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Student : Tsun-Yao Fan 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 permanent magnet syn-

chronous motor (PMSM) drive, and the control chip integrate digital logic IC and Nios

processer in single FPGA chip. The function of the digital logic IC includes current

and encoder feedback processing, coordination transformation, sinusoidal pulse width

modulation (SPWM), current-loop proportional-integration (PI) controller, and so on.

And the function of Nios processer includes speed-loop proportional-integration (PI)

controller, position-loop proportional controller, and SECS communicating protocol.

All the numerical system are normalized with Q-format concept to increase the preci-

sion during the operation.

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

the Nios developement kit of the core concept for controlling a PMSM, and peripheral

circuit boards for motor drive, signal feedback, and interface expand function. Besides,

it demonstrates the effectiveness of the proposed FPGA-based control system for the

performance improvement for PMSM drive can be achieved by adjustment of the con-

trol parameter and measurement and analysis of experimental data. It also develop a

user interface in PC-base by SECS protocol through RS232 connecter to communicate

with FPGA chip, and fulfill the function of remote control and monitor.
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9ì;*� �~/ÂØ01��p1y] ALTERA Nios Development Kits(
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/R FPGA 67>©01|EF Nios @AB;~+$G|� DSP @AB]
st;E~����!/01] FPGA67e}w}|~e34}w}|�
H;�ò LEDeIJeK<LrBr;Ã8£¤�q_��[\GH]��
��gh;RST��~EF�^IJKLMNÃ8�r¥�;���£¤
�qqeb
�qq_ Nios ¦§�qqª«¬<�MN����;�� PC

»M��ÀÂ;M8No ¡��+_Lrhyð~��k]¥�QR��
]��fT�;* �~ Altera ùú] Quartus II _ Nios SDK Shell fT±O
ªFG_`PSTUVWX (VHDL) � C WXC FPGA _ Nios @AB!;á
 =¨©]£¤_¥�q;Ã��st]�p;+DE67GH|ÞÍ�b
1y]�^IJKLMN?P��67Q



� 1÷ ø� 4

1.4 ����

* U­Q±8(÷Q�E÷8ø�;�ï¼* ��¤��P]e�
�QR_��HS;+_���[���TV;78RV¼*� ]U­w
��÷8IJKLMN>�u��YZ��[\;}�|IJKLMN]>
�u.U­;�¥iYZ��[\b~C�^IJKLMN]]u._��
�ujw�X÷8IJKLMN?P��67���O01���;*÷�
r��fT]¥�e�ï��67þb�����û��u]stU­w�
&÷867st�p�u�;E~��fTu�|l�j;ª�pûst�
u]j�½w�S÷8��STU­�G�OJK�±²;�Ê¥i�~]
ALTERA��TeMN£¤�qeb
@A�q+_ Nios¦§�q;�RØ
G���t;Á��67]G�JKU�ME�ïw�(÷8J�;Vþ*
� ]��67]U­+_��-KME�WJ;�01Xª/��]�
YQ
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2.1 ��������� 

�^MNYèJ­]�K/±8ËbMN (induction motor)eIJKLM
N (synchronous motor)+_JZMN (reluctance motor)X�¶;*� �~]
ãEF&[�IJKLMN;è]h
AeVòt�\}wXY]h�]Ó
IJKLMN¹;^¿�^Â�]�^Ëb|]hJ,;J,Ì^)h^�
]IJ`;+�¤h^ðC]hQ

IJKLMNRMb
��¹;òK�~MN�^_v>�u.!]³
>ªÃ��;\��³>O=ÌâYy=;�[Ü�	�;�åR���Ì
ÍØÙ��×ÈGH]JK;Ï+*� R}�IJKLMN>�u.]¿
�!;)w¼YZ��A�]��;<�MN]>�u.U­Ròj 2.1_
j 2.2Ïr]Ñ�fghi�;þCIJKLMN]J­_]h¹M¤Þ>
�u.]}�±²;¡¢¼MN�^_vO>�u.eMNh^IJ`O>
�u.e+_�a³>þb]��u.Q

5
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� 2.1:������	
� (��
����������� )

� 2.2:������	
� (�������������� )
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fgZ�z�

a-b-cfg�VWXYfgQ

aebecZ±O8 aebecY�^_vO[Â�YQ

α-β fg �VW�ZfgQ

α Z�Y� aY�^_v][Y�YE_Q

β Z�Y8¨Ç α Z�Y 90�]`�ZQ

d-qfg �KL]hfgQ

dZ�Y�IaJ` N[b|]J,ÂK�YQ

qZ�Y8¨Ç d�Y 90�]`�ZQ

MN³>�z�

Te�MNh¯Q

TL�c/,¯Q

ωe�h^�2~y�Q
−→
f �MN�^YZo>;/+�w�]YZe�^YZeJ�dY

Zr³>Q

θe��2~?e;8�^~?e φs ðh^~?e φr Of;+�

(2.1)¸rOQ

θe = φs − φr (2.1)

è��[/¯h^IaJ`�2~y�MÔ±��xå;ò� (2.2)Q

θe =
∫
ωe(t)dt+ θe(0) (2.2)
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2.1.1 >?!@�>?ABCD(EFGHIJ

³gj 2.1;hEàCVWXYfg!/¸r8 −→fs�

−→
fs = fa + fbe

j 2π
3 + fbe

j 4π
3 (2.3)

è! faefbefc ±O8ûàCXYfg! aebecZ]�;xhEàCV
WÑZfg!/¸r8 −→fαβ�

−→
fαβ = fα + jfβ (2.4)

è! fαefβ ±O8ûàCÑZfg! αeβ Z]�;J=� (2.3) ð�
(2.4);/åVWXY�VWÑZfg=Íòt]hiB[�

−→
fαβ = fα + jfβ

= k(fa + fbe
j 2

3π + fce
j 4

3π) (2.5)

ÁèG©ð`©±i�·¶[>;/G¬t5Ñ��

fα = kRe{−→fs } = kRe{fa + fbe
j 2π

3 + fbe
j 4π

3 } = k(fa +
1
2
fb +

1
2
fc) (2.6)

fβ = kIm{−→fs } = kIm{fa + fbe
j 2π

3 + fbe
j 4π

3 } = k(
√

3
2
fb −

√
3

2
fc) (2.7)

áÁ�]YZð�^YZ�w −→f !;/å

vα = k(va +
1
2
vb +

1
2
vc), vβ = k(

√
3

2
vb −

√
3

2
vc) (2.8)

iα = k(ia +
1
2
ib +

1
2
vc), iβ = k(

√
3

2
ib −

√
3

2
ic) (2.9)

è!;k 8VWXYfg�VWÑZfg=]hi[>QèRXYÝj
��!;XY�^ÍòtB[�

ia + ib + ic = 0 (2.10)
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¯� (2.8) �� (2.10);VWÑZfg��t]xk¹s¸ (Instantaneous

Power)Pαβ /¸ròt�

Pαβ = vαiα + vβiβ

= k2{vaia + vbib + vcic −
1
2

[va(ib + ic) + vb(ia + ic) + vc(ia + ib)]}

= k2{3
2

(vaia + vbib + vcic)}

=
3
2
k2Ps (2.11)

è! Ps = vaia + vbib + vcic 8VWXYfgt]xk¹s¸Q* Cfg
hiù�}�]¿�!µ k �8 2

3;+�å<�ù�]��¶8eDQ

E~X~n>]~�B[±|G©�`©;\/+5|VWXYlVW
ÑZfghi]¯4¸ròt�

fα

fβ

f0

 = k


cos0 cos(2π

3 ) cos(−2π
3 )

sin0 sin(2π
3 ) sin(−2π

3 )
1
2

1
2

1
2



fa

fb

fc

 (2.12)

è! f0 8mYÊ±Z (Zero-Sequence Component);è�XY±ZO=]
B[òt�

f0 = k{1
2

(fa + fb + fc)} (2.13)

mYÊ±ZRMNXYÝj_v¹;è�8mQRÐ�e�n�o�
t;áÁX~n>$i|>�;/Á� (2.12)e�òt�

 fα

fβ

 =
2
3

 1 1
2

1
2

0
√

3
2 −

√
3

2



fa

fb

fc

 =

 2
3

1
3

1
3

0 1√
3
− 1√

3



fa

fb

fc

 (2.14)

�Yªg;VWÑZfghVWXYfg]¸r�/¸ròt�
fa

fb

fc

 =


1 0
1
2

√
3

2

1
2 −

√
3

2


 fα

fβ

 (2.15)
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2.1.2 >?AB���KGCD(EFGHIJ

òj 2.2Ïr;VWÑZfg αZ�]hÑZfg dZO=]p~8 θe;
¡ −→fαβ = fα+jfβe −→fr = fd+jfq \Ñfg�O=]B[ò� (2.16)ð� (2.17)Ï
r�

−→
fr = −→fαβe−jθe (2.16)

−→
fαβ = −→fr ejθe (2.17)

�ð¬¯4]��;\Ñfg�O=]hiB[/G8� fd

fq

 =

 cosθe sinθe

−sinθe cosθe

 fα

fβ

 (2.18)

 fα

fβ

 =

 cosθe −sinθe
sinθe cosθe

 fd

fq

 (2.19)
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2.1.3 ��LMNOF���P

³gj 2.3ÏrOIJKLMNr-�qu.rÖj;RMN�^XY
_v8Ýj]e�n�t;XY}w�qã@CXYÝj]rÞ;��^�
]]:=YZ/¸r8� (2.20)�

vs = va + vbe
j 2

3π + vce
−j 2

3π (2.20)

� (2.20) !]Y�]RXYfg�!]�^_v�2���/¸rò
t�

va = rsia +
dλa
dt

(2.21)

vb = rsib +
dλb
dt

(2.22)

va = rsic +
dλc
dt

(2.23)

+¯4��/¸r8�

Vs = RsIs +
d
dt

Λs (2.24)

è!�

Vs =


va

vb

vc

; Rs =


rs 0 0

0 rs 0

0 0 rs

; Is =


ia

ib

ic



Λs =


λa 0 0

0 λb 0

0 0 λc


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� 2.3:�������������	
�

è!�

va�MN�^ aY_vOY�]

vb�MN�^ bY_vOY�]

vc�MN�^ cY_vOY�]

ia�MN�^ aY_vOY�^

ib�MN�^ bY_vOY�^

ic�MN�^ cY_vOY�^

rs�MN�^_vO�Z

λa��¿ aYOJ�d>

λb��¿ bYOJ�d>

λc��¿ cYOJ�d>

Lss��^_vDY]ÛËZ

Lls��^_vDY]sËZ
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MN�^R aebec Y]J�d λaeλbeλc;�DY*tÛËZ+_DY
�è:ÑY�^�h^O=âYËb]ZÍB;±O¸rt��

λa = Lsasaia + Lsasbib + Lsascic + λf

= Lssia + Lssibcos(
2π
3

) + Lssiccos(
4π
3

) + Llsia + λfcosθe

= (Lls + Lss)ia −
1
2
Lssib −

1
2
Lssic + λfcosθe (2.25)

λb = Lsbsbib + Lsasbia + Lsbscic + λfcos(θe −
2π
3

)

= Lssib + Lssiccos(
2π
3

) + Lssiacos(
4π
3

) + Llsib + λfcos(θe −
2π
3

)

= −1
2
Lssia + (Lls + Lss)ib −

1
2
Lssic + λfcos(θe −

2π
3

) (2.26)

λc = Lscscic + Lsascia + Lsbscib + λfcos(θe +
2π
3

)

= Lssic + Lssiacos(
2π
3

) + Lssibcos(
4π
3

) + Llsic + λfcos(θe +
2π
3

)

= −1
2
Lssia −

1
2
Lssib + (Lls + Lss)ic + λfcos(θe +

2π
3

) (2.27)

è!� λf 8h^IJ`��RûY�^_v]WJ�dQ

+¯4��¸ròt�
λa

λb

λc

 =


Lls + Lss −1

2Lss −1
2Lss

−1
2Lss Lls + Lss −1

2Lss

−1
2Lss −1

2Lss Lls + Lss



ia

ib

ic



+


λfcosθe

λfcos(θe − 2π
3 )

λfcos(θe + 2π
3 )

 (2.28)

¯C�^XYÝj]n�;Á� (2.10)�w/Á��e�8
λa

λb

λc

 =


Lls + 3

2Lss 0 0

0 Lls + 3
2Lss 0

0 0 Lls + 3
2Lss



ia

ib

ic



+


λfcosθe

λfcos(θe − 2π
3 )

λfcos(θe + 2π
3 )

 (2.29)
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7ÁJ�de�8òt]¯4e��

Λs = LsIs + Λf (2.30)

u=� (2.24)ð� (2.30);\IJKLMNRVWXYfg]�^�]�
��+¯4��/¸ròt�

Vs = RsIs +
d
dt

Λs (2.31)

= RsIs +
d
dt

(LsIs + Λf ) (2.32)

è!�

Ls =


Lls + 3

2Lss 0 0

0 Lls + 3
2Lss 0

0 0 Lls + 3
2Lss

; Λf =


λfcosθe

λfcos(θe − 2π
3 )

λfcos(θe + 2π
3 )



