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�©�éüü�¿é8¤n���6C6>´, í�ÑÙ3�uó°N� (SPWM) e������§. ÏL�
©ÓN�n��
ü�z{��½^�ÚÌ���ëê�{. ÏL·b©Û�;,ã£ã
XÚëê�ØÓ^�
�'X, ¿�éT>´?1A��O�, y¢T�{�±£;A�����¦)ü�XÚ. ��, �âþãëê?
1�ý©Û, �y
Cqz{�{�k�5Ú·^��.

'�c: �©ÓN, ·b©Û, ü��{, 8¤n�C6>´

PACS: 05.45.Gg

1 Ú ó

n���6XÚ3y��¬äk2��A^,

ÙuÐ¥y5�zÚp8¤Ý�A:, c±õü�
¿é8¤�;.�ª�� [1,2]. 8¤n�C6>´
�þ>å>fm'ì��æ^ÚE,�Ôn�¤
/ª��
TXÚ�p����5ÄåXÚ, Ju
©Û���. Ïd, XÚz{´)ûù�¯K�k
�Ãã.

XÚz{, ��´�âXÚ�A��, �äÙ
(���q5, ò�qÜ©Ü¿½òg�&E�Ñ,

l��Cþ����ê�$��§|, X��ü
��{ [3]. ùòJu£;¦�A��. ,, éu
¢S�ÔnXÚ, A��O���E,, Ø|uÙ
A^. ó§þ�
£;O�A����3ÓNü�
�{ [4], %=�u>åXÚ�ÓÚaA>ÅÅ+z
{, ��
T�{�A^.

�©Áã�â8¤n�C6XÚ� SPWM N
��n, í�ÑÙ�����êÆ�§, ¿òÙ=
z��©���§�/ª, læ^AÛ�{?n.

ÏL�©ÓN+�{ [5] �í�, �Ñ
���·

^uT8¤XÚ�Cqz{�{, òüü�Cqz
{��ü�, ¿U
O�ü�XÚ�Ì�ëê. �
�, |^·b©Û�;,ã�{, ¿(Üì?²ï
:� Jacobi Ý
, ©ÛTCq�{·^u�Cq·
bXÚ. A���O�Úé'`²T�{ü�c�
XÚA���C, Ïd�±£;A���¦)z
{XÚ. ��, ÏL;.ëêÚ�C·bü«G�
e��ýO��y
Tz{�{�k�5Ú·^
��.

2 8¤n�C6XÚÄ�ü���©
���§

�!í�Ñ8¤n��6XÚÄ�ü��ê
Æ�§¿òÙ=z���/ª±`²�©ÓNn
Ø·^uTXÚ¥.

��5��XÚ���L«�§� [6]

ẋ(t) = f(x(t)) +
m∑

i=1

gi(x(t))ui(t),

y(t) = h(x(t)),
(1)

ª¥,x(t) = [xT
1 ,xT

2 , · · · ,xT
n ]T �G��þ,xi(t) ∈
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Rn, �1 i �fXÚ�G��þ;fi(·), gi(·) ���
5¼ê;ui(i = 1, 2, · · · ,m) ����þ; h(x) � m

�ÑÑ¼ê�þ.

ü��n���6C�ü�, ´8¤n�C6
XÚ�Ä��¬, §´�«;.���5��fX
Ú, Xã 1.

ã 1 8¤n�C6XÚ�Ä�ü�

ã 1 ¥, n���6XÚæ^ IGBT ��m'
ì�, SPWM ó°N�.isa,isb,isc ��6ýn�>
6,L �>a,C �>N,usa,usb,usc ��6ýn�>
Ø,udc ��6ý>Ø. æ^ SPWM N�, ± A ��
~, �nãXã 2.

ã 2 SPWM N��nã

ã 2 ¥, � u Å ya = Asin(ωt + ϕ0), n �

Å y0 = (−1)k 4B

T
x + b, Ù¥ k =

⌊
4t

T

⌋
, �=�

e��. Ón,B �� yb = Asin(ωt+φ0−
2π

3
),yc =

Asin(ωt + φ0 +
2π

3
), �âV45N���n, k

sk =


1, yk > y0,

0, yk = y0,

−1, yk < y0,

(k = a, b, c). (2)

Ïd, sk ¢Sþ�ÎÒ¼ê sgn[7].

