���¾���¹�È~L ��ÍÎ ( (È@
ºÌ§��
(È@ºÌ§¥�
Ô(È@&K )% 180 öÃ�I���s
@���¹ÇÈ~L ��ÍÎ ( é5�È@ºÌ§��
Ô(È@ºÌ§
¥�%ë¾é5�È@ºÌ§¥�
Ô(È@ºÌ§�� )C
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[120öÃ�I����OV ]

��î¼ÇÈÉÊËÌÍÎ�è�3î����ãä
æo 2.5��C

� 2.5:0��������34564JK�

o 2.6 @ðÇÈÉÊËÌÍÎWè 
�î¼5� u, v, w Ç)î�ã
ä
²N�h� Kt Îº��ö�����oC

� 2.6: u, v, w�L� Kt �
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o 2.7@ u, v, wÇÈ�¹���È~L���
 Kt Îº��ö����
�oC

� 2.7:MNOIP�>�� Kt �

ôõ�ÇÈÉÊËÌÍÎ�§¥è����0�a
�v+ (2.5) ¦ 
�4
áâ® Kt ���0�a
H%
�o 2.7���o¦ ÂV��ºÌ
� ¡¶æ¶ 2.2��C

7 2.2: 120Q�R-S�T�UV7

�� ¹ ºÌI� ¤¥º��ö
��( w → v [-30, 30]

��� u → v [30, 90]

��Ç u → w [90, 150]

��� v → w [150, 210]

��Â v → u [210, 270]

��Ã w → u [270, 330]

¢%��Ø -30, 30, 90, 150, 210, 270, 330
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�¶ 2.2 5¦�4
ðÍÎ�º�� [-30,30] ¡
@Óõ�è��0�
a
ºÌ�¹�I�áâ¤¥ w → v%àðÍÎ�º�� [30,90] ¡
ºÌ�
¹�I�áâ¤¥ u→ v% %l]
¦®ÍÎ 360öº��²@Ã)��

¸)��� 60öC¸)î�~L��¹º�� 120ö"�
è@&K
�%
��C�@ 120 öÃ�I���CH%
�õ�4ÇÈÉÊËÌÍÎ�º�
��ö
¨t¶ 2.2 �KºÌ��
�¦h�0a�� KtC_�ÍÎ~Lº
Ì@îa
¦h�� 120öÃ�I����è�
æo 2.8��C

� 2.8: 120Q�R-S���3W�

[180öÃ�I����OV ]

180 öÃ�I����î�~L��� ��@�¹
vºÌ�¹�I
�òtuÍÎº��à��
é]�I+3 120 öÃ�I���I+l�C
o 2.9@���¹ u, v, wÇÈ���¡
 Kt ÎÄº��ö�����oC
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� 2.9:MNOI0�>�� Kt �

oV
@Óõ�ÇÈÉÊËÌÍÎ�§¥è����0�a
¦®o
2.9���oÂV$��ºÌ� ¡¶
æ¶ 2.3��C

7 2.3: 180Q�R-S�T�UV7

�� ¹ ºÌI� ¤¥º��ö
��( w → v [0, 60]

u → v
��� u → v [60, 120]

u → w
��Ç u → w [120, 180]

v → w
��� v → w [180, 240]

v → u
��Â v → u [240, 300]

w → u
��Ã w → u [300, 360]

w → v
¢%��Ø 0, 60, 120, 180, 240, 300, 360
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%��C® 360 öÍÎº��²@Ã)��
¸)��� 60 öC¸)
î�~L��¹º�� 180 ö�
��ºÌI�
��@ 180 öÃ�I��
�CoV
¦h� 180öÃ�I����è�
æo 2.10��C

� 2.10: 180Q�R-S���3W�

2.4 ���������%&'(�)*�(+,

��-./

É�å��pq�Wè¦ ²@�)f�
æo 2.11��´(1) îã%
(2) &bKZ�%(3) abK:#% (4) abK�#Cð#$��)f��

ÍÎÖ�î�ü�)���KabK�#�¹�CQu�É�å�È¼½p
qk"Þ�Ýº��8�È
éOH�ô78ºK�l�I+�B�
ÍÎ
��º�û�	håW¿�
H%$�¦ úûC�Þ%IC��Ø�ôÍ
Îè#eû 
é�Ýº���Åà	�÷ø��
�ò'�_d¸e
�
�Éd¸e���
à��ÍÎÉCZ�%� �ÍÎZ� �õ(@»
½
ìZÍÎûè# ÉC"Þ�Ýº���È�ÌÍCH%îãÖ&bK
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Z�f�Ö¾���%l���àc�
)*
���)���Z�f�

�è#����Ýº���d¸eØ¦ Ú>òóìR¥8%é�abK:
#3abK�#�)f��¦ �çåÝº�� �K�È
&
S#ö
¼½æÎ�ÍÎî#ö�¼½C ¡�;��)f� WéÈ¢�ZOEFC

� 2.11:���	
�X3AY

(1)îã´

�ôÍÎè����ãä¾<4�
@ÓgÍÎð !"Wè
áâ�
¡eîã�f�
àîã�f�¾
�î¥wîI��·´
�ÍÎ�Z�
 
¢¡�óè�ÐK;> (Align)�()è�@d�ª£Øãä%H%
Í
Î�<Î�&bKZ�uk¦¤��4è����ãä
k¦tu&bK�
4��¹!��K0�è���È
�ÍÎð!"Z�C

J. S. Kim, and S. K. Sul [7]D¥wî�¹��È~LºÌ
�¦ �®Í
Îè�wî��)ãä
�ÍÎ�<Z�uk¦¤��4è����ãä

ß�¨tu��ºK"�¹!�¥��¹CÔÕ
S. Ogasawara, and H. Akagi

[20]ûÐD¥l��îãf�C
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�¶§"�ü 5,343,127 � [3] D¥Ô(}É�åZ�f�
%f��î
ã��ËÇ�K�Ýº���d¸eØ�çå
ôçå��Ýº��d¸e
Ø
sËÇ��abK:#f�
àÉ&bKf�C��¦�(�wî ¡
�¹Ã�I��ü(@�Èø��ÍÎîã
îã ËÇ�K�Ýº���
d¸eØçåC_æ�ü(©îã�YÐ�Ýº���d¸eØ§ø
s¤
¥�¹Ã�I��üÇ@�Èø� ( éÈ�(@�OH¾@Ó¿�0�è�
�K�È )
k�Kü�©îã��O
æ%ªà¨�Ë�çå��Ýº�
�Ðd¸e���'��
¨���abKZ�f�Cæo 2.12��
ôð
ÍÎè��©ªãä«ü(@�Èø� (uv)�×îª£ØãäÈo 
sü
(©îã�
ÍÎàòÐ���è�
% ÖYÐ��d¸eØ�'�
û
Öáâ¨§î(©3ü(©��È�4È�(@��Èø� (vw)
ïð 0
�è�:#è�
 ���Ýº���d¸eØ§øC
¬´(uv) ��¹ºÌ¾�ÍÎ� u ÈÌ� v È%(vw) ��¹ºÌ¾�ÍÎ�
vÈÌ� wÈC

� 2.12:��1Z13W�
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(2)&KZ�´

�ôÍÎ�ûè# ��Ýº��­®eÅ
H%çåd¸eØ �	
��÷ø���à
$�ÈØT;¯°
��ÍÎÉC!"WèCH%
á
â
�&bKZ��f�
�<h�± ���Ýº��"u
�î¥wî
��È�4
��ÍÎ¦ !"�Wè
&ÎÄ�È�4cû�²²þ:�
Ñ�
��ÍÎ�è#?Ò�Ñ
gÍÎ��Ýº��­®Î"?Òþ:C
(³ð�Ýº��àò��÷ø���à
$�ÈØ�T;¯° 
k¦ 
��abK�È¼½�f�C

�¶§"�ü 6,153,993 � [12] D¥�ÍÎ&bKZ� 
&É
�ø�
: Bå�ÈØãä
� §¥(@�<��È�4 (forced commutation)

%�È�4¾äÞ PWM ¼½&¢���
& Ã�I���·'�I+�
K��C

S. Nagamori [15]D¥�&bKef5�ÞÇ�I�î�·'
¶ 2.4��
@Ç�3Ã�I��·´�4
ôäÞÇ�I�·´�4
ð rpÆ�Ã
�I�·´�4þ: 20 % � 30 % �è�
� �Èoef¡
¦ úûÍ
Î�Z�ºÌC

7 2.4:0R-S5�R-S�[9Y\

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

�¶§"�ü 5,726,543 � [16] ÜÓäÞ&bKef�Ç�I�î�·
'
&´�Ô(@Ñ��Ç�I�
æo 2.13
��Ýº���­®�Åc
370mv þ:� 500mv
H%¦ ��&bKZ� ¡
Dµ���abK�
È¼½�f�C
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� 2.13:]^_`0R-SSa� [16]

(3)abK:#´

ðÍÎè#D��± c�¦ìR��Ýº�����
k¦ ��a
bK�È¼½�f�C�abK�È¼½�f�5
�ô¦ >òóT;¥
ÍÎ��ÈØ
H%Ã�I��È�12k¦>��¸¶§¥CabK�È
¼½�pq�k"Þ�Ýº��8çåè�´^�ãä
�àÎ��È¼½
�Q�C�"Þ<·'È�Ýº���d¸eØ8T;�ÈØ 
�õ·�
��÷ø�c�
H@%÷øò��_�d¸eØ
à !�ÈØ�BåC
÷ø� ²ò���ºÌI� c�
H@º,8��� 
ºÌ¢¡òÌ
ë�¦ë¡¦�\]�^8
% Öò
$_�d¸e
� �¸(©�È
Ø�7áâ����÷ø�
$�_d¸eC

1985 �
K. Iizuka, H. Uzuhashi, et al. [9] D¥¦ "ÞÍÎ�º��h
å
Bå<·'È�Ýº���d¸eØ ( º�a�ea�$>aë�>a
�$ea )
ð<·'È��Ýº��'�d¸e�
¨IJ()ÍÎº�
� 30ö�Èã��
k¦��>ò��ÈØ
æo 2.14��
é5 Bemf k
@ÍÎ<·'È��Ýº��C
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� 2.14:��>@b 30Q�cdeHI�

R. C. Becerra, T. M. Jahns, and M. Ehsani [14] D¥()�Ýº��ú²C
8çå�ÈØCéOV¾ð�Ýº��'�d¸e�
®�Ýº���¸;
aëe()ú²æCðú²��a Vint Î�¦��¹ºa Vth �kòî¥�
Èø�CH%¡e Vth Öú²�*��îk¦�Â 30 ö��� ¡
�¦I
Jè#Ñû
�KÈã»�ëÈã¼��½¾Csæ�Ñè# 
¦®ú²
�*��Ö�Å�� ¡
 Dº?ñò��ÈC%IC@Ó����÷ø
c��_d¸eà !ú²æ
� �¸(©�È�
�î(� ¡gú²
æàõ�O
�¿�î ¡e�ï&�çåd¸eØ�c�
æ%¦ ��
��÷ø�c��_d¸eØC

J. C. Moreira [5] D¥()à�õçå�Ýº��d¸eØ
�à�õ�
�ºK��ÈICC�ÍÎî�~L@ YÆÀÇ�36¡
àòc�Ç©Á
��ºÌ
� Èº��Ç©Á�º�$²�ò3�Xº�Ð¢
ë�ú²
�©�¦h�è�´¹�Ç©Á�C(³ð%a'�d¸e 
k@Ã�I
���ÈØC%IC�×Ø�ôà�õ�hëÂ÷�Ã�æ
� àòÐÃ
�æÈã���ÌÍ%$�û� 
Ç©Á�º�r���º�håC?�
	çå
� %IC¦ �ÍÎÏÐ���è#ÙÚ
v%OV�ïÞô�
Ýº��@ÄÆ��º�»C
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S.Ogasawara and H.Akagi [20]D¥¦ "ÞÍÎ��ºK5�\]�^8
çå�Ýº���d¸eØ
àe%pq�ðÝÞ��Ýº����¾Ä�
��ÍÎ�CéOV@ÍÎ��È¢¡
º,8&¢��¹���$��¹
�� 
ºÌò¹eÅº,8Æ"\]�^8

�ºKIf+�]�
�
õçå<·'È¡¦º,8Æ�\]�^8�¹���¦ Ç@�Ýº��
d¸eØ�çåC%ICû¦ ìZÍÎ�Z�ëûè# 
�Ýº��­
®eÅàÉCçåd¸eØ�ÌÍ
vû�õ�(ÝÂ÷�çåºKC

�¶§"ü 6,316,894 � [21] ;ô����ÈçåºKH&¢��àc�
���÷ø
D¥() 12ºKN$�_-ºK (mask circuit)
�õ®

�ø�ëe%(_-ºK
�ÈçåºKk¦ÈÉ��÷ø�
$�_d¸
eØ
�ÍÎ>�WèC

�¶§"ü 5,886,486 � [19] Dº()*ã+�ÈãAæ
 Î$ 90 ö
�Èã��C%ÈãAæDEÓÃ)�*æ Pa0Na0Pb0Nb0Pc0NcC��
î¼ Sa0Sb0Sc ø�²N¾ÇÈº�35�Èº�r���§¥ø�
 Pa0
Pb0Pc ²NeÊ�* Sa0Sb0Sc ø�@Ññã� ¡
 Na0Nb0Nc ²NeÊ
�* Sa0Sb0Sc ø�@ûñã� ¡
H%¸()�*æ��* ¡7¾Í
Îº��Wè 180 ö� ¡%_� Sa ø��Ññãè@ûñã ( �Ýº��
'�d¸e )
�� Na �* Sa ø�@ûñã� ¡
ð Na �*� Pa a�
(Ï 
kÀ¶ÍÎ�ËWèÓº�� 90 ö
H%î¥�Èø�
&® Pa

Ìd
Na Í:�*
ð Sa ø��ûñãè@Ññã
�� Pa �*
ð Pa

�*� Na a�(Ï 
î¥�Èø�
&® Na Ìd%oV
Pb0Nb0Pc0
Nc û¾ (Î��O\�* Sb 3 Sc
H%¦ "ÞÃ)�*æBå¥Ã�
I��Ã)�Èø�C

�¶§"ü 6,111,372 � [10] ��Ó()lr� mask ºK
% mask ºK
ò§¥() mask ø�
ð mask ø�@ûñã 
çåºK&àòçåd¸
eØ
�ôÍÎ�Z� ëÏefþ: 
òc����ºÌ
H%é��
÷ø� ¡ûò�Q
@Ó��%ÌÍ
% mask ºK
�ÓÍÎºÌ�§
ø
�ÍÎºÌþ: é mask ø�@ûñã� ¡ûòþ:
 ����
÷ø
$�_d¸eC
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K. Y. Cheng, and Y. Y. Tzou [11] D¥()*ã+ÈãAæ
æo 2.15 �
�
%ÈãAæDEÓ�)Ð�ôd��*æ
&"Þ��)�*æÎ�B
åÍÎº�� 30 ö�Èã��CéOV½,æ¡´��î¼ Cp(k) 3 Cn(k)

²N@>eÑÈ'��*æ
�*æ�Òþ3Ò�h²N@ ri 3 rd
ð�Ý
º��>Ñ'�  (º�a�ea�$>a )
>��*æ Cp(k)&� ri �
#ÕÓ:Ë��Ýº���eÑ'� ( º�a�>a�$ea )
à Cp(k) �
*��ak@ÍÎWèº�� 60 ö��õ� ¡%H%
@Ó��ÍÎW
èº�� 30ö� ¡
�õ® Cp(k)��Ýº��eÑ'� � �Ô ri �
#Õ¡*
k rd = 2ri
ð Cp(k) ¡*�d ÖÀ¶ÍÎ>ò��È ¡Ø

�Ýº��eÑ'� �DOOV�o
�¾�Þ Cn(k)�*æ8Î$C

� 2.15:fc.�cgh [11]

(4)abK�#´

ðè#Õ��#öý²�è# 
&���abK�#f�
% è#
¦ ¡e#ö¼½æ��ý²è#
à¨Ö�Õ�
Ö©�ef:���
è#¡ú 
¡e#ö¼½æûð®è#×
�ý²è#%É�å�È¼
½¾"ÞÍÎWè ��Ýº���K�ÈØT;
è#¾"Þ�
��
(pulse-width modulation
B� PWM) ��8¼½
ßà�ÈØ�T;ò��
���������
æo 2.16��
ð������@ûñã 
º,8
¢a
ÉCçåd¸eØ�'�
H%áâ"ÞÃ�æëéGIC��"C
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� 2.16:ijklmnZ�D>�E�op

J. Shao, D. Nolan, and T. Hopkins [8] D¥Ó(} PWM ���ØÉ8çå
�Ýº���d¸eØC��+�Ýº��d¸eØçåºK®<·'ÈÈ
º�35�Èº�ëe�Cæ���Ýº��
é��Ø�ô PWM ø�®
ò���Ýº��d¸eØçåºKçå�_d¸eØ%H%çåºKáâ
�ÞÃ�æÃÙ PWM c��÷ø
¦¾Ã�æòc�Èã��
$�ÈØ
Bå¯°
Úé¾ðÍÎ�Ñè# 
Èã���ÌÍ?@A�C@ÓìZ
%ÌÍ
%�Z¤¥ PWM �¹�¦º,8&¢
È;Ý�¡¦º,8s
����¹��
ë�ºKIf+�]�¦ ]4
ð PWM ø�@ûñã
�Û¡
�Ýº���a@<·'ÈÈº��Ç²"�Ô
H%
�õçå
¥<·'ÈÈº��d¸eØk¦�4�Ýº���d¸eØ%H@%IC
¦ ��Ã�æ�Èã��ÌÍ
� ¦ ÝÞ�è#ÙÚûr�ÛC

�¶§"�ü 6,153,993 � [12] D¥()#öBå W#ö¼½�»½%
%»½��è�ãäBåºK�T;¥�Ýº��d¸eø��
�î¥ø
��è�è#BåºK�©¥ÍÎè#%%ºKxõ¾}~�(©d¸eØ
�Qu�d¸eØ"¡� ¡
�©¥è# Nc
&$® Nc ø�î�ÍÎè
#°�å¥ºK%%ºKeÊr� Nc 3ý²è# Nsc
ô Nc < Nsc
s%º
Kî¥þ:ÍÎº�ý²����ÍÎº�ZØº%y"sî¥�
ÍÎº
�ý²%ÍÎº�ZØºKò
Äþ:ë�
 PWM �Ê�ªÛ Î�º�
þ:ë�

�¦Î�#ö¼½�Q�C
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�¶§"�ü 6,377,008 � [18] D¥()#ö¼½�»½%"Þ FG ø�

��ÍÎ#öZØ�5Ç#öT;
T;�IC¾® FG �ªÛ39Üª
ÛÇr�
æk FG �ªÛ�ô9ÜªÛ
:#��òcÑñãè�@ûñ
ã
à$��ûñã� ¡@ FG �ªÛ39ÜªÛ� ¡�%%:#��
�ø�òëeÃ�æ���û��ËÌº�
ËÌº�3Ç�f�Çr�"
�
�¦ c���Ê�ªÛ (duty) � PWM ��
à��Ó:#�Ôk

�#s@Èy��OC

�¶§"�ü 6,163,120 � [13] D¥()�Ýº���<�»½
��
PWMø� !d¸eØT;Cæo 2.17��
ð PWMø�@Ññã 
&
¢ S13 S4�¹
º� C13 C8²NÝ`<·'È35�È�º�
ð PWM

ø�@ûñã 
&¢ S13 S4à�¹
ÞÕ¤¥ø� PNSLOPEòt% �
Ýº�����¤¥º� C1 �ßàº
ô<·'Èº��ô5�Èº�

s&¢ S3�¹
ºÌá IS2;º� C1àº
�<�<·'Èº� N1¡ú

y"
&¢ S2�¹
ºÌá IS1;º� C1ßº
�<�<·'Èº� N1�
�%o 2.18 @�<���Ýº��
é5â~ 112 @YÐ PWM ø� !�
�Ýº��
â~ 116 @�<���Ýº��
¦'��d¸eØ'��u
�
â~ 1123 116Oã�ä
H%� PWMø�� !¡
9ðìñ�T;
d¸eØ�'�C

� 2.17:qr�D>�E>?� [13]
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� 2.18:qrs��D>�E [13]

�¶§"�ü 5,789,895 � [2] D¥()¦åd¸eØ'��»½%�d
¸eØåõ'�u
® PWM ?+è@~Ó?+
�:��º,8��¹

Ë�çåd¸eØ�'��
¨è
 PWM?+%æ¡o 2.19��
ð PWM

ø�@Ññã 
r�æ 20 r�5�È3<·'È�º�
ð�Ï�WÅ
ô�a 
§¥ø��12I� 22
� PWM ø�è@æ�º,8�¹�ø
�
H%
r�æ 24¦òæ�º,8�¹ çå�d¸eØ�'�C

� 2.19: PWM51tu.vTwx>?� [2]



�#�

$%&'(	
)*+,-./

3.1 �0!�012

���D¥�É�å�ÈIC
¾"ÞÍÎ�Ýº���çÓ
ðÍÎ
 120 öÃ�I���
¿�<·'Èº�35�Èº�Çr�
¦h��
Ýº���d¸eØ (º�a�ea�>aë�>a�ea )
é�©d¸e
� ¡¡èk@ÍÎWèº�� 60ö� ¡
à>ò��ÈØ�d¸eØ'
���º�� 30 öC�<"
ð�Ýº��'�d¸e�
ÍÎWèº�
� 30ök@>ò��ÈØ
¨Wèº�� 30 öÖò'�¡(©�d¸eC

3.1.1 ��<=�=>?

