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>åXÚ½¯K���5©
nØ��
� '. é Ø É � å X Ú, Ù½ > . d Q ( ©

 (SNB[1]), ¿ÊÅ©
 (HB[2,3]) 9ÛÉp�©

 (SIB[4]) :8|¤ [5]. ¢S>åXÚ¥éõ��
Ñ�3M��, Xu>ÅÃõ��, CØì©�Þ
��, ·�Ãõu)ìNþ���, Ù��þ´�
É�å���5ÄåXÚ. Ïd, >åXÚ�½
>.  d±þna:8Ú4�p�©
: (LIB)

8|¤. y�>åXÚ��5�õ/$1u�C�
��$14�. �XXÚëê��úCz, �>å
XÚ��M��å�^�, �U��XÚ� [6].

Ïd, k7�éùa��?1�\�ïÄ.

8c®k�
©zé>åXÚ;�M��Ú
å��y�?1
©Û.©z [1] ÏL`z�{
¦�XÚ;�Ãõ4���4�p�©
:. ©
z [7] JÑ�«ÄuëY�6�4�p�©
u
ÿ�{. �þü©zþ´Äu�6�§�·�©
Û.©z [8] �@éu>Å;�Ãõ4��u)>

Ø�$?1
Ä�©Û.©z [9] òXÚM��©
�°Äþ��ÚG�þ��, ¿3��>åXÚ¥
�Ñ
: �1;�y^4��, XÚØ�. 1
;�y^4��, XÚò]m��½5, >Ø�
$ò÷XØ½²ï:�Ø½6/;,u). ©
z [10] Äu©
���Jò4�p�©
©�4
�p�·�©
Ú4�p�Ä�©
, ¿æ^��
`z{©ÛXÚ�Q(©
:Ú4�p�©
:.

©z [11] 3²¡XÚ¥éXÚ;�G�þ���
)4���^�?1
&?. ©z [12,13] ©O©
Û
>åXÚdu·�Ãõu)ì (SVC) Nþ�
�9R5Ñ>�� (FACTS) �����u)>Ø
�$y�.

yk©zé4�p�©
�ïÄÌ�8¥u
u>ÅÃõÑå����, y^>Ø4��©Û.
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CÕ½>Ø���ª, ±oÅü«���6XÚ�
~, ©Û
�_CÕ�6CC'9Kl�����
�, XÚu)4�p�©
��¹. ¿ïÄ
y^
>Ø��é4�p�©
�.��K�. ��éu
)4�p�©
�Ån?1
©Û.

2 É�å>åXÚêÆ�.

�¹ØÓa.M���>åXÚ DAE(�©�
ê�§) Xeª¤«:

.
x = f(x, y, z, λ), (1)

0 = g(x, y, λ), (2)

xli 6 xi 6 xui, i = 1, · · · , n, (3)

zi=
−
h
i
(x, y, λ)=


zli, hi(x, y, λ) 6 zli,

hi(x, y, λ), zli < hi(x, y, λ) < zui,

zui, hi(x, y, λ) > zui,

(4)

i = 1, · · · , s.

(1),(2) ª¥,x, y, f(·), g(·) �¹Âë�©z [1]. (3)

ª�G�þ���å^�, T^�ò xi ����
�3 (xli,xui) �4«mS, � xi �L>.� xilim

�, r½ xi �u xilim. d�, XÚ�§�êòü$
��. (4) ª�°Äþ����å^�. SÜ°ÄC
þ zi � (x, y, λ) �¼ê, Ùþ.� zui, e.� zli.

� zi �.�, Ó�¬���3>.�þ. �XÚ�
�§�êØ¬UC.

�©Ì � � Ä � 6 X Ú _ C Õ � 6 C
C ' � K l � � 4 � 9 u > Å y ^ > Ø
4 �, þ á u G � þ � �. � G � C þ xi

� � � � �, G � C þ � þ x ~ � ��C
¤ x′ = (x1, · · · , xi−1, xi, xi+1, · · · , xn)T. �©
� § | f(·) ò ~ � � � � §, C � f ′ =

(f1, · · · , fi−1, xi, fi+1, · · · , fn)T. ;�����X
Ú DAE �§Xe¤«:

.

x′ = f ′(x′, xilim, y, λ),

0 = g(x′, xilim, y, λ).
(5)

é' (5) ªÚ (1),(2) ª��, �����, XÚ�(
�u)
UC. Ùä�'Ý
9A��Ñ¬�A�
u)Cz, Ïd, ��c�½²ï:�U¬C�
Ø½²ï:. d�, XÚu)4�p�©
.

