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Design and Implementation of a FPGA Position Control Chip for a
High Speed Voice Coil Motor

Student : Po-Ming Wu Advisor : Dr. Shir-Kuan Lin
Department of Electrical and Control Engineering

National Chiao Tung University

ABSTRACT

In this thesis, a FPGA(Field Programmable Gate Array)-based Chip design is

taken to implement a position control chip conceptual core for high speed voice coil

motor(VCM) drive, and the control chip integrate digital logic IC and Nios II process-

er in single FPGA chip. The function of the digital logic IC includes analog/digital

Converter and digital/analog Converter. And the function of Nios II processer in-

cludes speed-loop proportional-integration(PI) controller, position-loop proportional

controller, ane position estimation algorithm.

As for the experimental setup and related system collocation, it is construct from

the Altera Cyclone II Nios II development board of the core concept for controlling a

VCM, and peripheral circuit boards for motor drive, signal regulate, signal sample,and

signal output function. Besides, it demonstrates the effectiveness of the proposed

FPGA-based control system for the performance improvement for VCM drive can be

achieved by adjustment of the conreol parameter and measurement and analysis of

experimental data.

The results of this study, the responsed time needs about 60 U 80 ms with the

10% steady-state error; the 10% steady-state error is caused form the defects of the

magnetic scale such as the variations of the amplitudes of the MR sensor signals. The

maximum current consumption of the VCM in this study is about 30 milliampere (mA),

this advantage can save more battery energy of the DVC.
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(2.1)
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� 2.5:� MATLAB������� !"��# [16]

�@:5�� 5mmd¦(÷���~g 2.6å PIÒÓÔ�"{�YZ|

ìÔ��{��1��¾�ÛYZ[�d÷34�.É

� 2.6:� (A)$%&'( 5mm)��*+,� (B)$-./01� [16]



ê 2ë _Ã�� 8

Ag 2.6�Ü)rñ{�YZ|
ì�Ô�,Õ5® (tr) .íBG�
PI ÒÓ�Ô�\�õ�� PI ÒÓÔ�L34ijr�.Ï�ªÏz�+
(Overshoot) CD�{�YZ|
ì�óôõöD2Ô�Ä¹./�,Õ5
®�©E»Ô��ªÏz�+K

2.4 	
"%

g 2.7åy� PIÒÓÔ���Ô�å���÷�CD~�� 3mmd÷Ò
Ó���Ô��d÷34gK

� 2.7:230& PI
���4 3mm%&
�'(*+� [16]

"g 2.8{�YZ|
ì�Ô�d÷34��.�{�YZ|
ì�Ô
�¹./�,Õ5®*¹5�6»�Ô�34�ªÏz�+�GÔ�3õò
�ö&WdK

� 2.8:230&������
���4 3mm%&
�'(*+� [16]
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WFÔ��,Õ5®å¯§d÷ÒÓ��ÏM� 10% 8 90% �Ú�5
®� PI ÒÓÔ�*{�YZ|
ìÔ��d÷34Ý��,pG0 2.1*
0 2.2�t�)0�Ü)rñz{YZ|
ì�Ô��L,Õ5®. PI ÒÓ
Ô�\�õò�©)eYZ|
ìDe:���¾��&�Z½¹./��
�5Â�LªÏz�+�Me PIÒÓÔ�K

5 2.1: PI
���6%&
�'(*+785

d÷ÒÓ�� ,Õ5® (ms) ªÏz�+ (mm) ªÏz�+X,� (%)

1mm 170 0.05 5

2mm 126 0.08 4

3mm 114 0.06 2

4mm 106 0.097 2.4

5mm 107 0.138 2.76

5 2.2:�������
���6%&
�'(*+785

d÷ÒÓ�� ,Õ5® (ms) ªÏz�+ (mm) ªÏz�+X,� (%)

1mm 103 0.006 0.6

2mm 94 0.06 3

3mm 105 0.01 0.33

4mm 93 0.006 0.15

5mm 83 0.005 0.1

�óôõöÿ½� ø¢ä�½8	W�d÷«��G*^H�
� 
D&H&'2§¯H±�I*H±�ÁÂ�()ÿ½� §¯nK�½�
è�ö&&'&HZ7�K



� �

!"#$%&'()*

3.1 	
&'

Ô�ùú'�gGg 3.1�t�)óôõöÁ�Q@I�
��ë@Ð
$Qÿ��êdÐ$ (A/D Converter)Qêd�ÿ�Ð$ (D/A Converter)Qó
ôõö�½Ð$)* Nios II Microprocessor��&�ö�4y�@I�
ìþ
�óôõöÿ½� �½5�ª������y�d÷	
��6 (Position