���ÈãAæ¾�*�Ýº��d¸eØ'�� ¡¡W T
kÍÎ
º��Wè 60 ö� ¡
¦4ÍÎWèº�� 30 ö� ¡@ T/2CH%ð
�Ýº��'�d¸e� T/2� ¡Ø
k@>ò���ØC

27
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o 3.1 ��@��ÈãAæ��O��o
éàÜéº,8���
$
�_d¸eØCé5 Vu0Vv0Vw ²N@ÇÈº�% ud0vd0wd ²N@ÇÈº
�35�Èº�r���*ãø�% Ed @<·'ÈÈº�35�Èº�r
���*ãø� (� ud0vd0wd @$ )
é����kÀ¶<·'È��Ýº
��'�Ód¸eØ% Cp Ö Cn @�*æ
²NeÊ�* Ed @ÑñãÖûñ
ã� ¡% Sc @�Èø�
ð Sc ñã'��� 
kÀ¶Ç�È��O%
θe @ÍÎè��º��C�ô Ed @�Ýº��3dº�ñãr���*ã
ø�
H%¦ 
� Ed �����8]4�Ýº��d¸e�'�C

� 3.1:yz�cgh�{|HI�
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��ÈãAæ��O½,æ¡´

_�Què��º��@ 60 ö
ºÌ�¹�I�¾c u ¹� v
�*æ Cp

c Ed �����Ø a &��* Ed @Ññã� ¡
ðÍÎc a ØWèÓº
�� 60 ö�
�Ýº��c�d¸eØ
 Ed kòc�����Ø b
% 
Cp ®�*aÜ �&êª�*%��*æ Cn &��* Ed @ûñã� ¡

ð Cn �*�a3 Cp �a(Î 
Öî¥�Èø� ( ºÌ�¹I���@ u

¹� w)
&® Cp �aÌd
à Cn Í:�*%ÇÄ�OI+È�
�¾�$
Cn �*��ÍÎWèº�� 60 ö� ¡ (b Ø� c Ø� ¡ )
 Cp s�*3
r�
Bå��ÍÎº�� 30 ö� ¡ØC %l]
Ö¦ "Þ�)�
*æ (Cp0Cn)¸¶�O8l���ÈãAæC

3.1.2 @A�B3CD6EF$

�ü(ýD���÷ø®ò !�Ýº���d¸eØçå
H%�õ
(í_-��ÈØÉë��_-ºK8����÷ø
$� !C��÷ø
c��OH8Ðô\]�^8ÔÝ
o 3.2 ��@ºÌI�� u → w ���
v → w ��¹��% (c) o5� (a) °¡��ºÌI�¾�ÍÎ� u ÈÌ� w

È
æ (a) o��%�ÍÎ®ºÌè@� v ÈÌ� w È�¢¡
ûÖ¾ u È
�¦�º,8 Tr1 à�¹
v È�¦ Tr2 �¹�¢¡
�ôî�~LÏº�Ô
Ý
á���OºÌI� u → w�À:
� ºÌò� uÈ¡¦�\]�^
8Ìe
æ�ºÌI� u → w (Å� ¡
æ (b) o��CH%� (b) °¡
�
Vu ò¢¡ú@ûñã
%��ò(Ë� u → wI��ºÌÅëCoV

ð¡¦º,8¢¡¢a 
ºÌòc�¦º,8�\]�^8Ìe
��È
º�¢¡�@Ññã%�ô�Èò'�\]�^8ÔÝ
H%��È�7á
âÜé��÷ø;d¸eØçå� !
Ið�ÍÎ>��WèC
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� 3.2:>�-}~ u → wvT� v → w�MN�a
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��ÈãAæxõ¾çå�Ýº���d¸eØ
¨ÇÍÎº�� 30

ö���
 ö�>ò��È ¡Ø%¦¾H@\]�^8ÔÝ� !
�
�È�òÐ��÷ø�c�
���Ýº��c�_d¸eØ
à
$��
ÈãAæ��OëìCH%
@Ó����÷ø !�ÈØ�Bå
lí�
áâ®��ÈãAæ��)�*æ (Cp0Cn)O(íî>CÔÕ
@ÓI�½
,
"�éG�ð���o�àÜé��÷ø� !C

o 3.3@ÏÐ_-�ð�ÈãAæ�O��oCé5 Ed @<·'ÈÈº
�35�Èº�r���*ãø�% Cp Ö Cn @�*æ
²NeÊ�* Ed

@ÑñãÖûñã� ¡% Sc @�Èø�
ð Sc ñã'���kÀ¶O�
È��O% θe @ÍÎè��º��CH@\]�^8ÔÝ� !
H%�¸
©�È�
Ed Öòc�d¸eØ���
@Ó��_d¸eØ� !
®
�*æ Cp Ö Cn �î()_- ¡a k%ð Cp ë Cn �*�aRe%_- 
¡�îa
ïï@'�ð>�d¸e
H%Í:�K��ÈãAæ�*P�
©
l�ÍÎº�� 30 ö���%y"
sï"'�_d¸e���
%
 áâ®�*��aÓ:�eÊ�*ÍÎWèº�� 60 ö��*æ5
Ë
� Cp ë Cn �*�aÎ�36a k('�ð>�d¸e )C

� 3.3:�����{|HI�
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ÏÐ_`�ð�*ã+ÈãAæé�O½,æ¡´

_�Què��º��@ 60 ö
�*æ Cp c Ed �����Ø a Ö&��
* Ed @Ññã� ¡
H@\]�^8ÔÝ� !
H% Ed c�Ó���
�Ø c
%  Cp êª�*
Cn &��*%�ô Cn ñ<�*� k aÖ'�Ó
��Ø d
H%ï@'�Ó_d¸e
à Cn �*��a@_d¸eØ�

$�
� Cn �aáâÓ:� Cp 5
&® Cn ÌdCÇÄ Cp Í:�*
Ë
� Ed c�Ó����Ø b
%  Cp êª�*
Cn &��*
ð Cn �*� k

a 
À¶'�ð>�d¸eØ
% ® Cp �*�aÜ �
$ Cn Í:�
*
Ë� Cn �*�a3 Cp �a(Î 
kî¥�Èø�
&® Cp �aÌ
dC %l]
k¦l�Ï_-�ð�ÈãAæC

3.2 1503 124�5"�

��"Þ�Ýº���É�å�È��IC
ÍÎ� 120 öÃ�I�
��
��� ¡�Ð�¹���Èî�~L
���� ¡áîÐ(ÈY
ÐÚ�¹
�@<·'ÈCò¿<·'Èº�35�Èº�Çr�
k¦h
��Ýº���d¸eØ
 �KÉ�æå�È�®ÞCÍÎ 180 öÃ�
I���ÏÐè���×Ø
�oÎ�º�¡òÏÐ�Ñ�è#
 180 öÃ
�I�����( ¡o �¹ÇÈ~L
vÉC���Ýº��
�ÉC
�Þ<·'È"�Ýº��8�KÉ�å�ÈCÐóôÉ�å�ê½
Ö
180 öÃ�I��×Ø
���D¥ 150 ö 12 �I��KÉ�å�È¼½�
�
%IC���� 120öÃ�I���ÏÐ?��è�C

�¶ 2.2 3o 2.7 ¦'�
ÍÎ� 120 öÃ�I���¡
¸()��Í
ÎWèº�� 60 ö
d¸eØ'�ô¸()���5¡Ø
k'��ÍÎ
º�� 0ö060ö0120ö0180ö0240öÖ 300öCH%�d��ôd¸e
Ø'�uè@ 120öÃ�I���� (��¹�È )
"Þ<·'Èº�35
�Èº�r�ö�d¸eØ
éô� ¡¦@ 180 öÃ�I��� ( ÇÈ�
�¹ )C



ü 3ý É�å�È¼½,-"l�IC 33

¶ 3.1@ 150 ö 12 �I���È ¡¶
%��CÏÐ 12 )��à;�
Â
î�~L¸©�¹ÍÎº�� 150 ö
��@ 150 ö 12 �I���%é
5���0���0��Ã0��õ0��Á0��Á���¹�Èî�~
L
$�¹��ö@d¸eØ'� u�ÍÎº�� 30ö
� ��í��
 
¦ "Þ<·'Èº�35�Èº�Or���d¸eØ
"�²Nè
@��Ç0��Â0��ö0��À0��Á(0��(%�í����¹
ÇÈ~L
ÏÐè���×�
�¦ D�ÍÎ�è#ÔðC150 ö 12 �I
���¦r 120 öÃ�I���c�?��è�
$ÏÐ?Ñ�è#Ôð

÷YÐ 180 öÃ�I���ÉCÞôÉ�å�ÈC�ê½CÎÄ���0�
��0��Ã0��õ0��Á0��Á��Wè�ÍÎº����

k
þ:��(0��Ç0��Â0��ö0��À0��Á(Wè�ÍÎº�
�
¦�É�å�È�KO�ô 180 öÃ�I����
éO��fö
x
õøêôº,8���
$���÷øC

7 3.1: 150Q 12 R-S�T�UV7

�� ¹ ºÌI� ¤¥º��ö
��( u, w → v [0, 30]

��� u → v [30, 60]

��Ç u → v, w [60, 90]

��� u → w [90, 120]

��Â u,v → w [120, 150]

��Ã v → w [150, 180]

��ö v → u, w [180, 210]

��õ v → u [210, 240]

��À v,w → u [240, 270]

��Á w → u [270, 300]

��Á( w → u, v [300, 330]

��Á� w → v [330, 360]

¢%��Ø 0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330
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o 3.4 @ 150 ö 12 �I����ÈãAæ��oCé5 Ed @<·'È
Èº�35�Èº�r���*ãø�% Cp Ö Cn @�*æ
²NeÊ�*
Ed @ÑñãÖûñã� ¡% Den @ 150ö 12�I�����Èø�
éñ
ã��kÀ¶O�È��O
ð Den @Ññã 
% �Ð�Èî�~L�
¹%y"
% ÇÈî�~L��¹% θe @ÍÎè��º��C

