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Abstract: A novel direct adaptive control strategy using a B-spline neural network for the three-phase
AC/DC(alternating current/direct current) voltage source pulse width modulation(PWM) rectifier is proposed, which re-
alizes a sinusoidal AC input current and unity power factor. The control law is constructed based on the B-spline neural
network directly, and the training of the network is on-line. An on-line learning algorithm is proposed for the neural net-
work, and the space vector modulation method is then used to determine the switching instants of the rectifier, which makes
the whole control strategy more suitable for real-time application and adaptive situations. The whole control strategy is also
realized based on the digital signal processing (DSP) technique. Computer simulation and experimental results are both
used to verify that the system with the proposed control strategy not only guarantees the good stability, but also provides
good transient response and unity power factor.

Key words: pulse width modulation(PWM); BS neural network; unity power factor; control strategy; digital signal
processing(DSP) technique

©©©ÙÙÙ???ÒÒÒµµµ1000−8152(2006)04−0536−06

1 ÚÚÚóóó(Introduction)
�6ì���.UPS(Ømä>)Ú_C>c

?�6>�¦^þ3ÅcO�,éT>´�5U
`zïÄ�FÃ2�[1].�
Jp�6ìÑ\ÑÑ
�5U,8c�ÅÚæ^PWM(ó°N�)m'�ª
�AC/DC�6ì. æ^PWM�AC/DC�6ì�Ì�
8�´¼�põÇÏêÚ~�Ñ\>6��Å�

ý[2,3]. ®²kNõ©z��
>PWM�6ì�
ïÄ,V)å5©�ü�aµ�5aÚ��5a[4].
du¢Sé�õ���5XÚ,Ïd��5��ì
'�5��ìäk�2��^å.
 ²�ä���`:´§�õ´%C,ùL² 

²�ä�Ôö�%C?Ûäk(�L����5

¼ê. ¦+ ²�ä8c3>å+�¥�A^ÿ?
3åÚ�ã, �´d�C'um'�6ì��'�
�5w,  ²�ä3T+�¥¬äk�5�2��
A^. ©z[5]�OÑ��^ ²�äÏé��5Æ
�VSC(Cþ(���).3©z[6]¥,$^ ²�ä
�OÑü�DC/DC=���ì.
�©(Ün�PWM�6ì�G��m�§, ï

á
��ÄuBS�n�AC/DC>ó°N��6
ì� ²�ä[7]µ��5ÆÏL3�Ôö�BS(B-
spline) ²�ä��ïá, ù¦����üÑ�·
Ü¢���. Ø�~^�õ��ä, 3ÔöL§¥
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 ²�ä��Û5�UC. BSü� ²�ääk
�ÛÜUC!̄ �Âñ!O�{ü�A:. ù

A:¦BS ²�ä�·Üu3�Úg·A5��
|Ü©

�©�|^DSPEâ¢y
����üÑ,$^
�m¥þï�{��
�6ì�m'~ê, JÑ

��^u ²�ä�ÆS�{.Ó�ÏLO�Å�
ýÚy|¢�y²
ù���üÑØ=äk½5

Ð,�äk�A¯Ú�õÇÏê�`:.

2 nnn���>>>ØØØ���666ììì���êêêÆÆÆ���nnn(Mathematical
preliminary of three-phase rectifier)

2.1 nnn���>>>ØØØ���666ììì���êêêÆÆÆ���...(Mathematical
model of three-phase rectifier)
n�>�6ì�Ì>´Xã1¤«. b½n�

>Øn�²ï,�un�>ØªÇ�ω ,���Xe
�§: 




ea = Em cos(ωt),

eb = Em cos(ωt− 2
3
π),

ec = Em cos(ωt− 4
3
π).

(1)

ùp: ea, ebÚec�n�>Ø, Em´�>Ø�Ì�.
ã1¥>Ø�§�

e = −L
d
dt

i + RLi + v. (2)

ùp

e = [ea eb ec]T,

i = [ia ib ic]T,

v = [vao vbo vco]T.

ã 1 n�AC/DC>�6ì>´ã
Fig. 1 Circuit diagram of three-phase AC/DC rectifier

�6ì�V4m'¼ê�Xe£ã:

Sj =

{
1, Sj,

−1, S̄j,
j = a, b, c.