Estimating Algorithm)\]�óôõöÿ½� 7[��d÷��() Nios II

Microprocessor ) C ýþgÌóôõöZò2 PI ÒÓìQd÷ P ÒÓìDó
ôõöZÿ½� §¯ÒÓ�)~ø�Dc#ÀÐ$e��`a�Ô�ðú
gGg 3.2�tK

� 3.1:��9:���

10
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� 3.2:��;:�

3.2 ALTERA Nios II Development Board

f^_)Ú5ÛÜÝÞßàáâ (FPGA)ãäåæç�èéêdßàãä
" Nios IIë@ìeíîï FPGAãä��)ðñ�òóôõöZd÷ÒÓ�
Ô�ðñ�J4�� ALTERA�� Nios II Development Boardåö��\]�
r�JK9rsó�G�� FPGAãä�Û�å Cyclone II EP2C35F672C6ES�
?ï FPGA ãä4) 672 I�d� Fin eline BGA K±�&�L��Ý�0G
0 3.1�tK

5 3.1: EP2C35F672C6ES<=78

Ý� Feature EP2C35F672C6ES

ßàí� Logic elements(LEs) 33,216

M4K RAM blocks (128 x 36 bits) 105

LMNúd�ê Total RAM bits 920,448

Embedded 18x18 Multiplier Blocks 35

O��$ PLLS 4

User I/O pins 475
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g 3.3å Nios II Development BoardÐ$ðúgK��îï FPGAãä*î
�!"���:�P���É

1. 16MBytes� Flash memoryK

2. 2MBytes� synchronous SRAMK

3. 32MBytes� DDR SDRAMK

4. î� Ethernet MAC/PHY±÷" RJ45�Ã�)Q�R$<STý!K

5. î� Compact Flash(CF)�Ã*îx 32MB� CF CardK

6. î� Mictor�ÃÜ§¯kùú��UK

7. î� RS232�ÃÜ)V�fâWK

8. �ïXY"Zï LEDV�8 FPGA�!"��K

9. ��[\]tìK

10. JTAG�ÃG�JÜ()ý!�~^8 FPGA±÷K

11. îj 50MHz�_`abìK

� 3.3: Nios II Development Board>?;:�
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?c��D\]d�ãä����ú"�U,�Ôe�!Ù`C*%´
�fg�h�ye67ãä�r�5®KLÐ$'��xgGg 3.4�tK

� 3.4: Nios II Development Board>?����

3.3 ����(�

óôõöÁ�tugGg 3.5�t���óôõö�ô*Lÿ½� Q
@I�
ìQÍij@@k*bc±ì�()�½óôõö�ôÁ�Gÿ½
� ª��½�G@I�
ì�!"l)@k�½�ª��@Ú/Âr�³
/��ø�
��()ë@Ð$§¯ë@K
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� 3.5:@ABCD����

3.4 )*+,

bc±ìLö���å�ij]êop����H±óôõöZÿ½�
 4m÷ö¯§�®Z��Ý���LÛ�å SG-290�Ð$��Gg 3.6�
t�ÆóôõöZÿ½� ÷ö¯§�®Z��Ý���bc±ìÞª�î
j)�ød8»ødZ�r����r��ZijGg 3.7�tK

� 3.6:EFG�>?HI�
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� 3.7: EFG�JKLMNOP ( �Q$RSNJKLMT�U$VSNJ
KLM )

3.5 -./0123456

@I�
��ë@Ð$ö�4D@I�
ì�!"��§¯dø�è�
�ø�
ì�!"��"L!"n+§¯�.�ø���¡Ldø�è8
0V�()�Ï*4iÐ$�4�L�o¬�b�Ï���¡L��()dø
��èGL�Ï«���,-åÿ��êdÐ$ (A/D Convert er)!�Ü�v
�Ð+,-�LÐ$'�Gg 3.8�t�y�9ë@Ð$Ü)�è�
��
�n+dø*¡LÏMb4��o¬��L!"ijGg 3.9�tK

� 3.8:W�LMXY>?
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� 3.9:W�LMXY>?NZ[OP

3.6 7#89�56 (A/D Converter)

ÿ��êdÐ$ (A/D Converter)ö���4ødø�è«Z@I�
ì
!"��§¯ÿ�!��b��åÜp Nios II në@ìq��êd)�L
IC Û�å AD7896�4îï� õò©£2å 12 d��râJÿ�êd��
IC�ÿ��êdZ��òså 100KHz( t: 10 uvST )�ÿ�!�,-å
0V 8 5 .5V�ÿ����&êd�����5®å 8 n:�ST�q�"ý
!årâjJ�LÐ$��Gg 3.10�tK

� 3.10: AD7896>?HI�
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AD7896w¹ 8j Pin��g 3.11å AD7896�d"���xg�c�d�
hOG0 3.2�tK

� 3.11: AD7896\%]^_��

5 3.2: AD78966\%^_5

Pin No. Description

1 (VIN) Analog input.The analog input range is 0V to VDD.