2.1.4 ��GM��QF���P

ò�ÏV;8¼82��³>=]y=Ã~;+�C��MNh¤;R
}�h^IJ`>�u.¹;)w¼fghi]��;Á�^]VWXYf
gh8h^�]KL]hfg;¯� (2.16)�w� (2.5)/å�

−→
fr = fd + jfq

= e−jθe(fα + jfβ)

= k(e−jθefa + ej(
2π
3 −θe)fb + ej(

4π
3 −θe)fc) (2.33)

¯��/}�|VWXYfghKL]hfg]B[�òt�
fd

fq

f0

 =
2
3


cosθe cos(2π

3 − θe) cos(4π
3 − θe)

−sinθe sin(2π
3 − θe) sin(4π

3 − θe)
1
2

1
2

1
2



fa

fb

fc

 (2.34)

G8¯4e�]��\8�

fr0 = Kr
sfs (2.35)
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è!� fr0 =


fd

fq

f0

; fs =


fa

fb

fc



Kr
s = 2

3


cosθe cos(2π

3 − θe) cos(4π
3 − θe)

−sinθe sin(2π
3 − θe) sin(4π

3 − θe)
1
2

1
2

1
2


Kr

s O�¯4òtÏr�

(Kr
s)
−1 =


cosθe −sinθe 1

cos(2π
3 − θe) sin(2π

3 − θe) 1

cos(4π
3 − θe) sin(4π

3 − θe) 1


Á� (2.35) M�¯4��;/åKL]hfghVWXYfg]B[�

òt�

fs = Kr
s
−1fr0 (2.36)

å�¼VWXYfghKL]hfg]B[� (2.36) 8;ÁO$wMN
VWXY�]��� (2.31) ]�]e�^�J�dv!;/åKL]hZt
h^]�]����

Vs = (Kr
s)
−1Vr0

= Rs(Kr
s)
−1Ir0 +

d
dt

[(Kr
s)
−1Λr0] (2.37)

Ár�Ñ4K�+ Kr
s;�ÁÑY�]Å±Ywð8ÑvYv;\�

(2.37)/<A8�

Vr0 = RsIr0 + Kr
s

d
dt

[(Kr
s)
−1Λr0]

= RsIr0 + Kr
s
d(Kr

s)
−1

dt
Λr0 +

dΛr0

dt
(2.38)

KA;Áhi� (2.36)$wJ�dù� (2.30)!;/å

Λs = (Kr
s)
−1Λr0 = Ls[(Kr

s)
−1Ir0] + Λf (2.39)
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áÁr�Ñ4K�+ Kr
s;��ð<A/åt��

Λr0 = LsIr0 + Kr
sΛs

=


Lls + 3

2Lss 0 0

0 Lls + 3
2Lss 0

0 0 Lls + 3
2Lss



id

iq

i0

+


1

0

0

λf (2.40)

¡ Ls = Lls + 3
2Lss;�Á� (2.40)$w� (2.38);��ð<A/å

vd

vq

v0

 =


rs 0 0

0 rs 0

0 0 rs



id

iq

i0

+


0 −ωe 0

ωe 0 0

0 0 0




Ls 0 0

0 Ls 0

0 0 Ls



id

iq

i0

+


1

0

0

λf


+


dLs
dt

0 0

0 dLs
dt

0

0 0 dLs
dt



id

iq

i0



=


rs + dLs

dt
−ωeLs 0

ωeLs rs + dLs
dt

0

0 0 rs + dLs
dt



id

iq

i0

+


0

ωe

0

λf (2.41)

êØ;¯� (2.41) /<Aå�IJ�KLMNRKL]hfg��O�
^�]���òt� vd

vq

 =

 rs + sLs −ωeLs
ωeLs rs + sLs

 id

iq

+

 0

ωeλf

 (2.42)

Á�]+�^Å±��¸r;��ðev/<A¬MNKL]h deq

Z]�^Å±����

did
dt

= − rs
Ls
id + ωeiq +

1
Ls
vd (2.43)

diq
dt

= − rs
Ls
iq − ωeid +

1
Ls
vq −

1
Ls
ωeλf (2.44)
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2.1.5 RST�UVF���P

ÊÁMN�a³>)w��U­!;ÆÇÊ}�|MN]�a¤Þ��
�;á =MNh¯���Á��u.]o>�w8J,�^ (dZ�^ )�
h¯�^ (q Z�^ );öx}|�^��[]YZ��u.Q¯CYZ��
A�]���[�±s�â^MN���[¶x;°ãä¯��DZ�^]
�ÎªN�MNh¯]��;öxþhy_~�M��;�+±s�â^M
N�a�qrÖj 2.4ªM8��u.}�]ðCQ

� 2.4:���� ��!"��	
�

è!�

TL�c/,¯

Te�MNh¯

Jm�h¤yZ

Bm�Zz[>

ωm�h^�a~y�

¯j 2.4;á =MN�a~y���2~y�O=]hiù��

ωm =
2
P
ωe (2.45)
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/ÁMN]�a¤Þ���¸ròt�

Te − TL = Jm
ωm
dt

+Bmωm =
2
P

(Jm
dωe
dt

+Bmωe) (2.46)

è!�

P�MN[>

xMNh¯/¯MN}w}|tZ{|}|

Teωm =
3
2

(vdid + vqiq) (2.47)

Á� (2.43)_� (2.44)�w� (2.47)!;!/+å�MNh¯���;L
rh¯� q Z�^=8Â½]B[�

Te =
3
4
Pλf iq = KT iq (2.48)

è!�

KT�h¯ë>

}�lØ;J=� (2.43)e� (2.44)e� (2.46) _� (2.48);!/+å�I
JKLMN®¯YZ��A�}�8;hi�KL]hfgt]MN��u
.�uj;òj 2.5ÏrQ

� 2.5:������#$��%&��'(�



� 2÷ IJKLMN>�u��YZ��A� 19

2.2 !"������#$%&'�(

2.2.1 WXYZ��[\

MN;R½¶}�öL]¿�!;~�³ÔÂÊ]~�;E~Â��^
/+ñ�ËbJ,]Ò½;áv�]h�­]��;�åÈ;/+ÇÈ]Á
�thi8�at;b~R��!û���+ñ|�,èG~]BÞQE%
MNY}w�q��]�K/±8Ñ�¶�â^MN��^MNQ¯Câ^
MN­=eD;MNhy��Ëb�¤�¬j·;xMNh¯����^¬
j·;��Ê��MN���];!/+�����^;öx��hy_h
¯;Ï+â^MNÍ�yeD_�?6�]Ò½;ÐãR��MN��O
�;â^MN�	ñ/�b~���]�Ê
êQ�¿â^MN�ê�Í�
à;¯Cè���hZ�]<^^R]hÁ�¹;ÌÍ��H�xñ��
ë;2¼ÌÍÔ�]H�;"#��]����¨;ú�åâ^MN�[R
È�],=!�~;Ð�¼èb~]ç¥Q

�^MNJ­��Í��;Ï+�Íâ^MNÀ����_�~,=Ð
�]��;x�J­¶��e¬*¶ô;�ý'ªR�/�!;�^MNR
ûï,=!«��µ$¼â^MNQÉR�y_�?-t�;¯C�^MN
]¤ÞÅ±���ãE�êÂ½ey=]YZëÅ±���;èh¯�XY
�^YB;R>��Ê��|��Bã�×È]õQ|�]�^MN���
[òNo}w�qÄ¸;�[Áh¯��^hi¬j·]B[;Ï+�^M
NR����òâ^MN%×ÈQý'ª;R�^cd��[\]�ö�;
E~fghi]B[;ÁMNX�Yf 120 ��Y]XYfghi�Ñ��
â�Y]â~fg���;+¢ô���!]o>>Z;öx}��åh¯
��^O=�Hj·]B[;�å�^MNRhy_~�]���å+ÇÈ
GH;ý$E~Ø����|]��[\ÍâÁh¯��[\ (Direct torque

control)+_YZ��[\rQ

âÁh¯���Êã���^J�8��;�Æ�dh¯� ¡h¯O
=]@f�y�ýCm;U­��ÀZd�^�]_�^�k+�d|�^
J�_MNh¯;¾¿o¸�|Yþb]�]YZ�;®¿oÄB}|�k
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rÞ]No;ªN�J�ðh¯Ü���]JK;�MNÍ1y]h¯�
b;R��U­�ú�À�~Ey���BªN¬&pq��;�ÀÊ�^
_J�pq��]U­;e�¼<�����QÉ\MNJ�ðh¯o�¶
�¹;òK��B�[�çµÏ¹=;��]YZo¸� ��¡;Ì�å
}|]��y��Í¶�]o¤ç¥;Rhy���¶�¢�;Ï+* �
~YZ��[\ªÃ8IJKLMN��67]����Q

2.2.2 ����]^

�^ËbMN]�^�^!;¢ÍY\Câ^MN!sJ�^����
^ÐÑï¬±;¾¿fghiÁØÑï�^¬±±i¬Ñ��â�Y]Ü
�±v;RMN]����/+òâ^MNE%ÇÈ]GH;Ðï�A8
e]�^MN��[\!£MYZ��[\;��F8J,�Y��[\
(Field-oriented Control)Q

YZ��[\ã¾¿�éfghi;Á
*VWXYfghi8KL]
hfg;¾¿ÐÏ]fghi;�^MN!h^�^!/+ly=8h^J
�ð�^�^;Rh^J�8��]��t;MN]h¯��^�^Ì¬j
·;Y°ØÒ½!/+ÁâYy=]�^�h^±¬Ü�]J�±Z�h¯
±Z;/±Ov��^��Bªv+��h¯�Î;öx��hy�Î;è
�^���ujòj 2.6Ïr�

� 2.6:)*� %&+,��%&'(�
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¤°j 2.6]YZ��[\O�^��U­;8�MNu.]Â½�;
R�^��B]���ÌÁJ,�^ (id) ]�� ¡���8m;xh¯�
^ (iq) ]�� ¡�\Y°¨©y���pq]}|�Ó�;òKJ,�^
]��°/+�ÛRm;\MNh¯+_hy!�
�Ch¯�^] ¡
�;�å<���U­�8e�;x«xly=] dZ (J,�^ )� qZ (

h¯�^ )���ujòj 2.7_j 2.8ÏrQ

� 2.7:-./0,�� d�%&'(�

� 2.8:-./0,�� q�%&'(�
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��� !"*+	
,-�
./
01�23

3.1 )*+,-./0

ð�<����67]¿�!;Ì~�]fT8 Quartus II <=½ð�
fT;+_ LabVIEWj�fTQè!;Quartus IIfT�Êã~R�� FPGA

67¹;ö÷��]FGe`P;+_67st]u��p�t/01;¯
CèÞÍö�st<=]Ò½;R67
.��¹ÏÀÃ]=¬�¹Ê±²
r�p67-t]¤Ã;¥/R Quartus II fT!N¬wØ¨;R Quartus II

¦t] SOPC BuilderfT\/+01|EF Nios@AB;��èmst�u
ÃÀJ;�å<����Õ¹��Í��]¦§½Qx LabVIEW j�fT
�Êã~C\�º»�67»Ã��|}z{¹;Á67z�+`��B]
��R�º§¨��H;+��|�½�]½�¥�Q

3.1.1 $%+,_5 -Quartus II

Quartus II 8 ALTERA ùú =è FPGAeCPLD 67]��;x�?�
ö]E�<=.��fT;Ð�fT�.¼ FPGA ð CPLD 67Í©C|�
]¯�xt��^�;+_ System-on-a-programmable-chip(SOPC)��ª«]
<=½��gh;j 3.1ü8 Quartus II��fT]��^�jQ

22
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� 3.1: Quartus II1234$56 7�

�~ Quartus II fTð�67]^��_/Y¤j 3.1¬±8���}
we23=¬e­®�_Âeu�e¹Ê±²e����t/01rL¯;
¶° ]fT�Ã/eVòt�

1. ��º�����Ï�~] FPGA��q.kQ

2. ö÷67��]FGQ/ÇFGSTUVWX;�ò Verilog HDLe
VHDL;«¬û�01]st;�ÁO}|8st�u±;á��7�
ª]�uj± (*.bdf);�ÁÏÍuv�]st�uÃ�k_}w}|]
ÀÁ;«¬<�67]��Qè!;²³ë~]23st�ò��[
Be´Ypq;/¯ Megafunction >�]stñ�|ÀÊ]st�u;
+µ���ð�]¹=wØ¨;ú/Û÷¯9*23ÚÁÂ¬ÉÊ]s
t;á}|8st�u+�=uv�]��Q

3. Ást�u}w�}|§?� FPGA��q/01§?�ã34¹�Ã
��§?þb]¤Ã;+�þ67stö÷GT�pQ

4. ðCö÷`P;YÊ«¬23=¬e­®�_Âeu�e+_¹Ê±
²]¤Ã;�ñ�|/t/� FPGA 67>80123st]/w±
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(*.sof);x=¬|ª]23ÚÀÁ��/¯ RTL Viewer ª�¶;+�p
è01��ã·�=À�Q