3 �6C9�6��ì4�p�©

©Û

�©æXã 1 ¤«�oÅü«�XÚïÄ_
CÕ�6CC'ÚKl���4���)�4�
p�©
, XÚÄ�ëê��©z [14].

ã 1 oÅü«�XÚ

3.1 >>>åååXXXÚÚÚÄÄÄ������������©©©���§§§999���êêê���§§§

u>ÅÄ��§�
.

δ
i

= ωi − 1,

TJi
.

ωi +Di(ωi − 1)

= Tmi − [E′
qiiqi − (X ′

di − X ′
qi)idiiqi],

T ′
d0i

.

E′
qi = Efi − E′

qi − (Xdi − X ′
di)idi.

(6)

y^XÚæ^{z����§

TLi

.

E
fi

= (Vrefi − Vi) − KfiEfi, (7)

ª¥, Vi,θi ��u>Å�ë1�>ØÌ�9��.

Ù{CþÔn¿Â��©z [15].

�6ìæ^O��., �Cþ�m��'
X�§ª�

Vd = Vd0cosθ − 3
π

XcId,

Vd0 =
3
√

2
π

kTVt,

cosϕ ≈ Vd/Vd0,

Pd = VdId,

Qd = Pdtanϕ.

(8)

�6Ñ>�´Ä��§�
.

I
d

=
1
L

(Vdr − Vdi − IdRd). (9)

(8) 9 (9) ª¥�CþÔn¿Â��©z [16].

�é�6Õ½>6 (CC), _CÕ½>Ø (CV)

�;.$1�ª, ÙÌ��µãXã 2 Úã 3 ¤«.

��B©Û, ½>Ø����±Kl���ÑÑþ.
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dã 2, ã 3 �±�Ñ½>6��Ú½>Ø�
��Ä��§Xe:

dx1

dt
= 1

Tc3
(Id − x1),

Kc1
dx1

dt
− dα

dt
=

Kc2

Tc2
(Idef − x1);

(10)

dx4

dt
=

1
Tv3

(Vd − x4),

Kv1
dx4

dt
− dγ

dt
=

Kv2

Tv2
(Vdef − x4).

(11)

ª¥,Kc1,Kv1,Kc2,Kv2 ©O�È©XêÚ'~X
ê;Tc2, Tc3,Tv2,Tv3��m~ê.

Å����§æ^�6²ï�§, éAu�6
1�!:�õÇ�§ªIO\�6õÇ�� [13].

KÖCz±ëê λ L«. éKÖ!: i, Ùkõ
9ÃõõÇ� Pi = Pi0(1 + λ), Qi = Qi0(1 + λ).

ã 2 ½>6��

ã 3 ½>Ø��

3.2 444���ppp���©©©


©©©ÛÛÛ

©z [3] �ÑXÚÏu>ÅÃõÑå���
�Úå4�p�©
´du�c PV ��u
>Å?uÃõ4� Qlim G�e� PV ���:
 u Qlim � PV ��e�|, = u Qlim G�
e PV ��Ø½«�. 3Ä�©Û¥,HB, SIB

:�UÑy3 SNB :�c, Ïd, 3 PV ��þ
�|XÚÒ�U?u�«�. �Qã{B, ò�
6CC'�Kl�{u��¦È±ÎÒ TE L«.

ã 4�u)4�p�©
��UÑy�a.«¿
ã. þ�|u) LIB P� LIB-1, e�|u) LIB P
� LIB-2.