K�âÄ�¿Å½n, ��n���6C�X
Ú���êÆ�.�G�L�ª� [8]


L 0 0 0

0 L 0 0

0 0 L 0

0 0 0 C




disa/dt

disb/dt

disc/dt

dudc/dt



=


0 0 0 ma

0 0 0 mb

0 0 0 mc

ma mb mc 0




isa

isb

isc

udc



+


−1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1




Usa

Usb

Usc

udc

 , (3)

ª¥


ma

mb

mc

 =


sa −

∑
k=a,b,c

sk/3

sb −
∑

k=a,b,c

sk/3

sc −
∑

k=a,b,c

sk/3

 .

éþã�§æ^ Park C� (q�� D-Q C�),

=�¦C�Ý


T =

√
2
3

sinωt sin(ωt − 2π

3
) sin(ωt + 2π

3 )

−cosωt −cos(ωt− 2π

3
) −cos(ωt+

2π

3
)

 ,(4)

K


disd/dt

disq/dt

dudc/dt

 =


ωisq − usd/L

−ωisd − usq/L

0



+


udc/L

0

isd/C

md
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+


0

udc/L

isq/C

mq, (5)

Ù¥ [
isd isq

]T

= T
[
isa isb isc

]T

,[
md mq

]T

= T
[
ma mb mc

]T

,[
Usd Usq

]T

= T
[
Usa Usb Usc

]T

.

(5) ª¥, ω �>Ø>6ÄÅ�ªÇ, �´ dq ^=¶
X�^=�Ý;md,mq �^=�IXe�m'¼ê
��þ;usd Ú usq �^=�IXe��6ý>Ø,

eØO�Å, �Ä>Ø���¹e½, K§��

~ê,isd Ú isq �^=�IXe��6ý>6, ¬�
XKÖ�Czu)Cz.

yyy²²² - θ = ωt, �â (4) ª, k

isa = isdcosθ − isqsinθ,

ma = mdcosθ − mqsinθ,

Usa = Usdcosθ − Usqsinθ,

K (3) ª� isa ��mÓ�¦�, ��
disa
dt

=
disa
d

θ
dθ

dt
=ω(isdcosθ − isqsinθ)′

=ω

(
disd
dt

cosθ−ωisdsinθ− disq
dt

sinθ−ωisqcosθ
)

=ω
Udcmd

L
cosθ − ω

Udcmq

L
sinθ

−ω
Usd

L
cosθ + ω

Usq

L
sinθ.

£�, �n��

cosθ
(

ω
disd
dt

− ω2isq − ω
Udcmd

L
+ ω

Usd

L

)
+ sinθ

(
−ω

disq
dt

− ω2isd + ω
Udcmq

L
− ω

Usd

L

)
= 0.

du θ �±�?¿�Ý, ¤±
disd
dt

− ωisq −
Udcmd

L
+

Usd

L
= 0,

−disq
dt

− ωisd +
Udcmq

L
− Usd

L
= 0.

�n�� (5) ªcü�. éu1n�, Ó�é�
ªü>Ó�¦�, ��

dUdc

dt
=

dUdc

dθ

dθ

dt
= ω

dUdc

dθ

= ω
1
C

[md(isdcos2θ − isqsinθcosθ)

+mq(isqsin2θ − isdsinθcosθ)].

ò¹ md ��?1Ü¿, ¿|^ü�Ú���úª
?1Ðm, ��

f1 = md(isdcos2θ − isqsinθcosθ + isdcos2
(

θ − 2π

3

)
−isqsin

(
θ − 2π

3

)
cos

(
θ − 2π

3

)
+isdcos2

(
θ +

2π

3

)
−isdsin

(
θ +

2π

3

)
cos

(
θ +

2π

3

)
= mdisd.

Ón, �� f2 = mqisq, =y (5) ª1n�. y.
dum'¼ê´��Cþ, �
�Be©¦�,

±�ÑÙCz�Xã 3 ¤«, �� (md,mq) =

(1, 1) ´Ù��;.�.

ã 3 D-Q �Ie�m'¼êC��

P [
isd isq

]T

=
[
x1 x2

]T

,[
md mq

]T

=
[
u1 u2

]T

,

Y =
[
y1 y2

]T

=
[
h1(X) h2(X)

]T

,

K (5) ª�U��

dX/dt = f(X) + g1(X)u1 + g2(X)u2,

Y = H(X).

w,, n�C6XÚ´�«;.���5��
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XÚ, ��XÚ´�©AÛNX�~^XÚ, Ïd
�©ÓNnØU
A^uTXÚ¥.