�>ØÚV4¼ê�'X�L�¤


vao

vbo

vco


 =

1
6
v0




2 −1 −1
−1 2 −1
−1 −1 2







sa

sb

sc


 . (3)

|^�m¥þ�{½Â�é�,@o�â©z[8],�
§(2)�U�¤Xe/ª:

E = −L
d
dt

I + RLI +
1
2
Sv0, (4)

E =
2
3
(ea + ueb + u2ec) = Emejωt.

ª¥

I =
2
3
(ia + uib + u2ic), S =

2
3
(sa + Usb + u2sc),

u = ej(2π/3)�Park¥þ. �
¼��õÇÏê, �
½I�

I = I∗(t)ejωt. (5)

ª¥I∗(t)´����âý½�¦���·-&Ò.

2.2 PWMüüüÑÑÑ(Pulse width modulation strategy)

|^�m¥þPWM�{���6ì. dum'
¼ê´V4�, m'N��m¥þ��¤Xe·Ü
¤km'G����/ª:

Sn =





4
3
ej

(n−1)
3 , n = 1, 2, · · · , 6,

0, n = 7, 8.
(6)

ù8�¥þXã2¤«.

ã 2 ��m'¼ê�m¥þ
Fig. 2 Rectifier switching function vectors

ØÓ¥þ´»�)ØÓ�>6�Å, ��ó
À8¥!é¡�, �Å~�. ^TsL«�m'±

Ï, =Ts =
1

2fsw

, ùpfsw�N�m'ªÇ. �


~��5>6��Å¤©, ":G���mA
�Ts�å©Ú(å�m��. n�>Ø�m'gS
ÚT0, TnÚTn+1�½ÂXã3¤«.
�6ì���¢�þ´��PWMÅ, �Ò´�

�TnÚTn+1. Uì©z[8]¤ã,ò�§(5)�\ª(4),
���§

S =
2
v0

[Em −RLI∗(t)−

jωLI∗(t)− L
d
dt

I∗(t)]ejωt. (7)
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duS3d− q�I¶þU�½Â�

S = ss
d + jss

q. (8)

3½�ª¥,m'¼ê�m¥þ©þ�£ã�

ss
d =

2
v0

{bEm −RLI∗(t)− L
d
dt

I∗(t)c cos(ωt)+

ωLI∗(t) sin(ωt)}, (9)

ss
q =

2
v0

{bEm −RLI∗(t)− L
d
dt

I∗(t)c sin(ωt)+

ωLI∗(t) cos(ωt)}. (10)

XJ^SndÚSnqL«Sn�¢ÜÚJÜ, �â©
z[9,10], TnÚTn+1�L«¤

Tn =
1

Γn(n+1)

bS(n+1)qs
s
d − S(n+1)ds

s
dcTs, (11)

Tn+1 =
1

Γn(n+1)

bSnqs
s
d − Snds

s
qcTs. (12)

ª¥Γn(n+1) = SndS(n+1)q − SnqS(n+1)d. Ïd,��
kÜ·�sdÚsq, TnÚTn+1�,ÒUé�6ì?1�
�. �e�¯K´µN�¼�Ü·�sdÚsq±9Ï

éÜ·���5Æ.

ã 3 SPWM�nã
Fig. 3 Scheme of SPWM

3 ÄÄÄuuu������üüüÑÑÑ���   ²²²���äää(Neural network
based on control strategy)
3ù�!¥, )öJÑ
��ÄuBS�3�g

·A ²�ä���üÑ. BS�{���A�
´µû½uÄ�¼ê��äÑÑ�~². 3��
¥ÏL��üCþÄ�¼ê����õCþÄ�¼

ê§��üCþÄ�¼ê��n�/.
���üÑ�8�´°Ä�6ÑÑ>Øv0%C

ë�>Øvf ,Ó�Jø�õÇÏf.BS ²�ä�£
ã�

f(x) =
n∑

i=1
ωiσi(x). (13)

ùp: ωi Úσi«1i?�Ú1i�BSÄ�¼ê, n´

��ê.½Â

W =[ω1 ω2 · · · ωn]T, σ=[σ1 σ2 · · · σn]T.

dd,ª(13)�L«�

f(x) = WTσ(x). (14)

þã'X�^ã4�BS�äL«.