5. RÃ FPGA 67GT�p�;/Çþ��Ã}w}|�k]l�u�
j;+«¬¸Ç�p]P];K¹�¶23¹º]Ñ�Q

6. l�u��p�@8;!/Á��t/l FPGA67;ö÷67>23
Ú]01;�¤° FPGA��q�]34�rlB+�p67stwK
¹/+E~ Quartus II fT>] SignalTap II st;+¶x>?rlB]
���¶67>©�k]o�;+Ã8»?_�p~Q

j 3.28 Quartus II��fT]��¥�j;�V]L¯°/R Quartus II

fT!]�Ost¼�!«¬Q

� 3.2: Quartus II1234$5689�
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RfT�Ã!��] SignalTap II 8 Quartus II ��fTt]E�½¾
st;�Ê~ª/�¶\67R�÷¹;>©�k]o�U�;j 3.3ü8
SignalTap II]�~ghjQ¯j/¿;SignalTap II/+Û÷��µÏÄ¸e
µÏ>P;+_À�¶]67>©�k;Rst�!¶xÕ�Á]>?rl
B;��/+�¶�E%rlB�[g�]67>©�k]¹Êj;þCö
÷��»?_�p�ãÔÍõM]EvstQ

� 3.3: SignalTap II:;<=�

3.1.2 Nios` a+,_5 -SOPC Builder

SOPC Builder fTã¡¢R Quartus II ��fTt]EvstfT;Ð
ã ALTERA ùú8¼ñ�| Nios @AB;�J=>? IC st�uCKEF
FPGA 67Ï}|]fTQ!òK/wEF ARM @AB] IP C FPGA 67
!EÏ;E~ SOPC Builder Ð�fT/+R Quartus II 67st�u��g
ht01|�=À�] Nios@AB;�Pw����!Q

SOPC Builder��Â�òj 3.4Ïr;�4¼�!8/+01l Nios@A
B!]¹�st_��;�ò�@AB?¹>U­]ÃÃeRAM _ ROM ]
×Z�ÎeTimer !?¹=]��eUART Ä¸ðK?¹co��eEthernet

ste Progammable I/O Pin]��r;°/+Y¤��í]À�ªM7=¼
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]��;+Ã7Í-]67�ÔE~Q\ÃÃ�ÏÀ]¹�¹;�4¼�!
ÌEE5|ÏÊ��]¹�;RØ/+Noû¹�]ÅFeÏ P]��T
:=+_ IRQ�;+��!?ßÇ@ADÊ;78���@ABË÷��/
w¹Ï��]��T?P;ü/ñ�|Û÷01] Nios@AB;��èm>
? ICst�uö÷z{]ÀJQ

\¡¢ Nios@AB] FPGA67��«¬;�¾¿ ALTERAùú]|}
¥� Byteblaster /wl FPGA 678;E~ Nios SDK Shell Ð�Æ Linux Ã/
��]fT;/+þFG«¬] Nios@ABÊË÷] CWX��ö÷`P;
�¾¿ RS232¥�/wl FPGA67>] Nios@ABÏ01]��T!;£
�@ABðC¤ÃQ

� 3.4: SOPC Builder–Nios>?+5689�
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3.1.3 bR\c+,_5 -LabVIEW

R½�¥�]��FG�;ã�~ National Instruments ùú] LabVIEW

fT;LabVIEW ã8 Laboratory Virtual Instrument Engineering Workbench ]e
F;ê8ÇÍ`��B]st;/Á`���ðBeÃD;�>�ej�L
rÈ¨âÁ��C�º¼��;+$GGTÅ��B���]st;�R/
�ëÉÊª��|�=ùú�ñ#Ë�]Å�½�¥�Q

è��¥�òj 3.5ÏrQfT>�¼ªÕ��j¸_ðB;/� Control

bar !Ì£|ª;Æ����í/+ÔÇÈ]+j��]¥���ÕÏ�]
`���¥�Q�4¼�8�� Pq¼� (Panel);ÏÍÉÊ��]��ð
Be³>��;o>}we Í�j�}|¥�°ãRØ¼��=|`�]
��q;®¿��í`Î8­¬û��]½�¥�©±w�4¼�8���
uj¼� (Diagram);Ï���¹�°ÌÍYþb]}w}|5C���uj
!;xû��!]��FG©±üRØ¼�«¬QR���uj!/+Mj
��]��FG;�ÊÌ£ Function bar !]ûï���u�Ã�kÀÁ]
¤Ã;ü/��|ÉÊ]��;x�/+Áë~]Î��±-uv�¬Ü�
]st�u;��Cè:��!Ì£b~;ú/(v��]/�½Q

� 3.5: LabVIEW34$5689�
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3.2 �1��2 Q134

R01 FPGA 67��O�;>���]��þ<�67��ª�ãÔ
ÂÊ]E�ÊÐ;67>©z{.Þ]�KþC67-t��ÔÍ³Ñ�/
±]B[Qz{.Þ]?¹>¶Õ;RZ�¿�+_Ã>���¹Ï=¬]
@f!Ì·¶Î;/+Í¶�»]��>�JK+_¶�]67½t;Yþ
ª�;�~?¹>¶Ò]z{.ÞÕÖ���»�·¶ô;ÉÏÓ~]67
�Ôé·�~?¹>¶�z{.Þ]67ªåÎQòóR���Ñ�+_6
7�Ô�~�Î�8ME�Ýj;þ��íª�ãÔÂÊ]Ev.�Q

* Ï�~]678 ALTERA ùú|] Stratix EP1S10F780C6 67;û
67¢Í 10570 �23¹Ð (Logic Elements, LEs);Ô2/wEFÞÍ9*s
t] Nios @ABÕ 3000 �23¹Ð;ÏÖt]23¹Ð>P�¡��E�
32?¹]�^MNYZ����;É×Ø�H´<b~��;òK/+�~
�Ò]67�Ô;ú!ã�ÀÊEFÎ�Ô] IC;!/+N���MN]t
,;x�-tRAÉç¥>;Ì��=HR���CÅÎ�]��;úãÓ
��í]E�ÙÚ;*� R�VêÐ+_67-t�tÛf]o�t;0
1|+ 16 ?¹8�]67>���;æö¼ 12 ?¹>�������¡]
U�;ú�Ü 32 ?¹>���EÏÓ~ÝÞ�]67�Ô;!/+N�A
É]�»�Q�R��<�67st¹;¥+�jck 2’ æ>] 16 ?¹>
���ªÃ89*]z{.Þ;+~ª@Ajc�k]>���+_ûst
�uj]z{ÀÁQØ¨;8¼æö>���]�»�;R��¹)w¼j
0�]��;Á��!Ì~�ÞÍßAÖz]>�°Mj0��g£�]¤
Ã;òØEª;��]���Ì¯<>h8Î>;¯>?Z�Ï=¬]@f
!ÌàÎ;ä+(v<�67��JK]�»�Q¸ 3.18*��67!Þ
ÍßAÖz>�]g£�Q

@ 3.1:��%&ABCD�EDFG@

>�ÅF �] �^ hy
g£� 90V 5A 420rad/s
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E%R FPGA>?67!Ã>�@A¹;?¹>�t¸N�<>©±;
��ú�ÐC<>=]��;\)wj0�]��8;Î>]���¬¼Â
à;Ð¹!"#)w Q��ªÃ8>�hi]¥�;* Ï�~]z{.Þ
8 Q14 ��;/¯j 3.6g| Q14 Ï$¸]Öá;!òKR� 14 �?¹_�
15�?¹=âwE�Î>à;Î>àO�]?¹>+�]ã¸ä(;Î>à
O8]?¹>+�±OE]ã¸äà;+Ø��ª¸rÎ>�þèÃ�>�
�Q

� 3.6: Q14H�CDIJ

>�]7�?¹ (most-significant-bit, MSB)¼8Ík> (sign bit);+ Q14�
�ªg;/+¸r]7�j> (0x7FFF)8 1.99993896;x7Îc> (0x8000)8
-2.0;� Q15 ��·¶;/¸r7�j>8 0.99996948;7Îc>8 -1.0;�
(v Q �ÕÖ/+(v�»�;Éé¢ô¼/¸r]>�ç¥;¸ 3.28�
ï Q��Ï¸H]ç¥�Q*G�]6701�ã+ Q14��8�;�Êã
è/¸r]>�ç¥å¿ ±1;¸rGæ]ßA�ç¥/å¿g£�;�å
67]¼~ç¥�87½�;xè�lCê>���xçèÛÕ��Q

@ 3.2:K� QH�L@	$MND@

%(ö� Q15%ö� Q14%ö� Q0%ö�
7FFF 0.99996948 1.99993896 32767

3FFF 0.49996948 0.99993896 16383

1FFF 0.24996948 0.49993896 8191

E000 -0.25000000 -0.50000000 -8192

C000 -0.50000000 -1.00000000 -16384

8000 -1.00000000 -2.00000000 -32768
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3.3 56789*��:

IJKLMN?P��67]��U­jòj 3.7Ïr;¯j/+g�;
��MNÏÀ]stuv¥01RKEF FPGA67!;xY°ûstuv
ñ���]�K;/Ástuv�_¬±8¡¢R>? IC 67!;+ST
UVWXFGx¬]uv;+_¡¢R Nios@AB!;¯ CWXFGx¬]
uvQ

R>? IC 67!]uvÍ A/D b
@A�qe`aBb
la�qe
fghiÏÀ~�]VWXY�VWÑZ=]fghieVWÑZ�KL]
h=]fghi+_jmkn>o¸ejklm
noð�^��Bru
v;Rst¥i�ã+st01jª�rû�st�u�Ã��wxR Nios

@AB!]uv\¡¢Íy���Be?P��B+_����;Rst¥
i�ã+��^�jª�ïûstuv]�Ã��Q

� 3.7:������OP%&QR56ST�
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R67!ûst�u����k=]B[/gj 3.7RVòt�KL]
hZt]�]��� vd _ vq ÌöwKL]hfghVWÑZfg]stu
v!;hi¬8VWÑZ]���]� vα _ vβ;áöwVWÑZfghV
WXYfg]stuv!;hi¬8VWXY]���]� vaevb _ vc;x
ØXYkl�]Ìöwjklm
nostuv!;ÁXY�kh8(�
] PWM �k;+Ã8MN£¤]}|�k;Ø PWM �kÌ®¯¨©]o
ÄBhi8MN]XY»�]�\ÃMN]XY}w;+£�MNh¤QK
¹;¨©�q]�^ËdBÌÁè!ÑY�^�k¾¿¶·h>?67Áè
�b|l67!;�¾¿ A/Db
@AstuvÁb
]�^�kDE]é
µ�ê
¬XY�^b
�k iaeib _ ic;Ø�kÌ®¿VWXYfghV
WÑZfg]stuv;ÁXY�^b
�kh8VWÑZ�]�^b
�
k iα _ iβ;á®¿VWÑZfghKL]hfg]stuv;hi8KL]
hfg�]�^b
�k� id _ iq;+±OöwJ,�^��B (dZ�^�
�B ) +_h¯�^��B (q Z�^��B ) !ªö÷�^]��;�}|
�]���+�ö÷MN]��Q

RMNh¤]K¹;MN�]`aB�?]ñ�| aebez XYb
�
k;�öw`aBb
@Astuv!;+}�|MN]hy ωee�2~�
θe +_�a~� θm;è!�2~Ìb
�jmkn>o¸stuv!;Y
°\¹]�2~�o|jkn>� sinθeemkn>� cosθe +_cjkn>
� −sinθe +.ÓVWÑZ�KL]h=fghi~;xMNhy_�a~�
\ã±Ob
� Nios@AB!]hy��Bstuv+_~���Bstu
v; =¨� PC »®¯����stuv}w]hy ¡� ωe

∗ _~� 
¡� θm

∗ ªö÷MN]y�_?P��;+«¬<�MN?P��67]s
tQ
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3.4 ;<=>?@

IJKLMN]YZ��¾C&pq��[;/+±8X�ª«]&p
q��^��pqey���pq+_?P��pqQR&pq]��[\
t;"#ÍcdBÁb
]�kcd|ª;�|b67!Ã&pq��;è
!�^��pq�~�^ËdBÁY�^]�Î_�YËb|jc�]�;
®¯¨©�q!] A/D hi�qÁ�]hi8 A/D IC /�µ]ç¥�;�
]¶·�kë� A/D IC h8>?�k8;áëb�67>]�^b
@A
�qMXY�^�kê
]¤Ã;è@A^�_�k]Noòj 3.8Ïrw
xy���pq_?P��pqÏÀ]b
�k�ÊãY°MN�]{`
aB (Encoder) ñ�] AeBeZ XY�k;|�67>��¬hy_~��
k;áb
���B!My�_?P]&pq��Q

� 3.8:� UVWX>? 7�

3.4.1 dXef` dg

R�^��pq!;"#�.b
XY�^�k;®¯fghi8KL
]h d-q Zfgt]�^�k;áöw�^��B!M&pq��Qb
]
�^�kÏ®¿]^�òj 3.8Ïr;Y�^®¿�^ËdB8;ÌÁjc 5