3 �©ÓNnØ

�!ÏL�©ÓN+��'½Âí�Ñ��
Ún, ¿�âTÚn�E¼ê���©ÓN�½�
��½n, ÏLÜ©Cþ�äUÄz{XÚ.

½½½ÂÂÂ 1[9] Zk(V ) = Ker∂k = {zk ∈ Ck|dzk =

0} ¡��6/ V � k �4ó,d �	�©�f,Ck

� k �E�. ¢Sþ, ùé{¿�X�^4ó7L
´	�©� 0 �ó.

½½½ÂÂÂ 2 Bk(V ) = Im∂k+1 = {bk ∈ Ck|xk+1 ∈
Ck+1,dxk+1 = bk} ¡��6/ V � k �>�ó.

¢Sþ, dù^½Â��, ½Â���Ø� 0,

	�©��� 0 �¼êe�Ï��^>÷ó.

½½½ ÂÂÂ 3[10] 1 w 6 / M þ � 	 � © /
ª ω, e d : ∂k → ∂k+1,dω = 0, K Hk =

Ker∂k/Im∂k+1 = Zk(V ) − Bk(V ) ¡�� De Rham

þÓN+.

ÚÚÚnnn 1 XJ>÷ó�3, KÓN+�3.

yyy²²² w,, �O=��^>�ó�ü�+þ
ÓN, �= Hk(V ) = Zk(V )−Bk(V ) ´½�6/þ
�ÓN+,s1 ∈ Hk(V ), s2 ∈ Zk(V ), K s1 � s2 Ó
N. Ïd, é�>÷óÒ¿�X�3ÓN+.

½½½ÂÂÂ 4 e 3 G � � § | g =

f(ẋ1, ẋ2, · · · , ẋn) ¥, Ø � 3 N � xp =

h(xq1,xq2,· · · ), Ù¥ p 6= qi, � p,qi= 1,2,· · · ,n,

KTG��§|¤���G��§|.

�Ä��G��§| g = f(ẋ1, ẋ2, · · · , ẋn),

e , � G � C þ � ± d Ù ¦ G � C þ Ï L
N � � �, K � 3 � � � © Ó � N � xp =

h(xq1 ,xq2 , · · · ), Ù¥ p 6= qi, � p,qi=1,2,· · · ,n, d
EÜ¼ê�5�, �3 H(x1,x2, · · · ,xi,xn), i 6=
p, ¦�

g = f ◦ H(x1,x2, · · · ,xi,xn), i 6= p.

é' g = f(ẋ1, ẋ2, · · · , ẋn) Ú g = f ◦ H(x1,

x2,· · ·, xi, xn), �§��êü$
, ��§|�
ü��§|�d. Ïd�±@���´ò��XÚ
�G��§|=z���G��§| (½Â 5) �
L§.De Rham þÓN´�«�©Ó�N�.

½½½nnn 1 3 � � d N � f 6 / Vi(i =

1, 2, · · · , N) �¤�6/ M ¥, XJ6/ Vi ¥�G

�Cþ xi,xj , �3 dξ = xidxj − xjdxi = 0, K M

þ�ÓN+�3.

yyy ²²² � E C þ δ = xi/xj , Ù ¥ xi 6= 0

,xj 6= 0.  dδ =
xidxj − xjdxi

x2
i

, Kdu δ 6= 0,

 dξ = 0, �â½Â 3, >÷ó�3, q�âÚ
n 1, K Ó N + � 3. , ,x2

i 6= 0, Ï d � I
� dξ = xidxj − xjdxi = 0, =�÷vI�. ¢
Sþù�^�´¿©�7��, �E δ = xi ± xj ,

�U��Ù¦�/ª, �´3�©¥, æ^Ø{�
�E.

4 8¤n�C6XÚ�·b©Û

�!ÏL©Ûüü�8¤n�C6XÚ�·
bG�, �Ñ;.^�ÚCq·b^��ëê, �
�ýO�Jø�â.

~5�8¤n�C6XÚ´dã 1 ¤«�Ä
�ü�¿é8¤¤, �
{üå�, �©ÀJü
ü�8¤XÚ, Xã 4.