2 (VDD) Positive supply voltage. 2.7V to 5.5V.

3 (AGND) Analog ground.

4 (SCLK) Serial clock input.

5 (SDATA) Serial data output.Serial data from AD7896 is provided at this output.

6 (DGND) Digital ground.

7 (CONVST) Convert start.Edge-triggered logic input.

8 (BUSY) The BUSY pin is used to indicate when the part is doing a conversion.

)e AD7896 4 12 d��ÿ�êd�� IC�¸9.ÿ�!�,-å 0V

8 3.3V���«�êd)Ltîd�xå 0.81mV(3.3V/4096)�0 3.3å AD7896

Zÿ�êd��0K
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5 3.3:`ab%cd5

Analog Input Code Transition

3.299194V 111...110 to 111...111

3.298389V 111...101 to 111...110

3.297583V 111...100 to 111...101

0.002417V 000...010 to 000...011

0.001611V 000...001 to 000...010

0.000806V 000...000 to 000...001

3.6.1 AD7896!78(9$:;�

AD7896w¹�Ùde�JÉ(1) High Sampling Performance�(2) Auto Sleep

after Conversion��f���y��de�Jå High Sampling Performance�L
5fgGg 3.12�t�½ehOG~É

1. Æÿ���!�)«��G CONVST�d) high/ low�AD7896z7�
�K

2. 95 BUSY �d) low / high�z7§¯>#���Ú5 8 n:�ÆS
T��%{�BUSY�d) high/ lowK

3. SCLK|" 16j�i�z7§¯râq�ST½eK

� 3.12: Mode 1 Timing Operation Diagram for High Sampling Performance
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AD7896 ST�q�årâjJ�L5fgGg 3.13�t�½ehOG
~ :

1. SCLK |" 16 j�i�w,å[ 4 j�i)*« 12 j�i�j#À�
[�j�iå�}ST�ø~5®K

2. « 12 j�iå SDATA etj�i�|"îjd�ST�)ª�d�
�ýK

3. L�5�!"�då Tri-StateK

� 3.13: Data Read Operation

3.7 9�87#56 (D/A Converter)

êd�ÿ�Ð$ (D/A Converter)�ö���4�}\1e Nios IInë@
ì«��«�êd)�b��åÿ�!"8óôõö�½Ð$�L IC Û�
å AD5445�4îïß¹�o�©£2å 12 d��bâJêdÿ��� IC�
LÐ[e4,-å 2.5V 8 5.5V�]�Ð+,-Üö -10V 8 +10V�ST�q
�"ý!åbâjJ�4îï·eG��bâ`C (Parallel interface) êdÿ
��� IC�LÐ$��Gg 3.14�tK
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� 3.14: AD5445>?HI�

AD5445 w¹ 20 j Pin ��g 3.15å AD5445 �d"���xg�c�d
�hOG0 3.4�tK

� 3.15: AD5445\%]^_��
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5 3.4: AD54456\%^_5

Pin No. Description

1 (IOUT1) DAC current output.

2 (IOUT2) DAC analog ground.

3 (GND) Ground pin.

4-15 (DB11-DB0) Parallel data bits 11 to 0.

16 (CS) Chip select input.Active low.

17 (R/W) Read/Write pin.

18 (VDD) Positive power supply input. 2.5V to 5.5V.

19 (VREF ) DAC reference voltage input terminal.

20 (RFB) DAC feedback resistor pin.

AD54454 12d��êdÿ��� IC�L!"Ð+"]�Ð+¨�Jå :

VOUT = (VREF ·D/2n−1)− VREF (3.1)

L� Då Input Data�D=0 to 4095(12-bit AD5445)�n=12�0 3.5å AD5445

Zêdÿ���0K

5 3.5:b%`acd5

Digital Input Analog Output

1111 1111 1111 +VREF (2047/2048)

1000 0000 0000 0

0000 0000 0001 -VREF (2047/2048)

0000 0000 0000 -VREF (2048/2048)

3.7.1 AD5445!:;�$<8=>

AD5445 ST�q�åbâjJ�L5fgGg 3.16�t�½ehOG
~ :
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1. Æ CS �d" R/W �d�5å low ød5�AD5445 z7q�bâST
(Parallel data)bøST�� Input LatchK