� 3.4: 150Q 12R-S����cghHI�

150ö 12�I����ÈãAæé�O½,æ¡´

_�Què��º��@ 60 ö
�*æ Cp c Ed �����Ø a Ö&��
* Ed @Ññã� ¡
ðÍÎc a ØWèÓº�� 60 ö�
�Ýº��c
�d¸eØ
 Ed Öòc�����Ø b
%  Cp ®�*aÜ �&êª�
*
&î¥�Èø� Den @ûñã
�ÇÈî�~L��¹%��*æ Cn

&��* Ed @ûñã� ¡
ð Cn �*�a3 Cp �a(Î 
¨î¥�
Èø� Den @Ññã
��Èî�~L�¹
&® Cp �aÌd
à Cn Í:
�*%ÇÄ�OI+È�
�¾�$ Cn �*��ÍÎWèº�� 60 ö� 
¡
 Cp s�*3r�
Bå��ÍÎº�� 30 ö� ¡Ø
�Èø� Den

�d¸eØ3��ÍÎº�� 30 ö ��C %l]
Ö¦ "Þ�)�
*æ (Cp0Cn)¸¶�O8l� 150ö 12 �I����ÈãAæC
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3.3 6789:;�(

º���xõ�$H¾º,8¢¡���

$î�~LºÌ¢¡��
�àc���%æo 3.5��
¹5 1@�È��º���
¹5 2@�È�
ºÌ��C¦'���È�¢¡òH@º,8���à
$ÓºÌù�C

� 3.5:���>�5>�Sa�

#Â� 120 öÃ�I���DEÃ©�º,8��
�ÍÎWèº��
360öCé5ÍÎ»Ã� θm 3ÍÎº�� θe �¢j@

θe =
P

2
· θm (3.1)

ðÍÎ�è#@ f(Hz) 
sº,8����Õ fn(Hz)@

fn = f · 6 · P
2

(3.2)

����¤Þ�ÇÈÉÊËÌÍÎ@ 9K 12^
� ����Õ fn @ 36fC
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@Óúûº,8���
$�º���
���D¥��ÈØu���
º,8 PWM ø�ë�� PWM ø��ªÛ

 �ûºÌù����C(
Ýà<
PWM ø�ò !�Ýº��d¸eØ�T;
v�ÈØXô�)
Èú�d¸eØ�5¡
� ��ÈØu�(Å��ö�º���
àò'
�d¸eØ
� ���ö�à�õ�Kd¸eØ�çåC

o 3.6@Ïúû��»½�ÈãAæ��oCé5 Ed @<·'ÈÈº�
35�Èº�r���*ãø�% Cp Ö Cn @�*æ
²NeÊ�* Ed @
ÑñãÖûñã� ¡% Reg1 Ö Reg2 @û`æ
²NÝ`ÍÎWèº��
(30 - ∆θ) öÖ (30 + ∆θ) ö��� ¡
küU��Ø�u�º�� ∆θ ö%
Pch @ PWMø���ø�
ðé@Ññã 
��º,8 PWMø�ë��
PWM ø��ªÛ
% �*æ Cp Ö Cn �àçå Ed ���¡�*% Sc @
�Èø�
ð Sc ñã'���kÀ¶O�È��O% θe @ÍÎè��º�
�C

� 3.6:�����$���cghHI�
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Ïúû��»½�ÈãAæ��O½,æ¡´

_�Què��º��@ 60 ö
�*æ Cp c Ed �����Ø a Ö&��
* Ed @Ññã� ¡%ðÍÎc a ØWèÓº�� 60 ö�
�Ýº��c
�d¸eØ
 Ed Öòc�����Ø b
%  Cp ®�*aÜ �&êª�
*
ß�û`æ Reg1Ö Reg2²NÝ` Cp a�:�(*a
küUÍÎWè
º�� (30 - ∆θ)öÖ (30 + ∆θ)ö� ¡%��*æ Cn &��* Ed @ûñã
� ¡
ð Cn �*�a3 Reg1 �a(Î 
Pch �$Ññã
%  Cn �à
çå Ed ���¡
Í:�*%ð Cn �*�a3 Cp �a(Î 
Öî¥�È
ø�
&® Cp �aÌd%ð Cn �*�a3 Reg2 �a(Î 
Pch �$ûñ
ã
%  Cn 
�çå Ed ���¡Í:�*%ÇÄ�OI+È�
�¾�$
Cn �*��ÍÎWèº�� 60ö� ¡
û`æ Reg1Ö Reg2²NÝ`ÍÎ
Wèº�� (30 - ∆θ) öÖ (30 + ∆θ) ö��� ¡
 Cp s�*3r�
Bå
��ÍÎº�� (30 - ∆θ)ö030öÖ (30 + ∆θ)ö� ¡Ø
 Pch ���Øu
�º�� ∆θ ö�@ÑñãC %l]
Ö¦ "Þ�)�*æ (Cp0Cn) 3
�)û`æ (Reg10Reg2)¸¶�O8l�Ïúû��»½���ÈãAæC

3.4 <=>�6��?3'(2

3.4.1 GHIJKL?

¡o 3.7@ÇÈÉÊËÌÍÎ��æ���o
é5 u0v0w@ÇÈÍÎ
�î�~LC"ÞÃ)º,8�&¢¦��¼½ÍÎî�~L�ºÌI�

é5 Tr10Tr20Tr3 �@�¦º,8&¢
 Tr40Tr50Tr6 �@¡¦º,8
&¢%�KÍÎºÌ3#ö¼½ 
xõ¾"Þ��
ö��pq
kc�
PWMø�¼½º,8&¢
PWMø��Ê�ªÛ3��ÍÎ�ª`º�$
>r
�¦�à¼½ÍÎ�ºÌ3è#C PWM ø�¼½º,8&¢Ðýk
ào�I+
æ�¼½�¦º,8&¢0�¼½¡¦º,8&¢0]Ì¼½
�¡¦º,8&¢Öo ¼½�¡¦º,8&¢%�Ðýk��§"F�%
=Í
à�����Þ���
ö��pq¾�¼½�¦º,8&¢C
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� 3.7:0���������hHI�

��
ö��pqxõ¾"Þ()f� Vc(¹�@Ç�� )3ý²���
Vcontrol( k@>þ�ëîa )
®�)��ë��Å�r�c�&¢���ø
�Co 3.8��@��
ö���OOV
é5 V̂c @f� Vc �0�a
Vo @
r��� PWMø�º���
 VDD @º�áº�
V̄ @ Vo �ª`º�
 Ts

@f� Vc �ªÛ
toff @ Vo �()ªÛ�@ûñã� ¡
ton @ Vo �()
ªÛ�@Ññã� ¡%ð Vcontrol � Vc � 
r��� Vo @Ññã
�&
¢�¹
y"
Vo s@ûñã�&¢ÿª
� Vo �ªÛ3f� Vc o@ TsC

� 3.8:iS�Qkl{|��
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PWMø�"Ê�ªÛ Dî¼@´

D =
ton
Ts

(3.3)

§¥º��ª`a V̄ ¦ ]�

V̄ =
ton
Ts
∗ Vdc = D ∗ VDD (3.4)

�ô§¥ª`º�3 D$>r
H%ð De� 
§¥ª`º�òe�
y
"seÅC�Ç��È�îV¦ ]4 Vcontrol Ö V̂c �¢j+´

Vcontrol

V̂c
=
ton/2
Ts/2

=
ton
Ts

= D (3.5)

�+ (3.4) 3+ (3.5) ¦ �4
��� Vcontrol ��ÅÖ¦ ��Ê�ªÛ D

��Å
H%Î���§¥ª`º��Q�
l���
ö��pqC

3.4.2 MNOPQ�?

�����Þ�É�å��ICxõ¾"ÞÍÎ�Ýº���çÓ
v
�KºÌ3#ö¼½ 
�"Þ��
ö��pq
�c�� PWM ø�ò
;ôÍÎ�Ýº���d¸eØT;
$ !%H%"Þ*ã+ÈãAæ8
¦åd¸eØ�'�
�d¸eØå'� 
®O�� PWM ø����Ñ
ñã
æ�º,8��¹
k®O�� PWM ?+è@~Ó?+
Ë�çå
�d¸eØ�'�"�
PWMø��¨>�
~Ó?+è
 PWM?+C

o 3.9 @�� PWM ø� !�ÈãAæ��oCé5 Ed @<·'ÈÈ
º�35�Èº�r���*ãø�% Cp Ö Cn @�*æ
²NeÊ�* Ed

@ÑñãÖûñã� ¡% Reg @û`æ
Ý`ÍÎWèº�� (60 - ∆θ)ö
��� ¡
küU¡(©d¸eØ'�u�º�� ∆θ ö% Pen @ PWM?
+3~Ó?+���ø�
ð Pen @Ññã 
¾�@ PWM?+
% �*
æ Cp Ö Cn �àçå Ed ���¡�*
y"
¾�@~Ó?+% Sc @�È
ø�
ð Sc ñã'���kÀ¶O�È��O% θe @ÍÎè��º��C
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� 3.9:�� PWM�nop��cghHI�

�� PWMø� !�ÈãAæé�O½,æ¡´

_�Què��º��@ 60ö
�*æ Cp c Ed �����Ø aÖ&��*
Ed @Ññã� ¡%ðÍÎc a ØWèÓº�� 60 ö�
�Ýº��c�
d¸eØ
Ed Öòc�����Ø b
�ô Pen �����Ø b "u�@û
ñã
é�~Ó?+¡àò !d¸eØ�T;%c�����Ø b �
Cp
®�*aÜ �&êª�*
Pen �$Ññã
�� PWM?+%û`æ Reg

Ý`�Ô� Cp a��(*a
küUÍÎWèº�� (60 - ∆θ) ö��� 
¡%��*æ Cn �àçå Ed ���¡�K�*
ð Cn �*�a3 Cp �a
(Î 
Öî¥�Èø�
&® Cp �aÌd%ð Cn �*�a3 Reg �a(
Î 
Pen �$ûñã
kè@~Ó?+
�*æ Cn 
�çå Ed ���

�* Ed @ûñã� ¡%ÇÄ�OI+È�
�¾�$ Cn �*��ÍÎW
èº�� 60ö� ¡
û`æ Reg Ý`ÍÎWèº�� (60 - ∆θ)ö��� 
¡
 Cp s�*3r�
Bå��ÍÎº�� 30 öÖ (60 - ∆θ) ö� ¡Ø

Pen �d¸eØ'�u�º�� ∆θ ö�@ûñãC %l]
Ö¦ "Þ�
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)�*æ (Cp0Cn) 3û`æ Reg ¸¶�O8l��� PWM ø� !�Èã
AæC