ã 4 üü�8¤n�C6XÚ

ã 4 ¥, ü� 1 Úü� 2 �SÜ(�Xã 1 ¤
«, ü� 1 �6ýn�>Ø, >6P� usa1, usb1,

usc1 Ú isa1, isb1, isc1, >a, >N� L1, C1, ü� 2

�6ýn�>Ø, >6P� usa2, usb2, usc2 Ú isa2,

isb2, isc2, >a, >N� L2, C2, �6ø>>�>
Ø� ua = Ussin(ωt), ub = Ussin(ωt − 2π

3
),uc =

Ussin(ωt +
2π

3
), éAo>6� ia, ib, ic, w, ik =

isk1 + isk2, k = a,b, c. KÙL�ª�
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disd1/dt

disq1/dt

dudc1/dt

 =


ωisq1 − usd1/L1

−ωisd1 − usq1/L1

0

 +


udc1/L1

0

isd1/C1

md1 +


0

udc1/L1

isq1/C1

mq1,


disd2/dt

disq2/dt

dudc2/dt

 =


ωisq2 − usd2/L2

−ωisd2 − usq2/L2

0

 +


udc2/L2

0

isd2/C2

md2 +


0

udc2/L2

isq2/C2

mq2.

(6)

�â8c~^�8¤n���6XÚ�.Ò,

À�ëêXL 1.

L 1 8¤n�XÚ�;.ëêL

¶¡ ü� 1(ü ) ê� ü� 2 ê�

n�ÅÌ� B1/p.u. 2 B2/p.u. 2

n�ÅÐ� b1/rad 0 b2/rad 0

n�Å±Ï T1/s 0.001 T2/s 0.001

�uÅÌ� A1/p.u. 1 A2/p.u. 1

�uÅÐ� Φ1/rad π/12 Φ2/rad π/15

>a L1/H 0.0012 L2/H 0.0008

>N C1/F 0.3 C2/F 0.28

�6>ØÌ� Us/V 220 — —

�6��Ý ω(F)/π 100 — —

|^ (4) ª, K
[ Usd U0sq]T = C(ωst) [ Ua(ωst) Ub(ωst) Uc(ωst) ]

= [ 220 0 ].

|^o�Ê?�9�¥©�{ [11], �Ú�
� 10−6s, �±xÑ_Cì 1 Ú_Cì 2 éA (5) ª
�Cþ [ isd1 isq1 udc1 ] Ú [ isd2 isq2 udc2 ] �$Ä
;,, Xã 5.

ã 5(a) ¥, �±wÑ, ��;.ëê�, _C
ì 1 Ú_Cì 2 Ñ¬�ªlÐ� (0,0,0) ½u�
�²ï:, ùü�²ï: �¿ØÎÜ. ã 5(b)

¥, � C1 = C2=0.003, Ù¦ëê�;.ëê��,

�±w�§�½u���Ó²ï:.

X J � C1= 0.0001, C2=0.0002, L1=0.0004,

L1=0.0005, Ù¦ëê�;.ëê��, �±��
ã 5. d�XÚØ½, �)
·by�. ù`², 8
¤n�C6XÚ���a�E,�ÄåXÚ, ´É

G�K�, ¬ªCu·b.

ã 5 üü�8¤n�C6XÚ�½G�

�
?�Ú©Û8¤n�C6XÚ�ÄåÆ
A5�ëê�m�'X, - (5) ª���>� 0, %
uyT�§Ã), ù�, À���ëê δ, �ò (5) ª
C/�
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disd/dt

disq/dt

dudc/dt

 =


ωisq − usd/L

−ωisd − usq/L

0

 +


udc/L

0

isd/C

md +


0

udc/L

δisq/C

mq. (7)

� δ = 1 �,(5) ª� (7) ª��, d�Ã), �
´�±æ^���C 1 ��ê%C, d��¦� (7)

ª�3��²ï:

[
−δ(Usdmq − Usqmd)

ωLmd(1 − δ)
Usdmq − Usqmd

ωLmq(1 − δ)
Usqmd − Usdδmq

(1 − δ)mdmq

]
.

ù¿�X, éuü� 1 Úü� 2, 3 δ ∈ U(1) ��%��S, �3���²ï:.

¦�3T²ï:?� Jacobi Ý


J =


di̇sd/disd di̇sd/disq di̇sd/dudc

di̇sq/disd di̇sq/disq di̇sq/dudc

di̇dc/disd di̇dc/disq di̇dc/dudc

 =


0 ω md/L

−ω 0 mq/L

md/C mq/C 0

 .

�\L 1 ¤«�;.�, �- (md,mq) = (1, 1). ü� 1 �A���

[−3.73 × 10−14 + 2.0770i −3.73 × 10−14 − 2.0770i 0 ],

�ân�A�� Re(λ) 6 0, Ïdü� 1 �ªªu½.