2. Æ CS�då lowød�R/W�då highød5�AD5445q� DAC��
ì>¶)b��&ÿ�!"K

� 3.16: AD5445 Timing Diagram

3.8 A/D:D/A Converter;<0=>?@

g 3.174G* AD7896)* AD5445deZ5fg�y� Quartus II\]k
ú���JZð�
a!"ij�L�tiì Channel 1 å��ª�ìª�
Zÿ���!�[�Channel 2å(� A/DQD/A��«!"Zÿ���K

� 3.17: A/DeD/A ConverterN;�Z[OP
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3.9 ����A�56

óôõö�½Ð$�ö���åø D/A Converter�!"�ÿ�ÒÓ��
§¯���Ï�)e D/A Converter �!"�ÒÓ��åÔeÒÓÐ+�Ï
M�µ�®6ª����ÐNDóôõö�ô§¯�½�¸9y�ø�Ïì
\]åÐ+�Èì�jJ��Q��ª�ÏÐN!"���ì (BUF634)ª�
����½ÐN�Dóôõö�ô'�§¯�½�LÐ$tugGg 3.18�
t�!"ijGg 3.19�tK

� 3.18:@ABCfg>?���

� 3.19:@ABCfg>?Z[OP



�+�

!,-.�/0

4.1 BC��DE&'

�zrèjÔ������G�÷�kúå Quartus II èéAzrk
úQNios II në@ì\]kú SOPC (System on a programmable chip)Builder )
* Nios II IDE(Integrated Development Environment)KL��Quartus IIkúö�
4��rs FPGAãä5�§¯�J���Q�àQãä���ú�X*~
^�Þ�)eLß¹ïÏ��èé�ÏA��ãäxÛ\]5�Úe�é&
"5f,-}�úãä5��½e��Ü� Quartus II kú�ö&�9:�
� Quartus II �~� SOPC Builder kúÜ)ÝÞ"îï Nios II në@ì�
b"L����xeVÁ�GÌèj\]3!�Âb©¹3���jAK�
Nios II IDE4î�� \]d�� C/C++�Jýþb©�à�_8 Nios II

në@ì�kúK

4.1.1 ?@%&A� -Quartus II

Quartus II 4î� ALTERA �Ô���zrkßkú�Ü��÷êXu
Ó� PLDõò�àKb©�¹ MAX+Plus II�Ï��y�?�kú�\]d

24
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%&Ü)A\]gQùúûüýþQÝÞVÁ��_�Q÷�XeÊ51,
-}keK

Quartus II kúzrãä�N�,å�\]!�Qßàé&Q��"�
�Q�XQ5f,-Q�JÂ"~^ÝÞ}¦��Lkúde6üG~É

1. gÌ�Öhb\WG�Z FPGArsóÛ�K

2. §¯�J����Ü���ùúûüýþ�G Verilog HDLQVHDL�%
&cjÝÞ����b!"å���xg��gÌª,���xg�
(*.bdf)�bø�¹��Â���xe��"!�!"�V��%&èj
ãä�\]K

3. ø���x!�!"�d" FPGArsóÜÝÞ�dÝ��� e�d
\W½e�)ÞDãä��§¯ðú�úK

4. z7§¯�à�Gf%&ßàé&Q��"��Q�X*5f,-
½e��à®<«�Þª�îjÜ~^8 FPGA ãä>#�^��
(*.sof)��é&"\�ßàÓV��JÜ) RTL Viewer \|��)�ú
LÝÞ�J4mØéÚ¬K

5. � FPGAðú�ú)[�Ü�DÖh<!�!"���ij�Xg�%
&���ú�7���5|�ßà���^3K

6. ij�X�ú®<«�ÞÜø�J~^8 FPGA§¯>ßàÓ�ÝÞ�
bI* FPGArsó,���Ýtiì\�úãä��K

4.1.2 Nios IIBC�D%&A� -SOPC BuilderENios II IDE

SOPCåÔ��Ü�J�ãä, (System on a programmable chip)�6 K
9\]�J4øßàÐ$QMNúQ IP "¡�në@ì��îjÜ�J�
ßà� ,KÜ)¢¹£6�\]d�õòzrª�¤Û\]KALTERA �
Excalibur Ôâ¥4ønë@ì��)kúÝùú��J÷�Ü��ãä�
 ��ª��"�4 Nios Ôâ�ÔenÒÓì Software IP�ÜQ�]ê�\
W���Ü{�\]d�ßàí�:�¦Ü)�5÷�!jnÒÓì�î�
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�à«�Ì�_�³Ü~^÷ Nios �rsó,zr4�§¯�úKALTERA

Ôe�\]N�zrª�¹ SOPC Builder� Quartus IIkùú�¦zrkßK
6þZ�SOPC Builder §4î�gjÂ�kßkú�¢\]dÜ)à¶·\
]"78Ô�ãä�ÏÏ¨æ��©\],��ª«�5®K