ã 4 BS ²�ä
Fig. 4 B-spline neural network

l12Ü©®²��, ��I∗(t)��n�, �6

ìBU��`z��.�½I∗(t)dBS ²�ä��,

3ë�>ØvfÚv0�mÀJÑÑ>ØÚØ�È©,

=v′0 =
∫

(v0 − vf)dt���äÑ\. ù� ²�ä

�L«¤

Î∗(t) = NN(v0, v
′
0,W ). (15)

ùp: Î∗(t) ´I∗(t) ��O�, NN( ²�ä)L«

^uÏéI∗(t)�BS�ä, W´�A��¥þ. �

§(15)�~��PI('~È©)���q,Ï�§�Ñ

\´v0ÚÈ©�v′0. éu~5PI��ì5`,��ë

ê´~þ, ¤±é��5�6ì5`PI���U3

ÛÜ���Ð���.�ó��¸u)Cz�, PIë

ê7L#�½. ����OPI��ì�,7Lk�

���ì�&E¿ÏL¢��Ñ��ìëê. �

©JÑ� ²�ä���`:´��5Æ��I�

ýk���´&E>.�v′0, ,�`:´�¥þ

�XÑÑ�Cz3z��æ�±ÏS3��#,Ï

d�äU·A�6ì�ó¹!³�	ÜZ6. ù

«3��#�3~��ëê¤£[9]¯K, =�Ï

fW3�#L§¥�U���Ñn��.,ù�

JKÏL�©e¡ò��ã�N�{��)û. l

e¡��ýÚ¢�(J5w,�©JÑ���üÑ

��¡5UÑ��Ð.

'�n��´^ �Î(t)− Î∗(t)�#BS ²�

ä��,,I∗(t)ØU(½,¤±ù��Ø�U.

Ïd, ¢Sæ^ÑÑ>Ø �∆v = vf − v0�#�

,ùpvf�ë�ÑÑ>Ø.

éBS ²�ä,æ^���ü��äÔö�{,

��#�Y�^eªL«:

∆W = ησ(v0, v
′
0)∆v. (16)

ùpη´d�OöÀ½�ÔöÚ�.��5`, η��
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��ì��5U�Ð, �|Z65��. ��, η

��,��ì�|Z65�Ð,��5U��.

�
;�3g·A��¥�ëê¤£, 7L�

Ñ���å^�[9,10], À½�å^��B(M) =

{W : ||W || 6 W M}, �±r���3d�å^

�S.ù��±^e��{���§(16):

∆W =





ησ(v0, v
′
0)∆v,

if ||W || < W M or

||Ŵ ||=W M and ∆vWTσ(v0, v
′
0)60;

Pr(ησ(v0, v
′
0)∆v),

if ||W ||=W M and ∆vWTσ(v0.v
′
0)>0.

(17)

ùpN�Ïf½Â�

Pr(ησ(v0, v
′
0)∆v) =

ησ(v0, v
′
0)∆v − η

∆vW tσ(v0, v
′
0)

||W ||2 W. (18)

�I∗(t)(½�, ss
dÚss

qU�O��Ñ, l(

½TnÚTn+1 , ù�PWMÅ�Ó�'�±��.

3SVPWM�{¥k

s2
a + s2

q 6 [
4
3

cos 30◦]2 =
4
3
. (19)

þã�§L²µ��m'¼ê�Ì�Ø�L
2√
3

,

m'¼êØ¬�Ú.,�©JÑ���5ÆUØ

É�§(17)^���å,æ^e��{O�ss
dÚss

q:

s′sd = sgnss
d

√
3
4

(ss
d)2

(ss
d)2 + (ss

q)2
, (20)

s′sq = sgnss
q

√
3
4

(ss
q)2

(ss
d)2 + (ss

q)2
. (21)

ùpsgn(·)�ÎÒ¼ê. ù«�{¦m'¼ê���

�±ØC�´��UC.

3þã ²�ä��üÑ¥, ��-<a,�

�A�´µÏ�BS ²�´�ÛÜ�#A:,3Ô

ö±Ï¥ØI�#¤k��.¯¢þ,�k�-¹

�BS¼ê��, 3Ôö±Ï¥âI��#. ù¦

�BS¼ê¯�Âñ!O�{ü,ÏdBS¼ê·Üu

¢���.