ü� 2 �A���

[−6.39 × 10−14 + 2.0770i −6.39 × 10−14 − 2.0770i 0 ],

Ó�ü� 2 �ª�ª�u½. w,ü� 1 �A�
��ü� 2 �A���C.

ã 6 üü�8¤n�C6XÚ�Cq·bG�

lã 5 Úã 6 �Czþ�UwÑ, �Xëê�
UC, XÚòª�u·b.

5 z{�{

�!�â½n 1 í�Ñüü�CqÜ¿� 1

ü��Ì�ëê�O��{, ¿ÏLé'ü�c�
XÚ�A��, `²TO��{e÷vA��Cq
��¦, �=�±£;��¦A��O�z{X
Ú.

¢Sþ, �â½n 1, Ø�b�XÚ�3ü�C
þ xi Ú xj , �Ð©G� xi = xi(0) Ú xj = xj(0) b
�3�ãëY�m t S, �3 |xidxj − xjdxi| < ε,

Ù¥ ∀ε > 0, K xidxj = xjdxi, ½ö
1
xj

dxj =

1
xi

dxi, ü>Ó�é t ¦È©, ��

xj =
xj(0)
xi(0)

xi = kxi. (8)

òÙ�£ (1) ª, K�±å�~���§C
þ Ú � ê � 8 �, ¿ � (8) ª � / ª � � Ð �
k '. Ï d, � � § � z { ¯ K Ò = z ¤ � 

¦ f = xidxj −xjdxi = xi(tk)[xj(tk+1)−xj(tk)]−
xj(tk)[xi(tk+1)− xi(tk)] �¯K. XJ |f | ≈ 0, K�
XÚ�±Cqz{.

± (6) ª¤«XÚ�~, Xe |isd1disd2−isd2disd1|
< ε, Kò (8) ª�\ (6) ª, ¿ò�nªÚcnª�
\, ��
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(k + 1)i̇sd1 = ω(isq1 + isq2) − (
Usd1

L1
+

Usd2

L2
) + (

md1

L1
udc1 +

md2

L2
udc2),

i̇sq1 + i̇sq2 = −ωisd1(k + 1) − (
Usq1

L1
+

Usq2

L2
) + (

mq1

L1
udc1 +

mq2

L2
udc2), (9)

u̇dc1 + u̇dc2 = (
kmd2

C2
+

md1

C1
)isd1 +

mq1

C1
isq2 +

mq1

C2
isq2.

d u æ � � Ó � n � Å, � � 6 ý > Ø � Ó,

K Usd1 = Usd2,md1 = md2,mq1 = mq2, ¿
- (1+k)isd1 = x1,isq1+isq2 = x2,udc1+udc2 = x3,

¿¦�
dx1/dt

dx2/dt

dx3/dt

 = X


ωx2 − usd/L

−ωx1 − usq/L

0

 +


x3/L

0

x1/C

md +


0

x3/L

x2/C

mq, (10)

=^��ü�5Cqü�ü��(�, é' (9)

Ú (10) ªK��

1
L

=
1
L1

+
1
L2

,

1
C

=
1
C1

+
1
C2

,

=

L =
L1L2

L1 + L2
,

C =
C1C2

C1 + C2
. (11)

ã 7 n�8¤C6XÚ��ý(J

020505-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 2 (2012) 020505

ù¿�X, T��5>´3UCq{z�, �
�¤�5>´Uì¿é?1?n.

Uì;.ëê, �¦�
L = 0.00048,C = 0.00048.

O�A����
[−3.21 × 10−14+2.0770i −3.21 × 10−14−2.0770i 0 ],

���c�A�����C, ù`²
T�{¢S
þ�±ØÏLO�A��Cqz{.

6 �ýO�

�!�é1 4 !���;.^�e�ëêÚ
�C·bG�e�ëê, ÏL PSCAD/EMTDC ^
�©Û� f = isd1disd2 − isd2disd1 3ØÓ^�e
�Cz, ¿�éU
Cq�ý�XÚ?1ü�?n,

é'ü�c��XÚ>6, �y
T�{�·^5.
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Abstract

Integrated three-phase AC-DC system is widely used in modern society with series of base units. In this paper we deduce a general

equation of the system in an affine coordination in order to use the differential geometry. Firstly, a new approximate equivalence method

is presented by differential homology, including the judgment criterion and the main parameters of the equivalent model. Besides, the

chaotic analysis relates different parameters to different situations which can accurately be simulated by PSCAD/EMTDC. And then

calculation of eigenvalue indicates that the equivalence method is useful and simple. Finally, a simulation shows the accuracy and the

applicability of the method.
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