SOPC Builder Ô�rskß6Â�¬��A�� SOPC(System on a pro-

grammable chip) \]®Ky� SOPC Builder�Ô�\]d��WF�ðñ
%è�Ô�K�ª�5®�ý� SOC(System on a chip) \]7�!K SOPC

Builder" Altera Quartus IIkúèé�î����� FPGA\]dÌ³��Ì
�¯�A��rskßK SOPC BuilderST<�&�°É

1. ë@ì (Processors)K

2. ±²³ª´ (IP)���K

3. MNú`CK

4. Îµ��K

5. ¶��`C��° Avalon¶�� AMBA5�¶� (AHB)K

6. êd��ë@ (DSP)��K

7. kú� K

8. 8F�hK

9. ýþ�½ìK

Q� SOPC Builder��ÈÜ)�DÚ¬y·në@ì���FG ARM

based CPU Ý ALTERA Nios CPU�LMy·�N¶¸�ì (Bridge) FG AHB

to Avalon Bridge�?�kú;Ôe�îcÎ���¹� IP�G SPIQUARTQ
AHB EthernetMAº}�LÄGMNúÒÓì�MNú}�Æ¸�y·«»¼
{)\W�¨]ê�ö÷1½@£��Ô��1K%&«�SOPC Builder Ü
I*?c�1�]ê�1½ª�D4� VHDL Ý Verilog ùúûüýþ�J
¾K
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\]dÜ)z: Quartus II project�y�5�yí Tools�� SOPC Builder

\z: SOPC Builder5��LG�`C�°�~â�Ù�CÉSystem Contens

�CQSystem dependency page �C" System Genera tion �CK�Ù�ChO
G~É

1. System Contens�CÉ9�C�\WFÔ�>¶�Gg 4.1�t�¿C�
� module pool �â"�¹ST<� ��¿C��0�â"�4\]
d�y·�Ô�� K

� 4.1: System Contenshi

2. System dependency page�CÉÆÀ{Á� 8�\]�Ô�5�FGî
j Flash memory�îj�À��CÜ"ñ� SOPC BuilderK?c�C�
�¢ÇI*Ô��� \W]êKFG�ÇÜ)Ý, CPU "MNúZ
®�¨��¹ÂcMNú4eå�JMNú�¹ÂcMNú4eåST
MNú�Gg 4.2�tK
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� 4.2: System dependency pagehi

3. System Generation �CÉ9�Cö�4�\ª�Ô���Ô�ª���
���9�CÜÃ_Ô�ª���Ä�Gg 4.3�tK

� 4.3: System Generationhi
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Æ\]dy� SOPC BuilderÝÞ%îï Nios IInë@ìb©"L���
�xeVÁ)«�ÞÜz: Nios II IDE 5��� C/C++ �Jýþb©�à
�_8 Nios IInë@ì§¯���ú�L��`CGg 4.4�tK

� 4.4: Nios II IDE�jki

4.2 Nios II34,FGHI

f��ÝÞZ Nios IIë@ìö�4y�@I�
ìþ�óôõöÿ½�
 �½5�ª�����I*kúJd÷	
��6\]�óôõöÿ½�
 7[���iÅd÷�ª«)�JgÌóôõöZò2 PI ÒÓìQd÷
P ÒÓì\Dóôõöÿ½� §¯ÒÓ��óôõö�WdÒÓN�w,
å�j¦��,üG~É

1. Å7Â¦� ( ij]êop )É�Ô�:½5�ÚÆ¯�¦��Q�9
¦��¢Ô�H�Æ5Ç1~@AB�ÏA]ê�)Ôed÷]���
6�Ú�ij]ê§¯d÷]�K
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2. óôõöd÷]�N�ÉgÌî�d÷]���6�DHÌ��
��
§¯,-H±�\HÈ7[óôõöÿ½� ���d÷S�K

3. óôõöWd��6Éy�]�Ì÷�d÷S�Dÿ½� ò2§¯
	��Q�d÷*ò2��Dóôõö§¯WdÒÓ����ÒÓì#
À4)�FA,ÒÓì\DÔ�§¯ÒÓK

4.2.1 FGHIJK

ij]êop��JN�gGg 4.5�t�Æ:½Å7Âij]êop
N�«���ª�îj8º��¾Gõö�½÷�7���É
÷�7��
bc±ìÊ�r«��J³/�½Ð+Gõöª�iº�.Ë�½�÷Ì2
¯���ÍÎ���ª�îj8º��¾Gõö��÷�7��ÁÏÅ7Â
ij]êopN�K��½����D@I�
ì��ý���§¯Ã_,
-�l)�HÌ���Hp"Ô��ij]ê¡LZªÏªM)��y�H
Ì�ªÏªM)¨���"i�i"��i�n+*¡LK