ìí]�^Â½]h8jc 4 îÒ]�];®¿���qh8jc 5 îÒ]
�]Ã8�E]b
�k}|;¯C*G�Ï�~] A/D IC ¶·}wïþ
ï�8 2 îÒ;x¨©�q��] A/D IC ·¶»?8 1.65 îÒ;Ï+b
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�kÇ®¿±]�qÁ�]ðñ¯ 10 îÒh8 2 îÒ;á®¿ò?�qÁ
!�»?ól 1.65 îÒ;+�= A/D IC ]¶·}wÊ�Q0¨RST]�
��;8¼µ�ëìR A/D IC ]¬*;b
�^�µè!ÑY�^;�ö
wEÕ�B;E~1y±¹µÏ]��ÁÑY�^¾¿ A/D IC h8 10 ?¹
]>?�köw FPGA67!;E~XY�^Ýj]n�o��|�XY�
^;lØ«¬�^b
@A�qQ

R67>©;@A�^b
�k]st01òj 3.9Ïr;rÞ�]r
ÞR FIU_ FIWO=ô^õi;\rÞR FIU¹;67Ì}|ÃÃ�kÓÕ
�B;Æ U Y�^�k�¿Õ�Bë� A/D IC;x\rÞR FIW ¹;67
Ì}|ÃÃ�kÓÕ�B;Æ W Y�^�k�¿Õ�Bë� A/D IC;òØ
Eª;A/D IC !Ì+rÞ�]õiÄ¸ô^Á U Y_ W Y�^¶·�kh
i8>?�kQØ¨;R A/D IC }|�köµ¬ U Y_ W Y�^>?�k
]stGH��\rÞ8 FIU ¹;Ì®¿EÎ<¹º;r� A/D IC }|¢
�8;áÁ A/D IC }|�÷\R U Y�^>?�kø�B!wKA;\r
Þ8 FIW¹;ÌÁ¢�8] A/D IC}|�÷\RWY�^>?�kø�B
!Q78;E~XY�^Ýj]n�o�;Á VY�k}�|ª;+«¬X
Y�^b
�k@A]¤ÃQ

� 3.9:� UVWX>?QRYZ[\�
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3.4.2 hiaefjidg

RIJKLMNYZ��!;8¼e���B]��;�~fghiª
àÒ��³>]��_YY½;êØÀÊ`aBZd|h^]?P;+�.
fghiÏÀ]�2~�;xy���B+_?P��B]b
�kªq;
�À�MN`aBb
]�k@AxåQ

`aB]cd��ÍE~{��eJ�eÁ���Áý�]Ëd¹�
ªGH;xYè��J­�`a��è/±8ùþ.`aB�(Z.`a
B;*G��~]IJKLMN�Í]`aB8{��j�(Z.`aB
(Quadrature Increment Encoder);èJ­òj 3.9Ïr;úû¨�­Í 2000�r
üi]¾ï�ø;x>�\HÍE�¾ï�ø;AeB ÑY]{ËdB+Y
üþ��ø
]üi��Cúû¨��øh¤]qý�;+þ¨�]�øM
|{Ëb]¤Ã;x Z Y]{cdB\PCúû>��øh¤]qý�;
�Êãþ>�]�øM|{Ëb]¤ÃQX�{cdBñ�] AeBeZ X
Y�k;®¯67M�k@A¬j�`aBml (Quadrature Encoder Pulse,

QEP);ü/}�å|h^]�2~�e�a~�+_MN]hyQ

� 3.10:]^_+`T�
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{`aBb| AeBeZ XY�k®¿��8;/+}|MN~��h
y;è
A/¯j 3.11!]�ko�ªlþ�\MN]h¹;�¤úû�ø
�?]¾{�ÿ?{ËdB+ñ| AeB Ñ�Y?f 90◦ ]�k;»dØÑ
Y�kO=Y?]¨Ç��8/�?|MN]j�h;0Á AeB �Y�k
±OM�etÅ±;�Á�kM��;ü/å�&ãÄ�kQ

� 3.11:]^_+abcd��efg�hWX�

\å¿¼MNj�h_&ãÄ�k;MN~�!/+òt����x
å�Ï\»d�&ãÄ�kml¹;!�?MN]j�h;\MN�?8j
h¹;~�ø�B!Y��>;�O\MN�?8�h¹;~�ø�B!Y
t�>;òØü¹]�g�>&ãÄ�kmlü/�>|MN]Yþ~�;
xùþ~��?\ã¾¿ Z Y���k]»d«¬;Ï\MNh«E�;Z

Y�kÌñ�E�ml;\E»d�Øml¹;!Á~�ø�Bö�GwE
��;òØEªMNÏhE�;~�ø�B!ÌÍEéùþ�?]¤Ã;+
��~��>?@]�Ô@f=¬MN~�]�d?@Q

xMNhy]�d\ãE~��3��>&ãÄml>P]��ªN
¬;òj 3.11�t�Ïr;R Ts ]µÏ¹=!;�>&ãÄ�k]ml>8
Ns;Y¤Ø��/+��|MNhy ωr;ù�òt�

ωr =
2π ·Ns

4Np · Ts
(rad/s) (3.1)

è! Np 8`aB�øl²�;ú!ãMNhE�Ïtñ�]�l>Q
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`aBb
la�q67st01òj 3.12Ïr;AeBeZ XY�kÇ
±O®¿>?�lB;®�l@A8] phaephb �kÇ®¿&ãÄ�k@
A;éµè��_t����k/å&ãÄ�k pls;��?ñ|j�h�
g dir;78á®¿y��d_?P�>�q;@A¬MNhy dif pu_~�
angle�k;+Ã8`aBb
la�q]}|�kQ

� 3.12:^_+UV/_��QRYZ[\�

¯C�>BþCÙ�]�	Y\
Ë;�R AeB Yb
�köw&ã
Äla�q�;ÌÇ®¿>?�lBM@A;è�qU­òj 3.13Ïr;¯
X� D .j�BÃ8ø�B;�E~ RS j�BM23@A;~+�2�k
o�]4�Ù�+_¢ÞÙ�;+b�j�] AeBeZYb
�kQÃ~X
� D.j�BªM@A]P]8;ÇÍ�¡]¹º�kz�ª«¬�l]¤
Ã+_���l@A¹=Ûa=¬]¹ºQ

� 3.13:^_+UVWXij+YZ[\�
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3.5 AB34

8¼GHYZ��A�;fghiÓ¼ÔÂÊ]�?;R67��GH
�¡¢¼VWXYfghVWÑZfg (clark uv )eVWÑZfghVW
XYfg (clark inv uv )eVWÑZfghKL]hfg (park uv )eKL
]hfghVWÑZfg (park inv uv )e+_fghiÌ~�]jmkn
>o¸ (sincos tableuveromuv )Q

3.5.1 klmn�o	

RVWÑZ�KL]hfghi¹;Y�v!Ì|HMN]h�2~ θe

]jmkn>�;è! θe /²³MN]]hx¯`aBb
la�q��x
å;Ø¹á¾¿jmkn>o¸ü/å� sinθeecosθe _ −sinθe v;+«¬
VWÑZ�KL]hfghi]�qQ

*G���Ï�~]MN[>8&[;$¸MNhE�¹/å 720◦ ]
�2~o�;x`aB]l²�8 2000 �m�;®¿`aBb
lauv
!]&ãÄla�q8;/å 8000 �m�]l²�;�/å�2~� 0◦ l
360◦ ]o�Ì®¿ 4000 �m�Q>R�2~ 360◦ ]o�ç¥!�� 2000 

]jkn>z{;$¸&ãÄm�!;ÏÑ�m�!ÌÍEYþb]jk
n>�/®¯o¸´å;¯Ø/¿ÏÑ
jkn>�=]�2~l²�8
360◦/2000 = 0.18◦Q

R��jkn>�¸]GH�;ÇE~ Matlab ��| 2000 
 16bit ]j
kn>¸;�C��T�C± *.mif(Memory Initialization File)!;��T�C
±]>×òj 3.14Ïr;O8E~ Quartus II fT!] Megafunction ��EF
����T (ROM);�Áû��T�C±)wè!ü«¬jkn>�¸;è
ñ|]�ujòj 3.15ÏrQè!}w5 clock8Eo¸���k;\j��
�8o¸st�u!ÌY¤}w]?�8�|Yþb]��Ã}|;x 11bit

] address }w?��k�=¼ 2000 
z{Z]�Î;16bit ]jkn>�}
|�k q ú�=¼<�67�jck 2’æ>] 16?¹>���]0�Q
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� 3.14:klmn4opq$rstCD@�
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� 3.15:klmn4'(�

Rjmkn>�o¸ (sincos table) st�u!;Ájkn>�¸+¹�
(Component) ]�����MÁ§þb;ü/«¬jkn>�o¸stw¯
Cmkn>�jkn>Y?f 90◦;�/¾¿Á~��?e]��;}�|
�8�2~ 90◦ ]mk~;á$wjkn>�¸ü/�|û�2~]mkn
>�;GH��òt�>}w]�2~ θe ÎC 270◦;\�ÊÁ�2~v�
90◦ �ojkn>�¸ü/å� θe ]mkn>�;>�2~�C 270◦;\Á
�2~à8 270◦;áÁè�ojkn>�¸ü/å|mkn>�wx�ck
]jkn>�/âÁÁoå]jkn>�M 2’ æ>��ü/´å;j 3.16Ï
rü8jmkn>�o¸]67st01jQ

� 3.16:rustCDv@QRYZ'([\�
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3.5.2 >?!@�>?ABCDGH

XY�^b
�k®¿¶·h>?@A8;tELÊM]!ã¾¿fg
hiÁVWXYfg�]�^�h8VWÑZ�]fg�;Á�^�$w�
(2.14)!/åVWXYhVWÑZ]fghi¸r��

 iα

iβ

 =

 2
3

1
3

1
3

0 1√
3
− 1√

3



ia

ib

ic

 (3.2)

è!;ê8XY�^Ýj]n�o�;è/Á� (3.2)e�òt�

 iα

iβ

 =

 1 0 0

0 1√
3
− 1√

3



ia

ib

ic

 (3.3)

¯� (3.3) /¿;Ê«¬VWXYhVWÑZ]fghi;�Ì~�ë
> 1e 1√

3
_ − 1√

3
]Y�vQ

0E��;}|�]��"#®¯fghiÁVWÑZfg�]�h8
VWXYfg�]�;�/+Æjkm
nost�uñ�|ðBõi�
k;ä+£¤MNQÁ�]��w� (2.15) !/åVWÑZhVWXY]f
ghi¸r�� 

va

vb

vc

 =


1 0
1
2

√
3

2

1
2 −

√
3

2


 vα

vβ

 (3.4)

¯� (3.4) /¿;Ê«¬VWÑZhVWXY]fghi;��Ì~�
ë> 1e1

2e
√

3
2 e_ −

√
3

2 ]Y�vQ

¯� (3.3) _� (3.4) /g|;RVWXY�VWÑZ=]fghi�Ì
Í�ë>vY�]¤Ã;Ï+RGHØfghi]�[�;!/+E~±
v?eáYv]¤Ã;ªµ$�PE��[B;Ø�[/+�ð�[BR
FPGA67!Ó~Ý¶��Ô]��;+µ�67�Ô]�~¬*Q
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�~±v?eáYv]�[O�;ÊÇþÀY�]ë>vMj0�_±
l]¤Ã;j0�]¤ÃãE~E� 16?¹eQ14��]>�ªýx|ûë
>�;áÁû�Y°Yþb]?¹�MÍ-?¹±l¸r]¤Ã;òØ!/
+E~±v?eáYv]�[ªGH�+ûë>�]>�¸r�Q

+VWXYhVWÑZfghiù�ª�;ë> 1√
3
]j0�_±l@

Aòt�

1√
3

= 0.57735 normalization=⇒ 0010010011110011(16bit, Q14format)

=
1
2

+
1
16

+
1

128
+

1
256

+
1

512
+

1
1024

+
1

8192
+

1
16384

(3.5)

¯� (3.5) /g|; 1√
3
/+ýx8¯ 1

2 _ 1
2 <>é��Ïv¬]>�;

òØEª;R67>©GH�;�+ 1√
3
Ð�ë>!/+~±v�eáYv

]@A��ªGH;<�VWXYfghVWÑZfg]67st01j/
òj 3.17Ïr�

� 3.17:��
����������$QRYZ[\�
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x+VWÑZhVWXY]fghiù�ª�;ë> 1
2 _

√
3

2 ]j0�
_±l@Aòt�

1
2

= 0.5 normalization=⇒ 0010000000000000(16bit, Q14format)

=
1
2

(3.6)

√
3

2
= 0.866025 normalization=⇒ 0011011101101100(16bit, Q14format)

=
1
2

+
1
4

+
1
16

+
1
32

+
1
64

+
1

256
+

1
512

+
1

2048
+

1
4096

(3.7)

KÏ];RVWÑZhVWXY]fghi!;ÏÀY�]ë>v 1
2 _

√
3

2 ú/+®¯j0�_±l]¤Ã¬8+ 1
2 _ 1

2 <>é��Ïv¬]>�;
R67]GH�KÏ+±v�eáYv]@A��ªGH;<�VWÑZf
ghVWXYfg]67st01j/òj 3.18Ïr�

� 3.18:���������
���$QRYZ[\�
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3.5.3 >?AB���KGCDGH