4 ���ýýý(((JJJ(Simulation results)
^C�ó?�O�Å�ý§S, �6ìëêÀ

½�µEm=150 V, Vf=360 V, ω =100 rad/s, C0 =

940 mF, L =10 Mh. ��6ìÀJ4���BS¼ê,

ÆSÚ��0.001, W MÚη ©O�16Ú0.005, K1

>6�5.8 A,��ã5∼7��ý(J.dã7��µ

�6ì�ÑÑ���3360 V.dã6�±wÑ:�>

ØÚ�>6A�´ÓÚ�,l�y
�õÇÏê.

d�ý(JéNNC( ²�ä��ì)ÚPI?1

'�, ã7w«ÑNNC¯��A²wÐuPI, ã¥¤

^ëê���µKp = 0.0004,Ki = 0.2¶NNC��

Né�,���2.5%, PIfm©ÑyN!Øv.

ã 5 >ØÑÑ(IL=5.8 A)
Fig. 5 Output voltage (IL=5.8 A)

ã 6 �>6Ú�Ñ\>Ø
Fig. 6 A-phase current and a-phase input voltage

ã 7 >ØÑÑ(IL=10 A)
Fig. 7 Output voltage (IL=10 A)

�e5�Ä����/µKÖ>6Jp�10 A,

¢SþXJI�360 V�>ØÑÑ, @où®²�
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�
�6ì�«ÉUå. ùü���ì��A«

uã9, éPI��ìó, >ØÑÑØ½¿�ü�

"±e¶NNC�,ÑÑ�k270 V, v��ý�

�360 V,�ÑÑE,é½, ù�:3,
A^|

Ü�~�.~X,���¸e,3Ø�#N���

��SXÚÑÑ�ý½�´�1�,Ï�ù'XÚ

�.�$rõ
. ù�L², NNC'PIk�r���

Uå. Ï��6ì¢Sþ���5, PI´�5�

�ì, ¤±§�U3ÛÜ�±�6ì�½5. �

�ó��¸u)Cz, PI¬Xã9¤«C�Ø½;

NNCUUìó�^��Cz·A5/UC�

,Ïd,§U3ØÓ�^�e�y�6ìäkûÐ

�5U.

5 ¢¢¢���(((JJJ(Experimental results)
ã8«Ñ
�6ì�ÑÑ>Ø.dã��¢�(

J��ý(J����.ÑÑ>ØéÐ/��3ë

�>Ø�360 Vþ. �â��üÑ¢y�XÚäk

4Ð�]��A. ã9´�e��>ØÚ�>6.

ã¥²w��µ�õÇÏê��
k���y. n

�Ñ\>6�¢�Å/Xã10¤«. dã��, �

Å�ýé�.�ÿ��o�Å�ý�0.07, õÇÏê

�0.99.

ã 8 �6ìÑÑ>Ø
Fig. 8 Output voltage of rectifier

1:Ñ\�>Ø 2:Ñ\�>6
ã 9 Ñ\�>ØÚ�>6

Fig. 9 Input phase voltage and current

ã 10 n�Ñ\>6¢�Å/
Fig. 10 Experimental waveforms of input 3 phase current

6 (((ØØØ(Conclusion)
�©�n�PWM AC/DC>Ø�6ìJø
�

�BS ²�ä��üÑ.§����§{ü,éN´

^DSP��ì¢y. |^��DSPACE 1102 DSP�

�ì¢y
ù���¼ê,¿éù�XÚ?1
�

ý!ïáÚÿÁ.�ýÚ¢�(JL²µ�XÚU

¼�põÇÏêÚ$�Å�ý. n��6ì�A^

�~2�. 8c, Nõó�>ÄÅ°ÄXÚ¦^�

6DCø�_Cì. Ù¥�Ü©^�´��k{üÈ

Åì�xª�6ì. Ïd,õÇÏê�!�ÅÑ\p,

ù¬��>^aAJK(EMI).�©�O��6ìU

��xª�6ìUõÑ\�ÅÚõÇÏê,äk

ØI��6ì�(�êÆ�.�`:,Ï��6ì

Ú��5ÆÑ´ÏL ²�äïá�.
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