� 4.5:OPlbmnopqo�
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4.2.2 LMNOPQ&R

�Æ¯%ij]êopHÌi�i"��i�n+*¡L«��¤�§
¯WdÒÓ����y� A/D Converter ¯±Ð�7[@I�
ì�i�i
"��i��b()J 4.1�J 4.2øL§¯8øÂ�G�Ð�÷�i�i*
��iL,-Ñ� -1* +1Z®K

xNA(n) =
xA(n)− bA

XA

(4.1)

xNB(n) =
xB(n)− bB

XB

(4.2)

L� xA åÐ��i����bA åi���n+�XA åi���¡L�
xB åÐ�������bA å����n+�XA å����¡LK

y�i�i"��i®ij�d�= 90 2�ÏA��ÈÜ)ø8øÂ
@I�
��,�å�j�®�Gg 4.6�t�)i�i"��ir�Í�
CD���ÏM)�eågW�x,��Hp8øK

� 4.6:rst� [16]
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xNB(n) ≥ 1/
√

2 ⇒ REGION 1

xNA(n) ≥ 1/
√

2 ⇒ REGION 2

xNB(n) ≤ −1/
√

2 ⇒ REGION 3

xNA(n) ≤ −1/
√

2 ⇒ REGION 4

y��i��®��D¨��ÜDÿ½� �d÷§¯	��Ò\Íi
BA@k�j@�2 (pole pitch) å 0.88 mm�1½D2�Ü�½#Àt�
½îj�xû0ð�Ó� 0.22 mm���7[�x���½+�D�i
§¯�A���J\]��L�A��¨�gGg 4.7�t��i"�A�
���<=¨�gGg 4.8�tK

� 4.7:Iuvwxy� [16]

� 4.8:zO]Iuvw{I|}xy� [16]
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)g 4.8ÜÈ�()ø�i)�A���J§¯d÷]��LªÏ<=+
xr��i8 262z��LÏMxå 5.3x10−3Ô�@kj@®K (pole pitch)�
Æ@kj@®K�¥Õ�()�A���J�]�"�ð�d÷øÜ3{
øÅK

9:�Æÿ½� de�7�5�@I�
ì�ª���jiÛ���
�D¨��b¯ÜÖ�4de�WF�®��7��¸9�]�õöð�
d÷�5×�ÜG]�"�d÷S�ª�n�+��Èø9n�+\Wå
Pos��D�7�de¯�� REGION Ç1�Lÿ½� � Pos Ü()~â�
�J¬ÌÉ

REGION 1 :

Pos = pole pitch
8 +

√
2

8 · pole pitch · xNA(0)

REGION 2 :

Pos = pole pitch
8 −

√
2

8 · pole pitch · xNB(0)

REGION 3 :

Pos = pole pitch
8 −

√
2

8 · pole pitch · xNA(0)

REGION 4 :

Pos = pole pitch
8 +

√
2

8 · pole pitch · xNB(0)

(4.3)

�]�"�7d÷�n�+«�§Ü)()]�é(���xê
(pass region) *7[���x����d���"�7d÷e�.�ÞÜ]
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�"7[ÿ½� ���d÷ D(n)�GJ 4.4�tÉ

� REGION 1�ÿ½� ���d÷

D(n) = pole pitch
8 − Pos +

√
2

8 pole pitch · xNA(n) + PR

� REGION 2�ÿ½� ���d÷

D(n) = pole pitch
8 − Pos −

√
2

8 pole pitch · xNB(n) + PR

� REGION 3�ÿ½� ���d÷

D(n) = pole pitch
8 − Pos −

√
2

8 pole pitch · xNA(n) + PR

� REGION 4�ÿ½� ���d÷

D(n) = pole pitch
8 − Pos +

√
2

8 pole pitch · xNB(n) + PR

(4.4)

L�

PR =
pole pitch

4
· pass region (4.5)
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Q�,ü¦�³Ü]�"ÿ½� �7[d÷ D(n)�L�JN�gG
g 4.9�tK

� 4.9:@ABC%&~�opqo�



�1�

!23�4567,89:;

5.1 	
����

� MATLAB �X����y� MATLAB �� Simulink ��gÌóôõ
öZò2 PI ÒÓìQd÷ P ÒÓì�b��¦(!�Æed÷���û0
^H&'Zd÷)�L�vÒw Pn(s) Zê��ÛG 5.1J�t�Ô�ZÒÓ
�xgGg 5.1�tK

Pn(s) =
0.4145

(0.0012s+ 32.8)(0.0018s+ 0.005)
(5.1)