XYb
�^hi�VWÑZfg8;"#á®Eéfghi;Á�^
h�KL]hfg�;+�öw��B!Ã8b
]�^�k;�^CVW
ÑZfghi8KL]hfg]>�¸r�/¾¿� (2.18)¸ròt� id

iq

 =

 cosθe sinθe

−sinθe cosθe

 iα

iβ

 (3.8)

Yþ];��B}|]KL]hfgt]�]���úÊÇhi�VW
ÑZfg�;�/+áh8XY�]Ã}|;�]CKL]hfghi8V
WÑZfg]>�¸r�/¾¿� (2.19)¸ròt� vα

vβ

 =

 cosθe −sinθe
sinθe cosθe

 vd

vq

 (3.9)

¯� (3.8) _� (3.9) /¿;VWÑZfg�KL]hfgO=]hiB
[;"#¡¢�2~]jkn>��mkn>�]z{�/+«¬hiQè
!;�2~]�/¯MN`aBb
la�q}�xå;Áè��wjmk
n>o¸!/+å��2~jmkn>�;x¯C�2~Ì²³MN]]h
xNo;Ï+�2~jmkn>��êE��ë>�;RVWÑZ�KL]
hO=]fghiGH�!�÷�~±Y?eáYvª«¬�[]¤Ã;x
"#�~ Quartus II��fT>�] Megafunction wizard���[BªGH�
[]stQ

R�[B]�P�;¯C67>©�k¥ã+ 16?¹eQ14��]>�
Rûst�uO=MÀÁ;Ï+öw�[B]�]e�^�k+_�2~j
mkn>�°ã¾C 16?¹eQ14]��;E%+Ø��M8}w]�[B
R®¿��O8}|]JKÌã 32?¹eQ28��]>�;8¼���[8
]và��+�å<�fghi]}|8�E] 16?¹eQ14��;R�~
Megafunction���[B¹;}|»��8 18?¹;ú!ãµ
��� 32?
¹]� 18 ?¹;òØEª�[B}|!Ìo¬ 18 ?¹eQ14 ��]�;Ø
¹�Êµû�]ô 16 ?¹Ã�[8]và¤Ã;fghi78]}|�!
Ì8 16?¹eQ14]�E��Q
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Ê«¬EéVWÑZ�KL]hO=]fghi;"#M&é�[]¤
Ã;+VWÑZfghKL]hfg8�;Á&é�[±Ogr8 S1eS2e
S3eS4�5�òt�

S1 = cosθevd S2 = sinθevq

S3 = −sinθevd S4 = cosθevq

Ê«¬Ð&��[]¤Ã;7âÁ!ã�~&��[BªN¬;É¯C
�[BÌ��¶�]67�Ô;Rµ�67�Ô�~¬*]×Zt;¾¿±
¹Y�]�[;Á&é�[ÍéÊ]RÑéµÏO=lÒM«E�;òØE
ª!/+��~E��[Bx«¬&é�[]¤Ã;±¹Y�]T�òj
3.19Ïr�

� 3.19:�w�x$yz�

ÆÇÊÍE�rÞ�;�?]ÁrÞ¯ S1 � S4 M�g]õi;òj
3.19�4]rÞhijÏr;xj 3.19]�4\8±¹Y�]¹Êj;Rr
Þ8 S1 ¹!M cosθe × vd ]��;«¬8áÁrÞ¯ S1 õil S2 �@A
sinθe × vq ]��;YØ¶}M«&é]�[��Qè!rÞõi]¹= t;
ú!ãÕ8�[B@A��]¹=;���µÏ¹= Ts O="#��òt
]B[��

t ≤ Ts
4

(3.10)

\��� (3.10) ]o�¹;/+��RµÏ¹Ïéµ�]�k;ã«®
«¬fghi@A]7º�k;òØEª;�~E��[BN¬&é�[�
�]±¹Y�[�å+GH;ä+«¬fghi]stQ
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3.6 CDEFGHI

Ê£¤�^MNh¤;�Ê}wX�Yfû 120◦ ]jkl�]ÓMN
] UeVeW XY}w»;MN�^Â�Ëb|]]hJ,!Ì�¤h^�
]IJ`;�MNÝ�À�]h¤;ÉR>?£¤�q]GH�;�[â
Áñ�À�]¶·�]�kÓMN]}w»;Ï+�°�~m
no (Pulse

Width Modulation, PWM) ]��ªÁ>?�]�k}|Ó¨©�q](�ð
B�q;E~1yõiðB�+�¶Ý��]��ªu�|jkl�]}
|;+.Ó�^MNh¤Q

jklm
no]¤Ã
Aòj (3.20) Ïr;kl�]Ì�Ä¸¶�]
X~/l�k�?]ö÷·¶;\kl�]��CX~/l�k¹;·¶B
}|8�»?;x\kl�]�ôCX~/l�k¹;·¶B}|\8ô»
?;òØ·¶å|]�kü8�] PWM �k;\À��¶ÏE<Ý��]
]o�;!/+ê
¬ýx}wkl�]]l�;�RMN>?67��
�;°Ì�~ PWM �kä+£¤¨©�q](�ðB¹�;öxN�£¤
MN]P]Q

� 3.20:rsj{|}~$���?�
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jklm
noR67�q��01�;/òj 3.21Ïr;è!X~/
l�kãE~E��>B�?�>;\�>��4�¹!ðCYt�>;Y
þ]\t>�t4�¹!h8Y��>;òØ�>+ñ�À�]X~/l�
kQx(�£¤�k/¾¿X�·¶B±OÁXY�]�k�X~/l�k
M·¶;òØ/å(�£¤�k!�X� uevew ]�] PWM �k;xt
X� /ue/ve/w ]�] PWM �k�ÊÁX�·¶B·¶]JK®¿E��
Y23Úü/;78;¯CKE�]�t�k=K¹��Í/tÌ=¬ðB
¹�]��;Ï+R�q!·¶|ª](�£¤�kÌ®¿E��-
�
(dead band)@A�q;R�k��õi¹ME�¹º@A;�W}|](�
£¤�k!KE�]�t�K¹��]U�;j 3.22ü8Ív��-
�@
A]D��t� PWM�k¸rjQ

� 3.21:rsj{|}~$QRYZ[\�

� 3.22:)���|�>?$���#� PWMWX@	�
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3.7 J" PI&'K

RYZ��A�!;8¼e���B]��;�êâÁ��XY�]]
}|�;xãVþb
]VWXY�^�k¾¿fghi�KL]hZ�]
�^�M��;®¿��¬�]�k}|�8;á¾¿fghi�XYfg
�+�þMNM}|QRKL]hfg�]�^�è/±8J��^ (d Z
�^ )�h¯�^ (qZ�^ );è!J��^��B] ¡�8 0;xh¯�
^��B] ¡�\ã¯y���B]}|�ª�.;2ØO¨;J��^
��B�h¯�^��B]>©U­���°ãEÏ]Q

*��67!Ï�~]�^��B8 PI ��B;¯}|n> U(z) ð@
fn> E(z)]·�/�|R>?�����]i�hen> G(z)

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

= Kp +
Ki

1− z−1 (3.11)

è! Kp�·�ë>Q

Ki�Ô±ë>Q

Á� (3.11) ] P ��©±ð I ��©±wð8Ü�v;�NG¬f±�
��/åtÑ��

up(k) = Kpe(k)

ui(k) = ui(k − 1) +Kie(k)

áÁ P��]}|v� I��]}|vv*ª;!/G| PI��B]f
±���;ò� (3.12)Ïr;òØ�/R>?67�GHOQ

u(k) = up(k) + ui(k) = Kpe(k) + ui(k − 1) +Kie(k) (3.12)

è! u(k) �� k �µÏ¹=]}|�kQ

up(k − 1)�� k − 1�µÏ¹=] P��}|�kQ

ui(k) �� k �µÏ¹=] I��}|�kQ

ui(k − 1)�� k − 1�µÏ¹=] I��}|�kQ

e(k) �� k �µÏ¹=]@f�kQ
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�^ PI ��BR67>©]GH�[;!òj 3.23�^ PI ��B]�
ujÏr;Á P��B� I��B±i@A8;áM<=}|]¤ÃQ

� 3.23:� PI%&+'(�

¯CR>?67!]>�¥ã+j0�]��R@A;+�^��Bª
�;}w�8 ¡�^�k�b
�^�k]@fZ;x}|�8���]
Z;Ï+"#Áj0�eQ14��]b
�^�Ç�+�^9»� ibs ¬8E
%�^�;á�+·�ë> Kp �Ô±ë> Ki ](5�ª¬8E%���]
}|�;782+�]9»� vbs Mj0�]¤Ã;Æ���]}|�¬8
67>�E] Q14��;+�Mz{|}QÁ�V]>�@AM<=;<�
P��(5!/G8 Kp

ibs
vbs
;x<� I��(5!/G8 Ki

ibs
vbs
Ts;(5]Y�

¤Ã/E~±v?eáYv]��ªGH;+àÒ�[B]�~;è! Ts

8��µÏ3�Q

j 3.23!] z−1 �u;ú!ã¹ºEé I ��}|�]st;/~E�
D .j�BªGHwØ¨;R I ��}|� ui(k) Ê� P ��}|� up(k) Y
vO�;8¼�W I ��B!Ô±¤Ãñ�]�v�¿�;x�_��B8
�]���?;Ñ���JK;Ï+R ui(k) }|�v�E��ð}|Ð�
]st;\�?}|�å¿�et4��¹;!Ð�}|�8�4���t
4��wKÏ]U�;R<� PI ��B}|���]�¹;úÌÍØEÐ
�;+�W8�]@AÌÍ�?]��Q
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3.8 Nios?@K78LM

Nios @AB!]st01�Ê±8Ñ�©±;èE8MN��st©
±;¡¢¼y� PI ��B_?P P ��B]GH;x0E©±\ãGHÂ
�ü¹�dÏÀÊ]z{|}st;ã �º»] LabVIEW ½�¥�fT
ªGH SECS����]��Q

3.8.1 pq PI��a�"# P��a

��B]��^�j/òj 3.24Ïr�j�8?P P ��B]��^
�;¯C�����ÍM��u�õi]ðB;�R?P��EðC¹;Ì
ÇÃ��u�]�?;>�? source=0;\$¸ÊMy���;Ø¹?P�
�©±]��/+�¿;âÁÁ¨©|ª]hy ¡ (com w2)���hy PI

��B] ¡� (com w);âÁö÷hy��w>�? source=1;\$¸ÊM
?P��;Ø¹!ÌË÷?P��]��;Á ¡~�� (com a) à8b

~�� (real a);��Á@fZÐ�R 3999 � -4000 O=;òØEª;MNÌ
+7ç÷�]]h�Yª�ý ¡~��;O8áÁ@fZ (err a)�+·�
ë> (kp a);ü8hy ¡�;R}|�ÀÊÃ>�ç¥]Ð�;+�}|
] ¡hy�¿�;=¬hy��]�ðQ

ágj 3.24�þ©hy PI ��B]��^�;EðCÇÁ ¡hy�
(com w) à8b
hy� (real w);�Á·���ðÔ±��©±±ð��;
@fZ (err w) �+·�ë> (kp) 8¬8·���}|Z (err kp);xÁ@f
Z�+Ô±ë> (ki) 8;áv��EéµÏ��|]Ô±��}|Z;ü8
º]Ô±��}|Z (int);78;áÁ·���}|ZðÔ±��}|Zv
*ª;�Ãç¥]Ð�8;ü8 ¡�^�Q
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� 3.24:OP%&+�hf%&+7� 7�
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3.8.2 RS232rstuvw

\MN��st«¬8;8¼��ü¹��_Â��¶MN�hU�;
!"#ÁMN�h¹]~�ehyrz{||67¨+��d;*� Ï
�~]z{|}¥�8 RS232 Ê5�|}5;��~ SECS(SEMI Equipment

Communications Standard)]����;ã �º»] LabVIEW½�¥�fT
ª«¬Â�ü¹�d]P]Q

SECS ãEï�~RÊ5|}�]����;Ê5|}]�kÂ�ÊÍ
Ño;Eo��|ëz{;0Eo\8Á z{;|}¹ãÁz{]?¹E
�E�YÊ]|ë�§?;Ï+F8Ê5�|}Q|}]y¸µ1CÄ¸
(baud rate) ]�Î;ü8Ï!/+|}��?¹>;Ä¸ �;<T]|}
y� 1Q

R SECS ����t;z{ã+E�?¹v (byte) ]��Ã8E�9*
]|}Z;¯CÊDE]éµE
z{;R|ëÏ
z{¹ÌR
Cz{�
�v�E�ô»?]*C?¹ (start bit);�R8�v�E��»?]J"?
¹ (stop bit);�¬E� 10?¹]9*z{�;Á »!ãE~*C?¹_J
"?¹ª�?ó¹ûðCéµ�k+_ó¹«¬�k]éµQ