3.4.3 RSTUVW

ÇÈÉÊËÌÍÎ�abK¼½C
²@�)=>�abK´ºÌ¼½
bK3#ö¼½bKC�abK�¼½Cs¡
"Þ�åæ�å
�ø�

&�
,-5OabK¼½Cé5ºÌ¼½bK®ÍÎºÌ�Åè�@º�
a
ëfV�$@*ãø�î�,-��abKºÌ¼½æ%à#ö¼½b
K���
�ø�¾"ÞÉ�å�� 
,-�c���Èø�
�,-�
�©$è#ø�
¨
��¼½æ5#ö�abK¼½æC

[ºÌ
�fV ]

o 3.10@ºÌ
�fV��oC��
ºÌ�åæ®ÍÎºÌ��Å�
Ýè@º�a
lm�Þ�åºÿ (0.25 Ω) �ÇôÃ¦ºK3ó"¡
�Ð
ÌëÍÎ~L�ºÌë��åºÿè�@º�a
�îºÌÙÚ@ 0 � 0.5

A
sº�aÙÚ@ 0 � 0.125 V%�ôáâ�J A/D è�æ¦�¿�ÙÚ
a
� "Þrsà�æ®�åº�à� 80Ô
à���º�aÙÚ@ 0�
10 V%à���º�ëeû¹Ã�æ
Ãe 25 kHZ ��Ñ�÷ø�
��
A/Dè�æ% A/Dè�æ 20µ s�è� ¡®lrº�aè�@ 12bit�*
ãø�%0�
*ãø��� FPGA,-��ºÌ
�¼½æ5ÇºÌ
�
ø�fVC

� 3.10:>����n���A�



ü 3ý É�å�È¼½,-"l�IC 42

[#ö
�fV ]

É�å�� 
"Þ�È�c��ø� FG ¦ �©¥Qu�è#a%
ø� FG �ªÛ TFG @o 3.15�Èø� Sc ªÛ�ÇÔ
k¸(@Ã�I�
òc�()ªÛ� FG
�(@Ã�I�¦�ÍÎWèº�� 360 ö
�Í
ÎWèº�� 360 öòc�()ªÛ� FG%�ÍÎº��3»Ã��¢j
+ 3.1
 Wlm��Þ�LM»ÍÎ@ 9K 12^
¦�è# ωr´

ωr = 10 ∗ 1
TFG

(rpm) (3.6)

"ÞªÛ@ Tclk �� æ\�* k ) FG�ªÛ
¦��*�a@ N
s´

ωr = 10 ∗ k

Tclk ∗N
(rpm) (3.7)

@Ó��©¥8�è#aìñö¦�)ã*
¿ Tclk @ 2.56 µsÖ k@ 10
¦
�´

ωr =
39062500

N
(rpm) (3.8)

�¦"Þ+ 3.8 �©¥è#a
�� FPGA ,-��#ö
�¼½æ5Ç#
ö
�ø�fVC

3.4.4 XY6Z[ PI��?

o 3.11��@ÇÈÉÊËÌÍÎ�ºÌ3#ö¼½I�o
#ö
�ø
�3#öý²ë�#ö¼½æ (velocity controller
B� VC) fV�
c�º
Ìý²��ºÌ¼½æ%ºÌ
�ø�3ºÌý²ë�ºÌ¼½æ (current

controller
B� IC)fV�
c�º�ý²¼½ PWMø��Ê�ªÛ
�à
¼½��ÇÈÉÊËÌÍÎ�ª`º�

%Î�ºÌ3#ö¼½�Q�C
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� 3.11:0��������>�5�Q��-��

�¼½,-5�äÞ�ºÌ3#ö¼½æ�@ PI( rsú² ) ¼½æ

�§¥�* U(z) Ö°��* E(z) �ra¦ö¥�*ã¼½¾�����è
A�* G(z)´

G(z) =
U(z)
E(z)

= Kp +
Ki

1− z−1 (3.9)

é5 Kp´rs�*
Ki´ú²�*

®+ (3.9) �rs¼½ ²Öú²¼½ ²	&@
·�
&��$�
²If+¦�¡�+´

up(k) = Kpe(k)

ui(k) = ui(k − 1) +KiTse(k)

¨®rs¼½�§¥�3ú²¼½�§¥�:
8
Ö¦�¥ PI ¼½
æ��²If+
æ+ (3.10)��
æ%�¦�*ã,-�l�C
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u(k) = up(k) + ui(k) = Kpe(k) + ui(k − 1) +KiTse(k) (3.10)

é5 u(k) ´ü k )¿Î ¡�§¥ø�
up(k) ´ü k )¿Î ¡�rs¼½§¥ø�
ui(k) ´ü k )¿Î ¡�ú²¼½§¥ø�
ui(k − 1)´ü k − 1)¿Î ¡�ú²¼½§¥ø�
e(k) ´ü k )¿Î ¡�°�ø�

PI ¼½æ�,-� �l�IC
o 3.12 @ PI ¼½æ�I�o
®r
s¼½æ3ú²¼½æ²�fV�
¨ÇÂJ§¥��OC

� 3.12: PI��h-��

o 3.12 5� z−1 I�
ûÖ¾��(©ú²¼½§¥a��ð
¦Þ(
) D Æ>yæ8l�%%Õ
�ú²¼½§¥a ui(k) õ3rs¼½§¥a
up(k) È:"u
@Ó�ªú²¼½æ5ú²�Oc��Ó:ae�
à�
�¼½æ���®©�ã
 !¼½Tk
� � ui(k) §¥u:�()�
Ö§¥ê½��ð
ðT;§¥aRe�0¡�1a 
Öê½§¥a@�
�1aë¡�1a%oÎ���
�Â) PI ¼½æ§¥ø� 
ûòÐ�
Ö§¥ê½
 �ª���fVòÐ�ã�'�C



�0�

)*123456789

4.1 Quartus II@ABCDE+,

Altera � Quartus II ��g8Dº()���	ïÝçî����õ�
#Âkª���hi
�¾(¦f+1256ÂJ&'hiCo 4.1 ,�
Quartus II ���Ìf
"Þ Quartus II g8&'���Ìf¦��°²@�
�§�012J$0+�Ö+~0 �²R0?jWf+¡f/0C�Þ
QuartusIIg8¦ #$��Ìf��Ð¹�
¾(}#Â$�	�Þ�
·
ìZI�C

QuartusIIg8DE QuartusIIo�Þ�X�0EDADÏX�ë�²X�

¦�Â)Ìf5��Þé5(}X�
û¦ ���Ìf5�ào¹�
t
ÿ�°��Þào�¤�CQuartusIIo�Þ�X�@��Ìf�¸)¹�D
º��ðÂVæ¶ 4.1��C

45
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� 4.1: Quartus II�����A
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7 4.1: Quartus II�a�� ¡¢���A�£¤¥¦§¨���

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

 ¡��9: Quartus II ����Ìf
v&�¸)��`@á��
�
�ÞÏ¦tÐK�õQÉ����ë������f�´

1. �Þï�¤� File→New project Wizard <·¨§�&�îQ£56ë5
6¾4

2. �ÞText Editor<·Verilog HDL0VHDLëAltera789:;< (AHDL)�
�C¦ �Þ Block Editor <·DEÀ¶éG�������I�oë
<·��oC

3. �Þï�¤� Assignments
Assignment Editor0Setting ;��0Floorplan

Editor0LogicLock�ðçî����ê½C

4. �Þ Analysis & SynthesisJ$��C

5. �Þ Simulator;���K�ð?jC

6. �Þ Fitter;���KIäÖK~C
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7. �Þ Timing Analysis;���K �²RC

8. �Þ Simulator;���K �?jC

9. �Þl8J$ (Physical Synthesis)0 �aJª�+äoC(Timing Closure

floorplan)0LogicLock �ð0�î (Settings) ;��Ö Assign Editor �K 
���C

10. �Þ Assembler@��<·éf�� (Programmer files)C

11. �Þéf��0Programmer ��Ö Altera 78 ( sæ Byteblaster II) ;5
6�Kéf (program)%ë®éf��è�@éG��µ+ º��+
fVæ�éG¾��ÞC

o 4.2��@ Quartus IIo�Þ�X�CQuartusIIg8DF FPGAÖ CPLD

���Ð¹��ìZI�
c���Ð¡à���IC��@Ð�à¡��
�IC
 789:;<�Hardware Description Language�9:¾�=>�
�
&� ¾�?j3ÂJ
Dºc��§��¦f+1256¡f/0�
= �ðC

����I+�
®ä¿?@����p!C����5
��®"Þ
789:;< VHDL��/0&<Nÿ)
·�ÍÎ���ð?@
 �

ÿ?@3?@¡��ðçÓ¯°'�»Õ�� !C0�¨�;ÿ?@3?
@¡�ø"N¹0�ÒI+WÂJÓ"�ðçÓ�K?j3mPCæ%
à
v¦þ:ÿ?@¡��Þ#Ó
ûDÑÓ?jmP��I�ÓC



ü 4ý ,-�ð/0WmP?j 49

� 4.2: Quartus II�a�� ¡
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4.2 FPGA'(FGHIJ� K

�É�å¼½,-��¾�SN5
é¼½>�@($.ÔÆ¦/01
23456C¡e ALTERA Nios II Development Board(B� Nios II'�¬ )W
º�3ºÌ�åºK0ÍÎ��ºKWª�ºK
 <·(@#Â�ÍÎ¼
½¾�C

o 4.3 ��
@% FPGA ¼½,-� �¾�SNC,-� �DE�
?@½,æ¡´

� 4.3: FPGA��©ª«¬�­®¯°



ü 4ý ,-�ð/0WmP?j 51

[&¢¼½?@ ]

?@�ð´

¶ 4.2 ��@&¢¼½?@»ãø�î¼½,%
� Nios II '�¬��
&¢ SW0Ö SW1²N¼½ Startø�Ö Resetø� (&¢%x éø�@ûñ
ã )%&��()� û`æ Reg
�� SW0%¡�à&
é Ao enø�æ�
Ññã
�É�å��»½��@Z����C

7 4.2:K���u(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼

clk INPUT 1 bit ¾� � (50MHz)

Start INPUT 1 bit Z�&¢

Reset INPUT 1 bit �ä&¢

Ao en OUTPUT 1 bit îãW&bK?@�ðø�

ð clk'�>ÑÈ'���k�K&¢¼½?@�Ìf
æo 4.4��%
��T; Start Ö Reset ¾(o @ ’0’( o %x SW0 Ö SW1)
ô Start Ö
Reseto @ ’0’
s® Ao enW� û`æ Reg�î@ ’0’%ô%36à$·s
Í:T; Start ¾(@ ’0’( %¡ SW0)
ô¾��s® Ao en W� û`æ Reg