36
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� 5.1:@ABC%&
���

�@:5�� 1mmd¦(÷���~g 5.2å PIÒÓÔ�Zd÷34K

� 5.2:� (A)$%&'( 1mm)��*+,� (B)$-./01�
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5.2 PI��,

fÒÓãä�����ÒÓìå PI(�FA, )ÒÓì�)!"Øê U(z)

�<=Øê E(z)��)Ü¬"�êdÒÓÔ�,�ÙÚ��Øê G(z)É

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

= Kp +
Ki

1− z−1 (5.2)

L� KpÉ�F�ê
KiÉA,�ê

øJ (5.2) ��FÒÓ#,�A,ÒÓ#,ÛzåÜÌÝ�b³�&=
,��JÜÌ~�JÉ

up(k) = Kpe(k)

ui(k) = ui(k − 1) +KiTse(k)

�ø�FÒÓ�!"Ý"A,ÒÓ�!"Ý{�\�§Ü�" PI ÒÓ
ì�=,��J�GJ (5.3)�t�G9ÞÜ�êdãä,ðñK

u(k) = up(k) + ui(k) = Kpe(k) + ui(k − 1) +KiTse(k) (5.3)

L� u(k) Éê k j� 5®�!"��
up(k) Éê k j� 5®��FÒÓ!"��
ui(k) Éê k j� 5®�A,ÒÓ!"��
ui(k − 1)Éê k − 1j� 5®�A,ÒÓ!"��
e(k) Éê k j� 5®�<=��

PIÒÓì�ãä>#�ðñ�6�g 5.3å PIÒÓì��xg�ø�F
ÒÓì"A,ÒÓì,Ùë@«��<èé!"�½eK
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� 5.3: PI
����

g 5.3 �� z−1 �x�;§4��îMA,ÒÓ!")����Ü�î
j D Ûi9ì\ðñ�9:��A,ÒÓ!") ui(k) �"�FÒÓ!")
up(k) �{Z[�å�ÞÍA,ÒÓì�A,½eª��ß{)�Ï��

ÇÒÓì«C�«�àd�^3ÒÓÁÂ��)� ui(k) !"[{,îjá
�!"*Ó����ÆH±!")z�,Q~�â)5�§*Ó!")å,
�â)Ý~�â)�� �Cj��èj PI ÒÓì!"��5�;Ü¹á
�!"*Ó�)ÞÍ«C�ë@Ü¹àd�r�K
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5.3 <J(K

y� Cýþ��Ô�'��ÒÓ�J�DÔ�ðúÐ$§¯ÒÓ�Ld
e`CGg 5.4�tK

� 5.4:op��ki

)78d÷!�d÷ÒÓ���:½�J«()g 4.5*g 4.9�tZN
���éÔ��ÒÓ6§¯ðúÐ$ÒÓK
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g 5.5åy� PIÒÓÔ���Ô�å���÷�CD~�� 4mmd÷Ò
Ó��Ô��d÷34gK

� 5.5:� (A)$230& PI
���4 4mm%&
�'(*+�,� (B)$
-./01�

Æ��Ô�îæKÙ�d÷ÒÓ���\�.Ô�DeæKÙÒÓ��
�d÷34��Ô����÷~DÔ�!� 0.2mm�ÒÓ���PIÒÓÔ�
�d÷34Gg 5.6�t�)g 5.6ÜÈ³GÔ��æKÙ��½��~;�
¹./�WdÒÓ�¾K
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� 5.6:� (A)$230& PI
���4 0.2mm%&
�'(*+�,� (B)$
-./01�

WFÔ��,Õ5®å¯§d÷ÒÓ��ÏM� 10% 8 90% �Ú�5
®�f��y� Nios II ðñZ PI ÒÓÔ��d÷34Ý�G0 5.1�t�
��� [16]ðñZz{YZ|
ÒÓÔ��d÷34Ý�G0 2.2�t�)�
0�.Ü)rñfÔ�Z,Õ5®.��� [16] ðñZz{YZ|
ÒÓÔ
�\�õòK

5 5.1:���;�N PI
���6%&
�'(*+785

d÷ÒÓ�� ,Õ5® (ms) ªÏz�+ (mm) ªÏz�+X,� (%)

0.2mm 77 0.001554 0.78

1mm 67 0.001792 0.18

2mm 74 0.008415 0.42

3mm 75 0.009142 0.31

4mm 79.5 0.028234 0.71

5mm 79 0.034182 0.68



�<�

6��=>?@

6.1 (

f^_�D�òóôõö§¯d÷ÒÓãä��ã�ãä�ã�rs
Ô�4G�ÜÒôÝÞ©�úõò� Altera Nios II Development Board eåÒ
Ó���òrsó���îï Altera Cyclone II EP2C35F672C6ES �Ú5ÛÜ
�JÂßàáâ (Field Programmable Gate Array, FPGA) ãä)*LÄ���
 ��é Quartus II èéArskú§¯ãä���J���Q��)*�
ú�b� FPGA>#ÝÞ"îï Nios IInë@ì��)ûüý� DSPë@ì
���K