\EéÊ|}]z{ZÔÕ¹;8¼�W|}?@]��;RÏéÊ|
}]z{�O�;Ìv�E�9*z{�;è>×8û|}z{�Q¢Í
]9*z{��> (Size);xR<�z{]78Ìv�Ñ
]9*z{�;
è>×8û|}z{ÏÍ9*|}z{�!]
Cz{W= (checksum);¯
Size ð checksum st]��;Á »/+ö÷|}z{]�p;���\é
|}ã·|}j�;<�|}z{�]��/×j 3.25]�ïQ

� 3.25:�a���H��
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SECS ����¾Cþ*�|}u�;|}*�z{^Y/+âY#
$;ÉKE¹=�6ªD�Y|};ú!ã��»R|}¹;É�»�/+
Ã%³|}]¤Ã;Y°Øu�RÃ SECS |}¹ÌÁ|}»±8Ê�|ë
]�» (master) ðr&Á ]�» (slave);x8¼Æ�»��»âY¼lþ
�'(¹)ÉÊ|z{e'(¹)|ë«*e|ë¿�Í�Í?@��;ê
Ø��¼ò¸ 3.3Ïr]�¦aQ

@ 3.3: SECS�W�I��_IJ@

�¦aÅF ENQ EOT ACK NAK

$¸Öz Request to Ready to Correct Incorrect

Send Recieve Reception Reception

Í¼��»O±+_�¦a�z+,O8;<� SECS ��]��!/
+eVòt�\²E�ÉÊ|ëz{¹;ÌÇ%-�»]��.;�ë|
ENQ �kÓ�»;¸r»HÊÃ|ë]¤Ãw\�» � ENQ �k8;Ì
b| EOT �kÓ�»;¸r«M�»HÁ z{]¤Ãw\�» � EOT

�k8;!ÌðCÁÀ|}]z{�YÊ|Ó�»;x�»\Á|ëª]z
{EE]Á ;�R|}«¬8Ãz{W=]cow\�»co|ëz{W
=j�¹;Ìë| ACK �kÓ�»;·\!ë| NAK �kw78;\�»
 � ACK �k¹;¸rû
z{�|}j�;/+�/�»]��.;É
>ã � NAK �k;¸rz{|}Í@;Ø¹!Ìb|E|}?@]�g
�¿���;xáÃEé%-�»��.]¤Ã+«¬û
z{]|}Q

j 3.268����]�p�^�j;\ Send flag 8 true ¹;$¸0µ�
�»]��.;�»Hö÷|ëz{]¤Ã;x\ Send flag8 false¹;$¸
ã¾C�»;�öwr&Á z{]¤ÃQ�»p�]��^�j_�»p
�]��^�jòj 3.27ÏrQ
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� 3.26: SECS�W7���� 7�

� 3.27: SECS�W7����� (� )����� (� ) 7�
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R Quartus II��fT!;<� FPGA67>]]û�st�u+_ Nios

@ABO=]U­/òj 3.28Ïr�

� 3.28: Quartus II5634o FPGAQR��ST�



�4�

,-5678�$9

67st�p]�[;ã¾¿ Quartus II fTªVþû�67st�u
ö÷l�u�]�p;Y°È;��]}w�k;+�¶}|�k]¤Ãã
·Íòst01%j�]o�;�p67st�Ê/±8t5S�v�p�

1. �^b
�k@A�p�

�Êã�pMNXY�^®¿Õ�B_ A/D IC h8>?]Ø=��k
8;ã·/®¯�^b
�k@A�qÁXY�^�kj�]±iéµ
|ªQ

2. `aBb
�k@A�p�

�Ê±8MN]h~�]�d+_MN]hhy]�dstã·j�;
è!èûÛá ±8n�jh_�h]rSª±Oö÷�pQ

3. fghi�p�

RØv�p!;¡¢¼jklo¸st]�p+_VWXY�VWÑZ
=]fghieVWÑZ�KL]h=]fghi]�p;è!jkl
o¸st�pã8¼cd\}wÂ½o¤]}w¹;}|ã·Ìòjk
l�%]o¤;xfghi]�p\ãÁ}w¾¿jY]fghi_�
Y]fghi8;�¶è>�ã·1ð
}w�Yý;ä+�p<�f
ghi]stQ

55



� 4÷ 67st�p�u� 56

4. jklm
no�p�

Øv�p�Êã�p\}wXYjkl¹;jklm
nostã·/
+j�]ñ�| PWM�k;��+��]l�jªcd�-
�st
ã·j�]«¬è��]Ã~Q

5. �^ PI��B�p�

Øv�p�Ê+E��~]���bjÃ8}w;¾¿±<cd]�[
ªEE�pR�K��U�t;�^ PI ��Bst°/+Á}|�N
���� ¡�]-KQ

4.1 J";<=>?@NO

�^b
R�^MN]YZ��ª�ãêëÂÊ];Í¼j�]�^
b
�;®¿fghi�KL]hZ�]��/+j�]b
Ó��BM
��Q<��^b
]�q¸ròj 4.1;¯ FPGA 67>]�^b
�k
@Ast�u (adcx1) �� 4051 Õ�B IC ]�ÁÃÃÂ;òØEªÕ�BÌ
Á U Y_ W Y]¶·�k�?]�2õi}|Ó A/D IC hi8>?�k;
� A/D IC }|]>?�kãE�¡¢ U Y_ W Y�^z�]Ø=�>?�
k;78Ø�kÌáöw FPAG 67!]�^b
�k@Ast�u!«¬
�^±i_j0�8XYb
�^]¤ÃQ

� 4.1:� UVWX>?YZ��'(�
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@ 4.1:� UVWX>?����,�OIJ��@

§?ÅF ¾½ ?¹> §?�z�ï
clk INPUT 1 bit ��¹m (40MHz)

sta clk INPUT 1 bit Õ�BõiÄ¸
i ad INPUT 1 bit Ø=�b
�^>?�k
ia ad OUTPUT 10 bit MN UYb
�^�k
ic ad OUTPUT 10 bit MNW Yb
�^�k

s OUTPUT 3 bit Õ�B�ÁÃÃ���k

¸ 4.1Ïr8�^b
�k@Ast�p]�k§?�z;xèst�
pu�JKòj 4.2ÏrQ

� 4.2:� UVWX>?YZ��� �

¯u�JK/+g|;Õ�B�ÁÃÃÂ (s) ]o�²Kõi¹m
(sta clk) o¤;�?]R ”100” ð ”010” =Mõi;±O$¸³Æ U Y�^�
kð W Y�^�k�¿Õ�B}|Ó A/D IC Mhi;¯Ø/u�|�^b

�k@A}w� (i ad) ]j�>�o¤¹Ê;R}w�]>���n��
þ<8��;¡ U Y�^�k�8 50;x W Y�^�k�8 -30;x8þ
<��8o¤�;¡Ï3�]�^�ko�(àZ8 10;¯u�JK/g
|��}w�kã¢Þ��ão¤�;b
�^±i|ª] U Yb
�^
(ia ad)ðWYb
�^ (ic ad)]�°Ìj�]3²}w�^�k�xNoQ
Ø¨;Ru�j!ú/+�H;�k±iéµ¹Í¹º]¤Ã;�Êãê8
Õ�B4Mõi¹Ì=¬�k�¢�;8¼���kéµ?@xM]¹º¤
ÃQ
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4.2 PQK;<=>?@NO

`aBb
�k@A]67�p/±8òt�v�&ãÄ�kñ�]j
��·eMNRj�h¹;MNJ[~�MNh¤?P]�>j��·eù
þ�?]ste+_hy�d]j��·Qj 4.38�p`aBb
@A�
q]�uj;è§?�k�zò¸ 4.2Ïr�

� 4.3:^_+UVWX>?YZ��'(�

@ 4.2:^_+UVWX>?����,�OIJ��@

§?ÅF ¾½ ?¹> §?�z�ï
clk INPUT 1 bit ��¹m (40MHz)

s clk INPUT 1 bit µÏÄ¸ (102.4µs)

pa INPUT 1 bit `aB A Yòk
pb INPUT 1 bit `aB BYòk
pz INPUT 1 bit `aB Z Yòk

angle OUTPUT 11 bit MNb
J[~� (o¸?� )òk
dif pu OUTPUT 16 bit MNb
y�g£òk

position OUTPUT 13 bit MNb
?Pg£òk
pulse SIGNAL 1 bit &ãÄm�òk
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j 4.4_j 4.5±O8MNje�h]~��du�j;¯u�j/+g
|;&ãÄ�k (pulse)R AY_ BYb
�k��j����c���¹;
¥Ìñ�|m��k;ñ�|j�]&ãÄ�kªQ

RMNJ[~�_MN?P�d]�p�;\ AYb
�k�8 BYb

�k 90◦ ¹;��MNRjhrÞ;~��>B¯ 0 Y��>� 1999 ��
g�>;?P�>B\¯ 0Y��>� 7999��g�>wx\ AYb
�k
¨Ç B Yb
�k 90◦ ¹;��MN8�hrÞ;~��>B¯ 1999 Yt�
>� 0��g�>;?P�>B\¯ 7999Yt�>� 0��g�>Q

Ø¨;Rùþ�?st�p�;¯u�JKj/g�;\ ZYb
�k
��8�»?¹;~��>B���8 1556;x?P�>B\��8 3112;
Lr`aBb
�k@A!;~��d_ùþ�?st�5JK�@Q

� 4.4:��r�ef¡¢YZ��� �

� 4.5:��£�ef¡¢YZ��� �

Rhy�d]�pu���;n�hy8��;ú!ã A Y_ B Yb

}w�k¥8E��¹m]�l;YØ��¹m/+}�å}w]MN
hy;áYØ>�ª3�d|ª]hy�M·¶;+�phy�d]j�
½;R}why]ÃÃ�;È;��jhhy8 1500rpm;x�hhy8
750rpm;äØ��ª�pR�Khy_j�h�K]USt;°/+N�Ô
�]hy�dJKQ
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� 4.6:��r��h¡¢YZ��� �

� 4.7:��£��h¡¢YZ��� �

j 4.6_j 4.7±O8MNje�h]hy�du�j;+j 4.68�;�
� AeB Yb
�k�l3�8 20µs;Ø¹=�8`aB�]{cdB�µ
Ñ��øÏÀ]=6¹=;è`aB]l²�8E� 2000��ø;¯Ø/}
|MN]hE�Ïë]W¹=8 20(µs)× 2000(pulse) = 40(ms);i�8hy\
8 25rps = 1500rpmQ

�¶u�JK�H;RÏéµÏ7�>°Ì��|Ï�d]hy;¯C
µÝ��]B[;/�¶��d|]hyÌ
� 8� 0x1806;¯CR67
!>�¥¼8 Q14 ��RM��;Ï+R}�dhy]�EL!ãÁ 0x1806

j0�8 Q14��ª¸r;è���òt�

0x1806 = 6150 normalization=⇒ 6150÷ 214 = 0.37536621

áÁØ��+y�]g£� 420rad/sü/�|�d]hy�

0.37536621× 420(rad/s) = 157.6538082(rad/s)

á®¯t�hiù�+ rpm¸rhy�
157.6538082(rad/s)

2π
× 60 = 1505.482972(rpm)

¯Ø/¿R 1500rpm ]hyt;�dhy�}whyO=]@fÕ8
5.482972(rpm);@f¸Õ8 0.3655%Q
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ágj 4.7]MN�hu�j;�� AeB Yb
�k�l3�8 40µs;
KÏ]Ç��|MNhE�Ïë]¹=8 40(µs)× 2000(pulse) = 80(ms);ÁØ
�i�8hy\8 12.5rps = 750rpmQ

�¶u�JK�H�d|]hyÌ
� 8� 0xF3FD;¯C�dhy�
8Ík>; 8� 0xF3FD Gæ�8Ec>;�=b
�k8�h]��;
Ê}�bhyKÏÊÇÁû�j0�8 Q14��;áYÊ«¬òt]���

0xF3FD = −3074 normalization=⇒ −3074÷ 214 = −0.18762207

−0.18762207× 420(rad/s) = −78.8012695(rad/s)

−78.8012695(rad/s)
2π

× 60 = −752.496694(rpm)

¯Ø/¿R −750rpm ]hyt;�dhy�}whyO=]@fÕ8
2.496694(rpm);@f¸Õ8 0.3329%Q

4.3 AB34NO

fghist�p�Ê�pt���st�u�VWXYfghVWÑ
Zfg (clark uv )eVWÑZfghVWXYfg (clark inv uv )eVWÑ
ZfghKL]hfg (park uv )eKL]hfghVWÑZfg (park inv

uv )e+_fghiÌ~�]jmkn>o¸ (sincos table)uvQ

ÆÇÇ�pjmkn>o¸]st;èst�p]U­òj 4.8Ïr;
x¸ 4.3Ïr8jmkn>o¸]§?�k�z�ïQ

� 4.8:rustCv@YZ��'(�
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@ 4.3:rustCv@����,�OIJ��@

§?ÅF ¾½ ?¹> §?�z�ï
clk INPUT 1 bit ��¹m (40MHz)

angle INPUT 11 bit J[~� (o¸?� )�k
sinout OUTPUT 16 bit jkn>�k
cosout OUTPUT 16 bit mkn>�k
nsinout OUTPUT 16 bit cjkn>�k