�î@ ’1’
y"sÍ:T;� û`æ Reg¾(@ ’1’
ô� û`æ Reg@
’1’
s® Ao en �î@ ’1’
y"s® Ao en �î@ ’0’Cð5 Ao en ���@
’1’  
À¶É�å��»½@Z����
%  Nios II '�¬����)
D0 ,�@*
y"sÀ¶É�å��»½@êª���
%  Nios II '�
¬����) D0,�@¯C
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� 4.4:K���u(�A�

?jTk´

o 4.5 ��@&¢¼½?@?jTk
�o5¦ '�ð Start � ’1’ �
@ ’0’"�
Ao en��î@ ’1’
"�k� Start¨�@ ’1’
;ô Ao en&YÐ
 !%à� ResetÖ Starto @ ’0’���¡
ï® Ao en�î@ ’0’C

� 4.5:K���u(uµ¶·
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[îãW&bK?@ ]

?@�ð´

¶ 4.3 ��@îãW&bK?@»ãø�î¼½,%�ô�îãW&b
KZ��ef5áâ�©�¹ ¡
H%áâ"Þ �8�* ¡% Nios II

'�¬� �¾� ��+,�Õ@ 50MHz
ô�Þ%+,�Õ�*®ò�
��*æ�ã5*þ:
�� IC�úþ�
H%®éÜ�@ 3.051kHz
%k
@ clk ao ø�
¡e clk ao k¦�îãW&bKZ�f�5�*����¹
 ¡Cø� Ao flag@îãW&bK?@Ã¦§¥¢£
¦ë�¢£¤¥?@
§��Ã¦§¥?@
k¦¼½Õ Ã¦º,8�&¢
Zîî�~LºÌ
�¹�I�C

7 4.3:6c¸K¹?u(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼

clk ao INPUT 1 bit îãW&bK?@ �

Rs INPUT 1 bit �¨Z�ø�

Ao en INPUT 1 bit îãW&bK?@�ðø�

Cl en OUTPUT 1 bit abKºK�ðø�

Ao flag OUTPUT 4 bit îãW&bK?@Ã¦§¥¢£

ð clk ao'�>ÑÈ'���k�KîãW&bK?@�Ìf
æo 4.6

��%��T; Rs���
ô Rs@ ’0’kÀ¶�¨Z�
H%áâ®%?@
5�Þ���*æWû`æO�����O
&® Ao flag �î@ ”0110”( Ã
¦ºK&¢�à�¹ ) ���K��
o ® Cl en�î@ ’0’
ô Rs@ ’1’

 kÀ¶>�®OCÇÄT; Ao en ���
ô Ao en @ ’0’ kÀ¶É�å�
�»½@êª���
H%® Ao flag�î@ ”0110”%ô Ao en@ ’1’kÀ¶É
�å��»½@Z����
&��KîãW&bKZ�f�C

�îãf�5
�®ºÌ�¹�I�¤¥@ u→v(Ao flag��@ ”0100”)

�¹ 0.7 - #$îãf�%à�ºÌ�¹I���� v→w(Ao flag ��@
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”0000”) �¹ 0.038 -%0�®ºÌI���� v→u(Ao flag ��@ ”0001”) �
¹ 0.015 -
#$�® Cl en �î@ ’1’Cð Cl en @ ’1’ ���
Nios II '�¬
����) D1,�@*%y"
Nios II'�¬����) D1,�@¯C

� 4.6:6c¸K¹?u(�A�

?jTk´

�ô?j ¡�ê½
H%��Ð3�È ¡È¢�?jxõ¾mPé
§¥�4WÌf¾(>ò
�lí�O�áâ®�È ¡�a¨Ç(íî�
 Î���� ¡Co 4.7 ��@îãW&bK?@?jTk
�o5¦ 
'�ð Ao en @ ’1’ "�
kî¥ Ao flag (À���È�4
ð Ao flag �a
@ ”0001”"�
À¶Ùë#$Ó&bKZ�f��0�()�¹I�
H%
ðé�¹ ¡T.�kî¥ Cl en @ ’1’ �ø�%ð Rs è@ ’1’ ��� 
î
¥ Cl en @ ’0’ �ñãÖ Ao flag @ ”0110” �a
Ë� Rs 
� ’0’ ����
�
¨�Kîã3&bKZ��f�C

� 4.7:6c¸K¹?u(uµ¶·
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[abK?@ ]

?@�ð´

¶ 4.4��@abK?@»ãø�î¼½,%abK�È¼½�¦ô 120

öÃ�I���ë 150 ö 12 �I���¡l�
lm�òÐ��÷ø� 
!
H%áâl�ÏÐ_`�ð�*ã+ÈãAæ
ïð ��_d¸e 
!�ÈØ�Bå%@Óúû��
H%c� P ch ø�%@Ó¦�Oô PWM

?+¡
H%c� P en%ºÌ��¹I�¦ ¡e Cl flag �î
Cl flag ø�
ëe¢£¤¥?@WÃ¦§¥?@�
k¦¼½Õ Ã¦ºK&¢
�îº
Ì�¹�I�CÔÕ
æoîãW&bK?@�� clk ao �OH
�abK
?@5
® clk cl��@ 1.5625MHz IJB©�È ¡ØC

7 4.4:º¹?u(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼

clk cl INPUT 1 bit abK?@ �

Cl en INPUT 1 bit abK?@�ðø�

Ed INPUT 1 bit <·'Èº�35�Èº�r���ø�

P en OUTPUT 1 bit PWM�ðø�

P ch OUTPUT 1 bit PWMÊ�ªÛ��ø�

Cl flag OUTPUT 4 bit abK?@Ã¦§¥¢£

ð clk cl'�>ÑÈ'���k�KabK?@�Ìf
æo 4.8��%
��T; Cl en���
ô Cl en@ ’1’kÀ¶Ù#$îãW&bKZ�f�

H%ÇÄ 120 öÃ�I���Cë 150 ö 12 �I���C8��ÍÎ%y
"
sÀ¶ñ<#$îãW&bKZ�f�
H%áâ®%?@5�Þ��
�*æWû`æO�����O
&® Cl flag �î@ ”0110”  ���K�
�C
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� 4.8:º¹?u(�A�

?jTk´

¡o 4.9 @abK?@5
120 öÃ�I������ÈãAæ?jT
k
Cl en@ ’1’ ï&��KabK�È¼½f�% Ed ��@()î��I
�ø�
éªÛÀ¶ÍÎWèº�� 120ö� ¡
ð Ed a�� 
À¶d
¸eØ�'�%�?jTk¦ '�Ã¦§¥¢£���Ø�c�ô Ed @
’1’ ë ’0’ �5¡Ø
k��ÍÎº�� 30 ö� ¡Ø
$� 360 ö�ÍÎº
���
Ã¦§¥¢£�� 6©C

� 4.9: 120Q�R-S���yz�cghuµ¶·

¡o 4.10 @abK?@5
150 öÃ�I����ÈãAæ?jTk

Cl en@ ’1’ ï&��KabK�È¼½f�% Ed ��@()î��I�ø
�
�?jTk¦ '�Ã¦§¥¢£���Ø�c�ôd¸eØ3d¸e
Ø��ÍÎº�� 30ö� ¡Ø
$� 360öÍÎº���
Ã¦§¥¢£
�� 12©C
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� 4.10: 150Q�R-S����cghuµ¶·

¡o 4.11 @abK?@5
� 120 öÃ�I���¡
Ï_`�ð�È
ãAæ?jTk
 Cl en @ ’1’  ï&��KabK�È¼½f�% Ed ��
@()î��I�ø�
&��ÈØ�/O���()� ¡�y���

k_d¸eØ%�?jTk¦ '�Ã¦§¥¢£���Øà��_d¸e
Ø� !
9c�ô��ÍÎº�� 30ö� ¡ØC

� 4.11: 120Q�R-S��»¼�������cghuµ¶·

¡o 4.12 @abK?@5
� 120 öÃ�I���¡
Ïúû��»½
�ÈãAæ?jTk
 Cl en@ ’1’ ï&��KabK�È¼½f�%Ed �
�@()î��I�ø�
�?jTk¦ '�Ã¦§¥¢£���Øc�
ô��ÍÎº�� 30 ö� ¡Ø
 P ch �Ã¦§¥¢£��Øu�(Å�
 ¡�@ ’1’
éô ¡�@ ’0’
� ��ÈØu� PWM ø��Ê�ªÛò
�� Î�úû���Q�C

� 4.12: 120Q�R-S��»¼�����$���cghuµ¶·
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¡o 4.13 @abK?@5
� 120 öÃ�I���¡
�� PWM ø�
 !�ÈãAæ?jTk
 Cl en @ ’1’  ï&��KabK�È¼½f�%
Ed ��@()î��I�ø�
�?jTk¦ '�Ã¦§¥¢£���
Øc�ô��ÍÎº�� 30 ö� ¡Ø
 P en �d¸eØ'�u(Å� 
¡�@ ’0’
éô ¡�@ ’1’
� ÜÓd¸eØ'�u¾�òè@~Ó?+
Õ
éô ¡�@ PWM?+C

� 4.13: 120Q�R-S��»¼�� PWM�nop��cghuµ¶·

[¢£¤¥?@ ]

?@�ð´

¶ 4.5 ��@¢£¤¥?@»ãø�î¼½,%%?@
� Cl en T;
Flag Ý�î@ Ao flag ë¾ Cl flag
ktuÉ�å��»½���î¥���
Ã¦§¥¢£C

7 4.5:½¾¿Àu(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼

clk INPUT 1 bit ¾� �

Cl en INPUT 1 bit abKºK�ðø�

Ao flag INPUT 4 bit îãW&bKºKÃ¦§¥¢£

Cl flag INPUT 4 bit abKºKÃ¦§¥¢£

Flag OUTPUT 4 bit Ã¦§¥¢£
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ð clk '�>ÑÈ'���k�K¢£¤¥?@�Ìf
æo 4.14 �
�
��T; Cl en ���
ô Cl en @ ’1’ kÀ¶Ù#$îãW&bKZ�
f�
H%® Flag �î@ Cl flag%y"
sÀ¶ñ<#$îãW&bKZ�
f�
H%® Flag�î@ Ao flagC

� 4.14:½¾¿Àu(�A�

?jTk´

o 4.15 @l�¢£¤¥?@�?jTk
ð Cl en @ ’0’  
Flag ò�î
@ Ao flag
H%éaòÎÄ Ao flag à�%àð Cl en @ ’1’  
Flag ò�î@
Cl flag
H%éaòÎÄ Cl flagà�C