�Ñ1½D2Ô�����Wdõö�»¼Ä¹34õQ«�¬óMQ
P�»*£ø2�}ÏA�ý�G��¦§JD2õö�¸34ò2¨Q«
�¬óÏ*y�ÑäåKý½��J�L£Å2*P�v÷*Ó�®6¹
5�G�e�(Ô��K�¸4���zóiD2õö²¸¹5�³´�3
4Q«�æó*£Å2�EF�µ)e&f�½©«��ª��¹PøE»
ª��G�¼��¸9®6¿*�G�ecÙ�ÑÔ���fM����
�34ò2õ©«�¬óM�óôõö\\]1½D2Ô��l)�èóô
õö��ôçè*@é�ô�2�F��Øé�Ú�34ò2~§¯�5I
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�óôõö\]�bQ�d÷]�6D@I�
ì�����§¯,-]
�\HÌóôõöÿ½� 7[���d÷��() Nios IIë@ì) Cýþ
gÌóôõöZò2 PI ÒÓìQd÷ P ÒÓìDóôõöZÿ½� §¯
ÒÓ�ö÷£ÅWdÒÓ78K

��½õö��ú,�gÌ%&î�õöÒÓð�Ô��Lùú'��
� Altera Cyclone II Nios II Development Board:�ê��îï�òóôõöQ
îJj=Ðë*î����½ë@Q���èQ��� Q��!"���
:#Ð$�\%&óôõöd÷ÒÓÔ��'��b()ð�ê*�+
,
-"ÒÓ]ê��è�\H�Ô�./�ÒÓ5�0ñK

fM���ÁÂ��ø1½D2Ô��345®67� 60 8 80 9:�
;1<=� 10%)>��? 10%;1<=\1e@AB��CDE�FGH
@IJ�
ì+
cjBK�¡LÏM¯�K�óôõöªÏÐN¿OP 30

9QR�?DeSÐ��;ø¹TÏ�§IK

6.2 LMNO

�q\�rs�C�Ü)y���Ð�os3åõò�ÿ�êd��
IC��Ô�:½5�øDÿ½� ¯§�®§¯Å7Âìû�HÌ@I�

ì�
��¡L�ªÏªM)���Ð�os�õòþ�÷���ªÏ
ªM);§�øÅ�;�D�6»ø��GªÏªM)�¨�§¯8øÂ5
��&�<=�9:��d÷]�6�Gij��D¨��øL,�å�
A��j�®íl\Dd÷§¯]��.óôõöÿ½� ò2�½�
õ����Ð�os¯�Ý�J«�5®�p��&®6GfÐ�÷�(�
�®�îfÜGd÷]�,ª��U<�óôõö�34ò2v÷d÷�
�Ð�os*«�5®�*ÓK

)eóôõöd÷]�6]�d÷��J�4��Hp*]�@I�

��¡L�ÏM¨�*Íij@@AB�®K�\§¯óôõöÿ½� 
�d÷]��¸9Üv÷c�®@Úï2Q@kj@®K*�
��Ð�o
s�^3DÔ�Wdª�^3�c�®@Úï2�ÏM¹�=K�øÜ�&
�®>d÷]�ª�=K�©)e¡LÏM�¯ï�A�&��®Íâë·
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r�d÷�Ë,�Ñ=�D9�§¯WdøÜr�.Ï�abñ$�@kj
@®Kö�gWcj�®�D4�¯§KÙKÆj@®K"\W�ÏM¹�
"�5�¶·�&d÷��6�]�¯§���xKÙª�ßAA�d
÷<=�E»Ô�Wd�øÅAK

�G�{k£¥�@AB�CD~�øÜ)Gc�®@Úï2=ð*j
@®K/½�ª��d÷]�^3ÏL6»�GL"ÿ½� ð�d÷<=
�3å¨M�GÔ��§¯3£Å�Wd�9:�ÔÕ��Ð�os*¨æ
d÷]��J�]�5®���Ü)3£Å�HÌ@I�
ì�
��¡L
�ªÏªM)Z:�;�ÏLíîeWd���ÿ½� �ò2�õ��&
�d÷]�U<CDr��(),ü�Jø�ÏL�ÔñóôõöD2Ô�
�Wd£Å2*Ü){õL34ò2�GóôõöD2Ô�3�ròLWd
£Å*34õò�á�K
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