�p]��8}wÂ½(v]J[~�;ú!ãç¥R 0 � 1999 ]o
¸?P�k;�¶}|]jkn>�k (sinout)emkn>�k (cosout) _c
jkn>�k (nsinout)]>�o¤��ã·Í�=kll�Qè!;}|]
kln>�Y°Ï��] ROM z{;�ÌR 0x4000 � 0xC000 ]ç¥O=o
�;Ðã8¼Ê�=67>]z{.Þ¥8 16biteQ14 ��]Ík>¸r;
>Áûç¥i�8 Q14 ��¹;4��=kln>��R ±1 O=]o�ç
¥Qj 4.88jmkn>o¸uv]st�pu�jQ

� 4.9:rustCv@YZ��� �

¯u�j/g�;u�}w3�8 50µseD?¹=o� 100>�O3�½
o¸?��k;/+g�jk}|�]o�8 0x0000→0x2591→0x4000→0x33C6

→0x0000→0xDA61→0xC000→0xCC39→0x0000;8¼���¶�pJK;Á}
|�j0�� Q14 ��;�è>�o�R ±1 ¬=;KA;mk}|ðcj
k}|��®¿KÏ¤Ã;78�/Á}|9<¬:Âjòj 4.10Ïr;�
H}|¥8j�]kll�;�p¼jmkn>o¸]stQ
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� 4.10:rustCv@YZ��abj¤�

Rfghi�p]©±;J=¼jY]VWXYhVWÑZ (clark u
v )eVWÑZhKL]h (park uv ) ]fghi;+_�Y]KL]h
hVWÑZ (park inv uv )eVWÑZhVWXY (clark inv uv ) ]fgh
iQØ¨;8¼u�MN]h¹]J[~o�;E~}wÂ½(v]~�ö
wjmkn>o¸st�u+ñ|kln>�;ªu�|R�KJ[~¹f
ghi]j�½Qj 4.118fghist�p�uj;¸ 4.48fghi�p
uvO§?�z�ïQ

� 4.11:����YZ��'(�
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@ 4.4:��������,�OIJ��@

§?ÅF ¾½ ?¹> §?�z�ï
clk INPUT 1 bit ��¹m (40MHz)

angle INPUT 11 bit J[~� (o¸?� )�k
D in INPUT 16 bit DZ ¡�k
Q in INPUT 16 bit QZ ¡�k

sinout OUTPUT 16 bit jkn>�k
cosout OUTPUT 16 bit mkn>�k
nsinout OUTPUT 16 bit cjkn>�k
D out OUTPUT 16 bit DZhi8�k
Q out OUTPUT 16 bit Q Zhi8�k

¯Cu��pDEfghi�×ÈâÁ]g|JKj�j�;CãÓ�
KL]hfgt]��}w�;Ç®¿�Y]fghih8VWXZfgt
]�;Ö8á®¿jY]fghiáÁ�hb�KL]hfg�;ä³�d
}w��®¿fghi8]�ã·Yý;ª�pfghi]j�½Q

� 4.12:����YZ��� � 1

j 4.128fghist�pu�j;¯Øj/+g|;MNJ[~�}
w�k�?]+ 10 ](ZRä(;Ï}|]XYklo¸�ú²³No;
LrØu�JKãÍ×Ø�\MNGæRh¤]U�;R�k}w]©±;
D }w�k8 0x0000;x Q }w�kYÊ8 0x1000e0x1800e0x2000;¯u�
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JKj/+g�;Q }|�kYÊ]Áý 0x1000e0x1800e0x2000;è!;/
g�u�JKÌ¹ºE�µÏ3�]¹=;Ðãê8R�p�uj�]VW
ÑZ�VWXYfgáMhi¹;û¿EéµÏ]¤Ã;Ï+Ru�JKÌ
|H¹º]U�;R<�YZ��6701�;fghiãûÛÜ��K¹
ö÷];��ÌÍØÑ���Q

KA;>�� Q }w�kYÊ88c��0xE000e0xD800e0xD000;è
u�JKjÌòj 4.13Ïr; Q }|JKúÌYÊÁý 0xE000e0xD800e
0xD000Q

� 4.13:����YZ��� � 2
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4.4 CDEFGHINO

jklm
no]�p��8�\}wÓXYkl�k¹;}|] PWM

�kúÊÍXYkl]�k��;j 4.148jklm
nost�p�u
jQè!;8¼��}wkl�kñ�;E~jmkn>o¸st�uñ�
|À�]XYkl�k;ä+$GXYkl�]}w�;�p�uj]§?
�z�ïò¸ 4.5ÏrQ

� 4.14:rsj{|}~YZ��'(�

@ 4.5:rs{j}~,�OIJ��@

§?ÅF ¾½ ?¹> §?�z�ï
clk INPUT 1 bit ��¹m (40MHz)

tri clk INPUT 1 bit PWM/l�>¹m (20MHz)

angle INPUT 11 bit J[~� (o¸?� )�k
va SIGNAL 16 bit MN aY�]�k
vb SIGNAL 16 bit MN bY�]�k
vc SIGNAL 16 bit MN cZ�]�k

sample OUTPUT 1 bit }wµÏ�g
pwm OUTPUT 6 bit jkmlno�k

j 4.158jkmlnostu�]JK;�¶JK/�H;\ vaµÏ}
w8 0x3FDF ¹;pwm[1] �kRµÏ3�>]�Ã3�Õ8 100%;;ág\
vc µÏ}w8 0xC123 ¹;pwm[5] �kRµÏ3�>]�Ã3�Áý 0%;$



� 4÷ 67st�p�u� 67

¸R}wkljï� 0x3FFF �cï� 0xC000 O=]>�hi� PWM �k
]�Ã3�8 100%� 0%O=;¯Ø/¿ PWMñ�]¤Ããj�]Q

á�¶ PWM l�=]B[;/g| pwm[1] � pwm[2] â8�Y�k;
pwm[3] � pwm[4] â8�Y�k; pwm[5] � pwm[6] â8�Y�k;�=¨©
(��qKE��t�ðB�kâ8Y�]}w�k;á�¶l���jò
j 4.16Ïr;/+g�R pwm[1]ð pwm[2]�kÃ»?õi¹;!=Ìñ�|
Õ8 2µs ]�-
�;$¸ pwm[1] ð pwm[2] �ÌÍK¹8ô»?]rS�
�;KÏ�¶0¨Ñ�]}|�k�°Í�-
�]��;<;òØ]}|
�ká®¿E��Y�q8;R£¤(��q¹!/+��KE�K¹��
x��çq]U�;ú�p¼jklm
nostQ

� 4.15:rsj{|}~YZ��� �

� 4.16:rsj{|}~YZ��� ¥¦�
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4.5 J" PI&'KNO

R* !;�^��Bã+E� PI ��BªGHO;�p��/¯�
~���bj�ïQ

� 4.17:�;%&§¨�

òj 4.17Ïr;R��]¿�!;/Y°b
�� ¡�]Yþ�ÎB
[Á���b±8X�©±;�E©±8��4ðC]rS;¯Cb
Z�
�;}|]��Z¥8j�;Ø¹b
�Ì
��ý ¡�;Eâ�N4�
rC ¡�8Ww��©±]b
�¥�C ¡�;Ø¹}|]��ZðC
¯j�h8c�;�b
�]o�ÌãE��(�EÝj�8;áäàb�
 ¡�w�X©±]b
�¥ÎC ¡�;Ø¹}|]��ZÌ¯c�h8
j�;�b
�]o�ÌãE��à�EÝj�8;áä(b� ¡�Q�
^��B]st�p�ujòj 4.18Ïr;è§?�z�ïò¸ 4.6Q

� 4.18:� %&+YZ��'(�
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@ 4.6:� %&+,�OIJ��@

§?ÅF ¾½ ?¹> §?�z�ï
clk INPUT 1 bit ��¹m (40MHz)

s clk INPUT 1 bit µÏÄ¸ (102.4µs)

com i INPUT 16 bit  ¡�^�k
fb i INPUT 16 bit b
�^�k
kp e SIGNAL 16 bit P ��(Z�k
ki e SIGNAL 16 bit I��(Z�k

out v OUTPUT 16 bit ���]�k

�E©±]b
�^u�JKòj 4.19ÏrQ�pu�]�^ ¡�
(com i) ��8 0x0400;x�^b
� (fb i) ��8� 0x0000 +Ï 0x0100 ](
Zä(� 0x0400;+u�|���bj!�E©±]}w>�o�U�;è
!st�u!��] Kp �8 400;ã¾C Q10 ��]>�;x Ki �8 134;
ã8 Q14��]>�Q

¯JK/+g|;Ru�ðC¹@fZ8 0x0400;Ø¹] P ��(Z
(kp e) 8 0x0400 × 400 ÷210 = 0x0190;x I ��(Z (ki e) 8 0x0400 × 134 ÷214

= 0x0008;¥�=u�]JK;è!2+ 210 ð 214 ]¤Ãã8¼Á��8]
JK�ÛR Q14 ]��Qx\u�8<b
�� ¡�Yr¹;P ��(Z
8 0x0000;x I ��(Z�}|]���]�¥�ÛR�� 0x003C;ú!ã
�Eé I��Ô±}|]JK;Lr��B]u�JK�=¸�]¤ÃQ

� 4.19:� %&+YZ��� � (©ª�� )
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��©±�^b
�\ã��o�òt�0x0400→0x0480→0x0500→0x0480

→0x0400;+u�|\b
��C ¡�¹]��U�Q��©±]b
�
^u�JKòj 4.20Ïr;¯Cb
��C ¡�;�@fZ8c�;¯u
�JK/×;P ��(Z]�8c�;+b
�8 0x0480 8�;@fZ8
0xFF80;P ��(Z�/®¯t5���|�0xFF80 × 400 ÷210 = 0xFFCEw
x¯C@fZ8c�;I ��(Z�Häà]US;�äàZ4�rC@f
Z�+ Ki ë>]�;KÏ+b
�8 0x0480 8�;I ��(Z\/��ò
t�0xFF80 × 134 ÷214 = 0xFFFE;Y\Cu�|ª 0x0002]äàZwx\b

�rC ¡�¹; P ��(Z8 0x0000;x��}|�\�ÛR�Eé I

��Ô±}|]JK 0x0027Q

� 4.20:� %&+YZ��� � (©«�� )

�X©±�^b
�\��o�òt�0x0400→0x0380→0x0300→0x0380

→0x0400;+u�|\b
�ÎC ¡�¹]��U�Q�X©±]b
�
^u�JKòj 4.21Ïr;RØrSt;¯C@fâ¥8j�;P ��(Z
ã8j�;� I ��(Zã8ä(]>�o�;KÏ];\b
�� ¡�
Yr¹;��}|��ÛR�Eé I��Ô±}|]JK 0x0033Q

� 4.21:� %&+YZ��� � (©
�� )
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5.1 RNS*��

*G�STU­òj 5.1Ïr;¡¢¼Eu ALTERA FPGA��q;EF
�^IJKLMN;E�¨©�qq;E=�q.bB+_E=�½�ºQ
¨©�qè±8�q.bqEu (Power Supply Board);£¤�qqÑu (Gate

Driver Board);b
�qqEu (Feedback Board)+_ Nios¦§q (Nios Expand

Board)EuQ

� 5.1:¬�­4ST�

71
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RG�¿�!;ÇR�½�º��~ ALTERA ùú] Quartus II ��f
Tö÷ VHDL ��]FG_st�u]�p;�E~ SOPC Builder��EF
Nios@ABC FPGA67!;áÁ«¬] VHDLst�u_ Nios@AB¾¿
ByteBlaster II|}ÂE*/w� FPGA67!;78�~ Nios SDK ShellÁF
G�] C��ö÷`P�¾¿ RS232|}Â/w� Nios@AB]ð����
�T! (Boot rom);Æ@AB¤ÃQ

��t/«¬O8;PWM £¤�kÌ¯ FPGA ��q¾¿ Nios ¦§q
ël£¤�qq;£¤ IPM(�ðBuv}|MNXY�]�k;ÆMNð
Ch¤;R�kb
©±;£¤�qq�]�^ËdBÌÁXY�^�Îh
i8�]�k;ÀKMN`aBÏ»d�] AeBeZXY�kE*ë�b

�qq;Rb
�qq!M»?�E]n<8á|b� Nios¦§q;Ø¹;
XY]�^�Î�kÌá®¿ A/D�q]@AÁ¶·�kh¬>?�k;á
v�MN`aB»d�kE*b
Ó FPGA67;+ö÷MN]b
��Q

Ø¨;R�½�º�~ LabVIEWfTFG�¢Í SECS����]��
��;¾¿ RS232|}Âªð Nios@ABM��;òØEª!/+âÁR�
º]½�¥��Noh¤ ¡+_�dMN]h¤rÞQ
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5.2 ALTERA Stratix FPGA Development Board

*G��~] FPGA��q8 ALTERAùúÏ|] Nios Development Kit;
xØ��qÏ�~] FPGA67.k8 Stratix EP1S10F780C6;ÐF FPGA 6
7ã¯ 780¤§?] FineLine BGA>?x¬;è° 0�¸ò¸ 5.1ÏrQ