� 4.15:½¾¿Àu(uµ¶·
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[Ã¦§¥?@ ]

?@�ð´

¶ 4.6 ��@Ã¦§¥?@»ãø�î¼½,%%?@¾ �¶�I+
î¥Ã¦&¢��ø�W�Èø�
æ¶ 4.7 ��
�ôÃ¦5��¦&¢
��@ PMOS56
H%ôõ��¦&¢�¹áâ��ûñã�ø�
y"
s��Ññã�ø�%àÃ¦5�¡¦&¢��@ NMOS56
H%ôõ�
¡¦&¢�¹áâ��Ññã�ø�
y"s��ûñã�ø�% pwm com

ø�@��
ö��?@�§¥
����¹��¦&¢ Î�#ö¼½�
Q�C FG ø�ÎÄ Flag ��Ã© ( ë 12 © ) àc�()ªÛ� �
éª
Û@ÍÎWè 360 öº����� ¡%ð clk '�>ÑÈ'� 0
k�
K�¶��OC

7 4.6:�ÁÂÃu(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼

clk INPUT 1 bit ¾� �

pwm com INPUT 1 bit PWMø�

Flag INPUT 4 bit Ã¦§¥¢£

Tr1 OUTPUT 1 bit uÈ�¦&¢��ø�

Tr2 OUTPUT 1 bit uÈ¡¦&¢��ø�

Tr3 OUTPUT 1 bit v È�¦&¢��ø�

Tr4 OUTPUT 1 bit v È¡¦&¢��ø�

Tr5 OUTPUT 1 bit w È�¦&¢��ø�

Tr6 OUTPUT 1 bit w È¡¦&¢��ø�

FG OUTPUT 1 bit �Èø�
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7 4.7:�ÁÂÃu(7

Flag Tr1 Tr2 Tr3 Tr4 Tr5 Tr6 FG ºÌ�¹I�

0000 1 0 0 0 1 1 1 v → w

0001 1 1 0 0 1 0 1 v → u

0010 1 1 1 0 0 0 1 w → u

0011 1 0 1 1 0 0 0 w → v

0100 0 0 1 1 1 0 0 u → v

0101 0 0 1 0 1 1 0 u → w

0110 1 0 1 0 1 0 0 É

1000 0 0 1 1 0 0 0 u,w → v

1001 0 0 1 1 1 1 0 u → v,w

1010 0 0 0 0 1 1 0 u,v → w

1011 1 1 0 0 1 1 1 v → u,w

1100 1 1 0 0 0 0 1 v,w → u

1101 1 1 1 1 0 0 1 w → u,v

?jTk´

o 4.16@l�Ã¦§¥?@�?jTk
¦ '� Tr1 � Tr6 W FGòÎ
Ä Flag à��
æ¶ 4.7 5�;u��ñã
à pwm com ÀÇ���¹��
¦&¢C
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� 4.16:�ÁÂÃu(uµ¶·

[�Ýº��¤¥?@ ]

?@�ð´

¶ 4.8 ��@�Ýº��¤¥?@»ãø�î¼½,%%?@
�T;
¢£ Flag�4Qu~L�¹I� (9Ü¶ 4.7 )
H%¦ <·¥¶ 4.9
®r
�æºK�§¥ø� (ud0vd0wd) J$¥<·'Èº�35�Èº�r��
�*ãø� (Ed)%ð clk'�>ÑÈ' 
k�K�¶��OC

7 4.8:�D>�E¿Àu(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼

clk INPUT 1 bit ¾� �

Flag INPUT 4 bit Ã¦§¥¢£

ud INPUT 1 bit uÈº�35�Èº�r���
�ø�

vd INPUT 1 bit v Èº�35�Èº�r���
�ø�

wd INPUT 1 bit wÈº�35�Èº�r���
�ø�

Ed OUTPUT 1 bit <·'Èº�35�Èº�r���ø�
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7 4.9:�D>�E¿Àu(7

Flag Ed

0000 ud

0001 wd

0010 vd

0011 ud

0100 wd

0101 vd

?jTk´

o 4.17@l��Ýº��¤¥?@�?jTk
¦ '� Ed òÎÄ Flag

à���¤¿�ø�
æ¶ 4.95�;u��ø�C

� 4.17:�D>�E¿Àu(uµ¶·

[�¨Z�?@ ]

?@�ð´

¶ 4.10��@�¨Z�?@»ãø�î¼½,%"Þ Nios II'�¬��
�ä&¢ËÇî¥�¨Z�ø�
ëðÍÎ�abK�È¼½f�5è#û
ô 150rpm 
kî¥�¨Z�ø�
�ÍÎ�¨cîã�f�&�C
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7 4.10:qÄÅ�u(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼

clk ao INPUT 1 bit ¾� �

Reset INPUT 1 bit �ä&¢

FG INPUT 1 bit �Èø�

Cl en INPUT 1 bit abKºK�ðø�

Rs OUTPUT 1 bit �¨Z�ø�

ð clk ao '�>ÑÈ' 
�K�¨Z�?@�Ìf
æo 4.18 ��%
��T; Reset ¾(@ ’0’( %x&¢ )
ô Reset @ ’0’
s® Rs �î@ ’0’

�É�å»½�¨Z�%ð Reset @ ’1’  
T; Cl en ¾(@ ’1’
ô Cl en

@ ’0’
sÀ¶ñ<�abK�È¼½f�
H%® Rs �î@ ’1’%y"
ô
Cl en@ ’1’
sÀ¶Ù��abK�È¼½f�
ÇÄ"Þ FGø��©ÍÎ
è#
ðè#ûô 150rpmk® Rs�î@ ’0’
�ô 150rpms�î@ ’1’C

� 4.18:qÄÅ�u(�A�
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+ (3.6)@ÍÎè#3ø� FGªÛ�¢j
¦�à]©¥è#� 150rpm

 
FG ªÛ��Å´

TFG =
10
ωr

=
10
150

= 0.067(s) (4.1)

�¨Z�?@¾
� FG ø���o(ñã� ¡ T 8T;ÍÎè#¾(û
ô 150rpm
�ô ¡ T Ë@ TFG ��²"(
H%ð ¡ T �ô 0.0335 -
 
è#ûô 150rpmC

?jTk´

o 4.19 @l��¨Z�?@�?jTk
¦ '�ð Reset @ ’0’  
k
î¥ Rs @ ’0’ �ø�%ð Reset @ ’1’ $ Cl en @ ’0’  
kî¥ Rs @ ’1’ �ñ
ã%ð Reset @ ’1’ $ Cl en @ ’1’  
s�* FG ��o(ñã� ¡
ðR
e�() ¡�kî¥ Rs@ ’0’�ø�C

� 4.19:qÄÅ�u(uµ¶·

[��
ö��?@ ]

?@�ð´

¶ 4.11 ��@��
ö��?@»ãø�î¼½,% PWM ø�c��
I+xõ¾"Þ()Ç�f� Vc 3()ý²��� Vcontrol( 9Ü 3.4 A )
Ç
�f�c��I+xõ¾"Þ ��*��ð
®é�Õ��@ 25kHz
ý
²���k@ø� cv
¼½ cvas¦ ¼½ PWMø��Ê�ªÛ
�à¼
½��ÍÎ�ª`º�% P en @~Ó?+3 PWM ?+���ø�
P ch @
�� PWMÊ�ªÛ�ø�C
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7 4.11:iS�Qklu(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼

clk INPUT 1 bit ¾� �

cv INPUT 1 bit º�¼½ø�

P en INTPUT 1 bit PWM�ðø�

P ch INTPUT 1 bit PWMÊ�ªÛ��ø�

pwm com OUTPUT 1 bit PWMø�

ð clk '�>ÑÈ' 
�K��
ö��?@�Ìf
æo 4.20 �
�%��T; P en���
ð P en@ ’0’ 
ø� pwm com@ ’0’�º,8�
��¹%ð P en@ ’1’ 
T; P ch���
ô P ch@ ’0’
s pwm com@ø
� cv 3Ç�f�r���ø�%y"
s��ø� cv 3Ç�f�r��ø
��Ê�ªÛ
$ pwm com@��Ê�ªÛ��ø�C

� 4.20:iS�Qklu(�A�
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?jTk´

o 4.21@l���
ö��?@�?jTk
ð P en@ ’0’ 
pwm com

@ ’0’%ð P en@ ’1’$ P ch@ ’0’ 
pwm com@ PWMø�%ð P en@ ’1’$
P ch@ ’1’ 
¦�� pwm com�Ê�ªÛC

� 4.21:iS�Qklu(uµ¶·

[è#�©?@ ]

?@�ð´

¶ 4.12��@è#�©?@»ãø�î¼½,%��abK¼½�È¼
½�
&��* 10) FGªÛ� ¡
&®�*�aë®©ö�QuÍÎ�
è#a fb w%ÔÕ
�è#�©?@5® clk cal ��@ 390.625kHz  IJè
#�®©C

7 4.12:3��Æu(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼

clk cal INPUT 1 bit ¾� �

Cl en INTPUT 1 bit abKºK�ðø�

FG INPUT 1 bit �Èø�

fb w OUTPUT 14 bit 
�#öø�

ð clk '�>ÑÈ' 
�Kè#�©?@?@�Ìf
æo 4.22 �
�%��T; Cl en ���
ô Cl en @ ’1’ kÀ¶Ù#$îãW&bKZ�
f�
H%"Þ FG �Kè#�©%y"
sÀ¶ñ<#$îãW&bKZ
�f�
H%®?@��û`æ3�*æO���
&® fb w�î@ 0C
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� 4.22:3��Æu(�A�

?jTk´

o 4.23 @l�è#�©?@�?jTk%ð Cl en @ ’1’  &��©è
#
uÏ� FG��ÕË@ 3.33ms
"Þ+ (3.6)¦�©¥è#Ë@ 3000rpm%
�Ï� FG��ÕË@ 6.66ms
¦�©¥è#Ë@ 1500rpmC

� 4.23:3��Æu(uµ¶·

[#ö¼½æ?@3ºÌ¼½æ?@ ]

?@�ð´

¶ 4.133¶ 4.14��@²N@#ö¼½æ?@3ºÌ¼½æ?@�»ã
ø�î¼½,%�?@��Þ PI¼½æ
#ö¼½æ?@®#öý²ø�3

�#öø�È�
ëe PI ¼½æc�ºÌý²ø�%ºÌ¼½æ?@®
ºÌý²ø�3
�ºÌø�È�
ëe PI¼½æc�º�¼½ø� cvC
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7 4.13:�Q��hu(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼
clk INPUT 1 bit ¾� �

clk sc INPUT 1 bit ¿Î�Õ
com w INTPUT 14 bit #öý²ø�ø�
fb w INPUT 14 bit 
�#öø�
com i INPUT 14 bit ºÌý²ø�

7 4.14:>���hu(±c�n6²³´7

»ã&� 'Ó ã5* ø�î¼
clk INPUT 1 bit ¾� �

clk ic INPUT 1 bit ¿Î�Õ
com i INTPUT 14 bit ºÌý²ø�ø�
fb i INPUT 14 bit 
�ºÌø�
cv INPUT 14 bit º�¼½ø�

?jTk´

�ô�¼½æ��Þ PI ¼½æ
H%�;#ö¼½æ?@O?j
o
4.24@l�#ö¼½æ?@�?jTk%%?j� P�î@ 2
I�î@ 0.5

à com w3 fb wÈ� 100
¦'�¼½æ�§¥ com ic 250&�
& 50�
¡WÖ�Ó:C

� 4.24:�Q��hu(uµ¶·



�:�


;<=>?�,6+@A�BC

5.1 LMNC��

o 5.1 ��@ÇÈÉÊËÌÍÎÉ�å¼½"78SNI�o
¼½>
�@ Nios II '�¬5� FPGA ,-%lmef5
��� PC �"Þ Altera

'�g8 QuartusII�K VHDL�1�
��3mP����ðI�
à�®
f+¡e ByteBlaster II�§~¡f� FPGA,-5C

f+¡f#$�
FPGA ,-§¥Ã¦¼½ø�0A/D ¼½ø�Öª�
ºK¼½ø�
§�
�ºÌø�Öd¸eØ
�ø�%Ã¦¼½ø�ë�
L2æ¼½Ã¦ºK
�à¼½ÍÎî�~L�ºÌI�% A/D¼½ø�¼
½ºÌ
���� A/D è�æ
®lrø�è@*ã�ºÌ
�ø���
FPGA ,-�fV%ª�ºK¼½ø�¼½Õ �kDæ ò¿<·'Èº
�
<·'Èº�3ÇÈº�¨ë��Cæc�<·'È��Ýº��
¦
O@z33mP�ø�%º��åºK"Þr�ær�ÇÈº�35�Èº
���d¸eØ
�ø�Co 5.2 @lmª«
�I@ Nios II '�¬
4¡
I@º�3ºÌ�åºK0ÍÎ��ºKÖª�ºKC

70
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� 5.1:0�������������Ç�¯°-��

� 5.2:wÈÉÊ

5.2 ALTERA Nios II Development Board

���5ÇÈÉÊËÌÍÎ FPGA,-¼½¾�5
äÞ ALTERAvw
Nios II Development Board @xõ����'ª«C%'�¬��Þ� FPGA

,-�Æ�@ Cyclone II EP2C35F672C6ES
�$ FPGA ,-¾� 672 }»ã
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� Fineline BGA5Øà$
é67/µ¶æ¶ 5.1��C

7 5.1: EP2C35F672C6ES©ª:;

/µ Feature 2C35F672C6ES

LEs 33,216

M4K RAM blocks (128 x 36 bits) 105

Total RAM bits 920,448

Embedded 18x18 Multiplier Blocks 35

PLLS 4

User I/O pins 475

¡o 5.3 ��@ Nios II '�¬ºKl8oCÜÓ($ FPGA ,-W(Ý
§¥�Ç»Õ
ñDE

• 16MBytes� Flash memory

• 2MBytes� synchronous SRAM

• 32MBytes� DDR SDRAM

• (@ Ethernet MAC/PHYØä3 RJ45Ç|Þ ¡e!KÇ§8�§

• (@ Compact Flash(CF)Ç|W(� 32MB� CF Card

• ()¦�Oô 33MHz3 66MHz� 32 ã5 PMCÇ|

• (@ MictorÇ|¦�Kg78�Ü¯

• (@ RS232Ç|¦ ÀÇ�49

• �$%:3õ$ LEDÀÇ� FPGA�§¥�»

• �@ö�,�æ

• JTAGÇ|�f+¦ë��§~¡f� FPGAØä

• () 50MHz�;<+,æ
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�íª�;��Ï�,-�ð�mP3Ü¯�
DºÓk}X�W#G�ì
ZI�
"ô�
,-�'� ¡Cé'�¬��ºKSN�I�oæo
5.4��C

� 5.3: Nios IIËJÌ>?w�� [1]

� 5.4: Nios IIËJÌ>?¯°-�� [1]
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5.3 LM�O

o 5.5@ÍÎ 120öÃ�I����ÇÈ35�Èº���o
¦'�
ðÍÎ��È� 0
º,8���ò��ºÌ¢¡Ìë\]�^8
��
º�c���÷ø
H%�çå�Ýº�� 
òÐ_d¸e���c�

���È ¡Bå¯°%@Ó��%��
®*ã+ÈãAæO()î> 
����÷ø�
$�_d¸e
lm����_` ¡=�ôo5��÷
ø� ¡ 25usCo 5.6 @ 120 öÃ�I���¡
Èã��ÍÎº�� 30 ö
���o
Ed @<·'Èº�35�Èº�r���*ãø�
¦'�¸©
�È"��òc�_d¸eØ% masked Ed @ Ed :�_`�ð��ø�
¦
'� Ed �_d¸eØÚÅ\
à¸()ªÛ� masked Ed ø�À¶% Sc @Í
Î��Èø�
3 masked Ed È�ÍÎº�� 30ö
k Sc ���Ø'�ôd
¸eØ��ÍÎº�� 30ö� ¡ØC

� 5.5: 120 Q�R-S��»¼���0�>�5CÍ�>�Sa� (1:Vu/
2:Vv/3:Vw/4:Vn)
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� 5.6: 120Q�R-S��»¼�cde��>@b 30Q�Sa� (1:Bemf/
2:Ed/3:masked Ed/4:Sc)

o 5.7 ,�Ó�¨Z���ð
è#3�Èø� FG ��Õ$>r
ð
FG��Õûô�)a 
�¨Z�ø� Rs�$ûñã
ÍÎòcîã�f
��¨&�%H% Rs @ÑñãÀ¶ÍÎ>�®è
Rs @ûñãÀ¶ÍÎë
�Clm�¾"ÞÕË>½ÍÎêª
ß�®ÕËAÜ
z3ÍÎ¾(Ð�
¨Z�C

� 5.7:qÄÅ��� (1:FG¼2:Rs)
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o 5.8 @ÍÎ 150 ö 12 �I����ÇÈ35�Èº���o
¦'
�ðçå�d¸eØ"�
ÍÎ·k�K�È%H%
¸È¸©�¹ÍÎº
�� 150ö�ï�È
���� 120öÃ�I�Ð���Ë�C

� 5.8: 150Q 12 R-S��»¼���0�>�5CÍ�>�Sa� (1:Vu/
2:Vv/3:Vw/4:Vn)

o 5.9 @ÍÎ�úû��»½¡�ÇÈ35�º�È��o
¦'��
��Ø�u�
:�Ó PWM ø� �
ºÌù�%@ÓÓìúû��»½
�Ôk
lm"Þ²?�håÍÎ���
¨ë��­²R@\z3ÍÎ
���÷ø�Õ���Co 5.10 @ÍÎ>�®O¡Öúû��»½¡
Í
Î���Ñ��­o%>�®O 
� 5V �º�á��¡
ÍÎè#Ë@
100(rps)
��÷ø��ÕË@ 3600Hz
¦'�é���Å�Ë@ 3.6mVrms%
�úû��»½¡
þ:º�áº��ÍÎè#Ë@ 100(rps)
¦'�é�
��Å�Ë@ 3mVrms
�Åô>��O¡���C
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� 5.9: ����$�»¼���0�>�5CÍ�>�Sa� (1:Vu/2:Vv/
3:Vw/4:Vn)

� 5.10:�����_``Î� :(1)ÏÐÑ|»/(2)����$�»
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o 5.11 @� PWM �O¡
ÍÎ�ÇÈ35�Èº���o%¦'��
¸�5¡Ø�/O (kd¸eØ'��/O )
¾�c PWM?+è
~Ó?
+
 �Kd¸eØ�çåCo 5.12 @ PWM �O¡
Èã��ÍÎº��
30 ö���o
 Ed @<·'Èº�35�Èº�r���*ãø�
¦'
�� PWM ø�� !àc�ýk_d¸e% masked Ed @ Ed :�_`�ð
3�� PWM ø� !��ø�
¦'� Ed �_d¸eØÚÅ\% Sc @Í
Î��Èø�
3 masked Ed È�ÍÎº�� 30ö
k Sc ���Ø'�ôd
¸eØ��ÍÎº�� 30ö� ¡ØC

� 5.11: PWM {|»¼���0�5CÍ�>�Sa� (1:Vu/2:Vv/3:Vw/
4:Vn)
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� 5.12: PWM {|»¼�cde��>@b 30 Q�Sa� (1:Vu/2:Ed/
3:masked Ed/4:Sc)

�ôÍÎ�&YÐãäçåæ
@Óìòó�©ÍÎWè��� ¡

¦ �M-:�éêæCo 5.13�±h� ²Ð 90@,¯�°�
"ÞL_
;æ SY-508çåÍÎM-�,¯�°�
k¦§¥(3è#Ð¢�I���
(ÍÎWè(L
L_;æòc� 90)I� )%¨¡e ADLink DAQ-2501çå
%I���
�©¥I���Õ�¨Ü 90k@ÍÎlí��è#aC

� 5.13:�� 90(´ÒÓ��ÔÕ
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o 5.14 @ 120 öÃ�I�É�å���è#!Ýo
éè#0�Ë¦ 
Î� 4900rpm%o 5.15 @ 150 ö 12 �I�É�å���è#!Ýo
éè#
0�Ë¦ Î� 5450rpm
�%¦4
150ö 12�I��òÏÐ���Ë�

¦D�ÍÎ��è#I��ÔðC

� 5.14: 120Q�R-S������3�pD�

� 5.15: 150Q 12R-S������3�pD�
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o 5.16 @è#ý²²N@ 2000rpm03000rpm Ö 4000rpm �è#!Ýo

¼½æ����è#!ÝÏÐíý�Reh (overshoot)
�¾�¦ å#�
Î�ý²a%é0�Reh6²r²N@ 6.5%02.6%Ö 1.7%
�� ¡²N
@ 1.44-02.16-Ö 3.24-
à×�°�²N@ 0.1%00.133%Ö 0.15%C

� 5.16:3�Ö×¢ 2000Ø3000Ù 4000rpm�3�pD�
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