<u FPGA��qòj 5.2ÏrQ2¼ FPGA��67¨;Ø��q�ê
Íè:]34;¡@¼ 8MBytes] Flashe1MBytes] static RAMe16MBytes]
SDRAMeEv Compact Flash(CF) ÁA_Eu 16MB ] CF CardeEv Mictor

ÁA+ã ÃB]2?uveEv Ethernet MAC/PHY ?P~+¾¿CqM
z{|}eÑv RS232 ÁA/+ÀÁÊ55eÑvQ 82 ¤/01] I/O §
?e&FIJeDF LEDeÑFK<LrB+_E� 50MHz]EFGHB;
Ð³34þ��íR�p67st_2?�;�.¼Õï¥�_l1�-;
+ECàÒ67��]¹=Qè��q�]�qU­jòj 5.3ÏrQ

@ 5.1: StratixQR[H

0� Feature Stratix EP1S10F780C6

23D¹ Logic elements(LEs) 10,570

M512 RAM blocks(32 x 18 bits) 94

M4K RAM blocks(128 x 36 bits) 160

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

W��T?¹> Total RAM bits 920,448

DSP blocks 6

Iw��[B Embedded multipliers 48

´Ypq PLLs 6

7��~}w /|Á§ Maximum user I/O pins 426

>©�] Internal supply voltage 1.5V
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� 5.2: FPGA12®

� 5.3: FPGA12®��ST�
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5.3

¨©�qq�ÊstãÁ FPGA ��q] PWM £¤�kh8MN]X
Y�]�k+£¤MN;+_Á	`aB_�^ËdBb
]�k;�Á¶
·�kh8>?�k;b|l FPGA��q!ö÷b
@A;j 5.48¨©�
qqO=]ÀÁ��;xj 5.5�ï¼¨©�qq=�k]^¤�YQ

� 5.4:¯���®,°$±²'�

� 5.5:¯���®°WX$±²� �'³
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5.3.1 xydgz

£¤�qqQÍÑu;òj 5.6Ïr;�Eu�Ê]Ã~ãÁ	(�ð
B£¤�k;�¾¿{y=BM�k6i8;á8£¤ IPM(�ðBuv;
R£¤�köwq^�£¤{y=B¤ÃO=;ê¡@¼E��W(�KE
��t�ðB¹�K¹��]���q;è�qòj 5.7Ïr;E~Ñ��
YB_E�X}w] NANDÚªN��t�â´]st;òØEª;�ÍR
�t�£¤�kâ8�Y¹;�ÌÆ£¤�k�¿;J�{y=B]ô��
¤Ã;�W IPMuv�t�K¹���_>©]s¸ðB¹���w��u
£¤�qq�Ê]s~8Á¢]8}w�q.Ó IPMuv;�Á �Eu£
¤q}|](�£¤�kÓ IPMuv;78ÁXY�]�k}wlMN;0
¨¡¢¼�^ËdB_�]ËdB;/+~ª»dXY�^_�];+Ã8
¿�^b
+_¿�]¿�^���q]>�Y°Q

� 5.6:´���®
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� 5.7:µ�¶��ª��#��w·�$¸¹��

5.3.2 efdgz

b
�qqòj 5.8Ïr;7�Ê]st!ãÁMNb
]�kM�l
_�]�<;¡¢¼ UeVeW XYKLb
�kw`aB»d�] AeBe
Z �k;+_�^ËdBð�]ËdB»d�hi|]�]�;°¾¿b

�qq<¬ ±5Vç¥]�]}|� Nios¦§qQ

� 5.8:UV��®
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5.3.3 Nios{|dgz

Nios ¦§�qqãâÁð FPGA ��qÀÁ]�qq;�ÊãME³�
k@A+vö FPGA��q]st;¡@¼ A/D�qeD/A�qe4051Õ�
B�qe?»n<�q+_b
�k�lrst;j 5.9ü8 Nios ¦§�q
q]GTjQ

è!7ÂÊ]¦§st!ã A/D ¶·h>?�q]©±;¡¢EF
Analog Devices ùú|] AD9203 A/D ICe?»n<_ò?�qe·¶�]»
?n<�q+_ 4051Õ��ÁÃÃ�q;á =67>©£¤�qü/«¬
b
�^�k]öµstwØ¨R`aBb
�k]�]»?úã®¯q^
�]�]n<�qÁ 5V�]hi� 3.3V;+�}wÓ FPGAQ

� 5.9: Niosº»��®
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5.4 RNTU

RG���!;ÁVþ* Ï��]�^IJKLMN?P��67ö
÷MN]�hdù;dùö÷]vPÍXï;�E�dùvP8MNDE~
��?stdù;�Êãdù\67 � ¡~�¹;ã·/+£¤MN+
7çqý]]h�Y��1y]�N ¡~�;��dè���bjw��
�dùvP8�lGH�?stdù;��*C ¡~�+_J" ¡~�
Ó67;+dùMNã·ÌRØÑ�~�O=ÃªbGH]h¤-Kw�X
�dùvP8MNhy��;}w ¡hyÓ67;�¶MNhyã·Í3
� ¡�;+dùhy��]-KQ

Rdù ¡�}w_dùJK�r�;¥C�º»]½�¥�ö÷�Ã
��¶;Ø¥�ã¯ LabVIEWj�fTÏFG«¬;���Ê8 SECS��
��]|}��+�ð67> Nios@ABÃz{]|}Q½�¥�Ï¡¢]
���¸/òj 5.10Ïr�

� 5.10:¼%½@¾!89���
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7��8<���|}]ðB;R��À�]U�t;t�]M�
Connect NkÌO;�O\OP� Not Connect NkwxR�4]X�³>±
O8Ê5|}5]ÃÃ;|}Ä¸]��+_ Time out¹=��Q

R��À�8;���QY]ðBãÃÃÊþMNö÷?P���íã
y���;ÃÃ8Yþb]Nk\ÌO*QR?P��t;/ÃÃu�E�
u��Ñï�K]��u�;\ÃÃu�E¹;/}w ¡~�C:�!;
x\ÃÃu��¹;/}w*C_J"~�CYþb]:�!;78áIt
��]��IJü/þ67�� ¡³>ö÷�º]¤ÃQ\�� ¡³>
EÍ�º¹;Nios @AB>©ÌÛ÷µÏ÷\ 200 
~�]z�;\It?
Pl�j��] scope p IJ¹;l�jüÌLrÐ 200 
~�]>�o�
j;+Ã8�¶���bU�]~��bjQØ¨;>ãÉRÝ¹�¶MN
~�]o�U�;\/It record p IJ;ë|éµz{�gÓ Nios @AB
8Ë÷µÏ]¤Ã;áIt scope p IJ+�¶l�Q>ÃÃy���;\
/R:�}w ¡hy;�It��]��IJ�/ÁO|l67>;�N
o ¡hy�QKA;¾¿ record v � scope v IJ�/�¶hy]���b
jQ0¨;Â��Rt�ÍÑ�l�j;\Itü¹l�LrðBIJ¹;
Ø�l�jüÌ+ 20Hz ]�ºÄ¸ª�ºl�jÂ�;+�Hýxü¹l
�Lr]-KQ
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?P��u�E]G� ¡���òt�±Oéµ 10◦ � 170◦e170◦ �
10◦e 100◦ � 270◦e270◦ � 100◦e100◦ � 300◦e300◦ � 100◦ r(ïU�;ä+
�pMN]�ã+7Îqý]�Yªh� ¡~�;��+Áý 180◦ ]7
��?qýª�¶MN~�o�]�bj;+�¶|~����bj]��
¹=Q¯j 5.11ej 5.12ðj 5.13/g�~���]JK;°/+S²� ¡
�;x��¹=�°R 250ms+t!N�¢��Q

� 5.11:OP%&��ªef§¨� (10◦ − 170◦)

� 5.12:OP%&��ªef§¨� (100◦ − 270◦)

� 5.13:OP%&��ªef§¨� (100◦ − 300◦)



� 5÷ ��STU­�G�OJK�±² 82

?P��u��]G� ¡���òt�±OÁ*C~��J"~��
8 10◦ ð 170◦e 150◦ � 250◦e180◦ � 350◦ rXïU�;ä+�pMN/+R
Ñ�hÖ]��]~�O=ªbÃGHQ¯C��]�lo�¹=8E!T
o�Eé~��� ¡;��¼�+µÏl�ª�d;�+½�¥�!]ü
¹Lrl�ªM8Øu�]�dl�jQ¯j 5.14/g�~���]JK;
�GÍN¬�lGH]-KQ

� 5.14:OP%&��«ef§¨� (10◦ − 170◦g150◦ − 250◦g180◦ − 350◦)
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y���u�]³>���ïòt�R kp=80eki=20]o�t;±OÁ
 ¡hy��8 500rpme1000rpme1500rpm;_ 2000rpm;��¶hy¯ 0rpm

��� ¡hy]y��bj;+_¯ ¡hy¢8 0rpm ]y��bj;
±Oòj 5.15ðj 5.16Ïr;¯è7�å Z¯ôhy��hy±O8 10%e
4%e2.6%e1.5%;/¿Rôhy¹]7�å ZÒ½¶�·wx��¹=°
/+R 40ms+>N�¢��Q

� 5.15: 0rpm�¿ÀÁÂ�h$hf§¨�

� 5.16:ÁÂ�hÃÄ 0rpm$hf§¨�
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*� Vþ�^IJKLMNö÷?P��67]�<;67�<]�
���ã�~ ALTERA ùú] Nios Developement Kit Ã8��!�;û��
>¢¼EF Stratix EP1S10 ] FPGA 67+_è:74¹�;ò�LedeK<
LrBeIJeÊ55ÁAe��Tr; = Quartus II <=½��fTö
÷67st��]FGe`Peu�+_�pQR FPGA67!GH�^M
NYZ��[\;¾¿fghi/+ÇÈ]ÁâYy=]�k±Oö÷Ü�
]��;àô¼���^MN]ØÙ�;á =b
�kö÷hy&pq+
_~�&pq��;«¬<�IJKLMN?P��]stQ

<� FPGA��67�~ 5816�23D¹ (Ó FPGA67�ÔÕ 55%)_
91KByte ]��T×Z ( Ó FPGA ��qW��TÕ 78%);56 ¤/01]
}w}|§? ( Ó FPGA 67/01§?Õ 13%);4 � DSP block +_ 1 �
PLL ´Ypq;è! Nios @AB�~ 3347 �23D¹+_ 83KByte ]��
T×ZQR67>©]st01�;Í±8t5�ï�7�Ê]©±ã+
VHDL STUVWXM8��]��;Y°�^MNYZ��[\ð�|
fghiuv (parkepark inveclarkeclark invesincos table)ejklm
n
ouv (spwm)e`aBb
@Auv (p v means)e�^b
�k@Auv
(adcx) _�^��Buv (pi i)wx\!Ì�~�E³ò´Ypq (pll)e��
��T (rom)e�[B (mult) r Quartus IIfT*tÍ>�]st¹;/+¾
¿ Megafunction ])���|�V]st�uw�X©±]st01CÅ@
AB!;E~ SOPC BuilderfT��¼EF Nios@ABC FPGA67U;�
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FG CWX��/wC Nios@AB!;GH]st¡¢¼hy��B+_~
���B;+_ SECS����Q

R£¤MN�p�;��«¬EvMN��G���;èSTU­2
¼ ALTERAùú] FPGA����¨;ê¡¢EF�^IJKLMNeE=
�½�ºe_E�¨©�qq;¨©�qqYst�K/±8cVÁ>?
PWM �kh8/£¤MNXY�k]£¤�qq;Á�^ËdB_`aB
rb
�kÃ@A]b
�qq;+_Á FPGA ����Ãst¹W;v
� A/D rst] Nios ¦§�qqQxÅ�»]½�¥�\ãC�º�FG
LabVIEW��;¾¿ RS232Ê5|}Â� Nios@ABÃz{|};+�Â�
Å�MNh¤U�;«¬GæMN?P��]�pQ

RXª]����;/+R��B]��_��¥��v+Nö�R�
�BÃÃ��;*� !y���pq��~ PI ��B;x?P��pq
�~ P��B;R���b_��X�Ê�t;/+�~¶�´]��B;
�òuY��A�e¼b��A�;+vö��]�b+_¢Z�;���
�|ÞÍ¤Þ�4st]¶[®uY��A�;vö��67þ�Kgh]
¼b½_7·½wR��¥��;/�~Cq RJ45 ¥�µ$ RS232 ¥�;
)wx*�]����;vö��-¸+_(vÄ»��]üi;�öEL
/+�~�Â��]��;òØEª;�É(v��»]�¤½;ú/+R
Ä�ìx]��\]¬©]MN�h;�åÄ»Å�]T�å+GH;+^
�67]b~ç¥Q

*� ¬s]R<=>?67�Å@ABCDE FPGA67!]��Ý
=�;ÁYZ��A�GHCû67!;�«¬�^IJ�KLMN?P�
�
.67]�<;Rön67<=8��]±X;>tÁØ?P��
.
67vw�Õ/n³>]��+N��7½�]��;\/ÁØ
.67¼
8E_�ñ (Intellectual Property);Áb~ç¥}��ÕZMN��Ý=;�
ãJ=è:�Kst]_�ñ;+<=8st�ö�]67Q
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