XÚu) SIB �, Ý
 gy ÛÉ [1]. = SIB :�
�XÚ�ê�§�'. éu>Åy^>Ø��, d
u g(·) ¥Ø�¹y^>ØCþ, Ý
 gy ��ØC
z. é TE ��,g(·) ¥�k_CÕ�61�kõ9
�Ñ�ÃõkCz. 4�c��6XÚd½>ØC
�½��Kl����ª, �6>Ø�õÇÏêC
zé�, ��6>6ØC, ��6XÚ�kõ9Ã
õCzÑé�, Ïd4�c�� gy �Ä�ØC. l
þã©Û�, �XÚ;�M���, Ñy SIB �V
Ç���±�Ñ. ��©édØ�©Û.

ã 4 4�p�©
a.«¿ã (a) LIB-1; (b) LIB-2

�ã 1 ¤«XÚ¥ªÇ� 50Hz, u>Åy^ë
ê Kf þ� 50,TL � 1, ë�>Ø Vref � 1.05; �6
�´>aIN�� 0.25; �6��ìëê Kc1,Kv1

� 1;Kc2, Kv2 � 75;Tc2,Tc3,Tv2,Tv3 þ� 1; �!
: 9 �KÖ�úO�, Ù{ëêÓ©z [11].

L 1 ØÓ Tmax �eu)©
�� λ �

HB LIB-1 SIB LIB-2 SNB

Tmax = 1.12 0.6775 — 0.7104 — 0.7268

Tmax = 1.16 — 0.7060 0.7147 — 0.7301

Tmax = 1.26 — — 0.7345 0.7393 —

�½_CÕ��Kl�� 5◦,TE �d_CÕ
�6CC' T (½. æ^ëY{|¢�a©
:,
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e Tmax � 1.12, G�Ý
 A = fx − fy(gy)−1gx

�A��34�c�¢Üþ�K�, XÚ´½
�. e Tmax � 1.16, Ý
 A �A��34�c¢
Ü��K�, 4��Ñy¢Ü�����é�ÝJ
�:0.9717±5.0166i, XÚ�. e Tmax � 1.26, XÚ
Äku) SIB, d�Ý
 A k�A��lKÃ¡C
��Ã¡. 34�c��,A k��A�� 75.2326,

Ù{A��¢Üþ�K�. 4��u),�©
,A

k¢Ü�����é�ÝJ�:0.3294±0.4390i, Ù
{A��¢Üþ�K�. L 1 9ã 5, ã 6��ý(
J9ã/.

ã 5 Tmax=1.16 �� PV �

dþ©�ý(J��, � Tmax �u,��.
��, �����â¬Ñy LIB. þ©©Û
 TE �
����Ø¬Ñy SIB, Ïd, éAu LIB-1 ��.
� TEcr �ÏL¦) TEmax G�e PV �� HB

:��, Xeª¤«:

f(x, y, λ, TEcr, p) = 0,

g(x, y, λ, TEcr, p) = 0,

wHAaug − w0jω = 0,

w0
1w

T
1 − 1 = 0,

C(x, y, λ, TEcr, p) = 0.

(12)

é LIB-2 ��.� TEcr �ÏL¦) TEmax G
�e PV �� SNB :��, Xeª¤«:

f(x, y, λ, TEcr, p) = 0,

g(x, y, λ, TEcr, p) = 0,

wAaug = 0,

w0wT − 1 = 0,

C(x, y, λ, TEcr, p) = 0.

(13)

(12),(13) ª¥,wH =
[
w1 w2

]
,w0 =

[
w1 0

]
;w0

1,w0

��½�1�þ; p �XÚëêX Vref , Kf ,Kc1

��; Aaug =

 fx fy

gx gy

 ;C(·) ���4��^�

ª. d?�- (11) ª1 2 ª¥� dγ/dt = 0 ¤
��ªf.

d (12),(13) ª�±��u) LIB-1 ©
:�
�.�C' Tcr � 1.14; u) LIB-2 ©
:� Tcr

� 1.24. = Tcr < 1.14 �, XÚØ¬u)4�p�©

, 1.15 6 Tcr < 1.24 �, Ñy LIB-1 :, Tcr > 1.24

�, Ñy LIB-2 :.

ã 6 Tmax=1.26 �� PV �

4 �.�(¯Ý©Û

Ï L ( ¯ Ý O �, � ± � � = 
 X Ú ë ê
é TEcr K���, N!ù
ëê�±UC TEcr

����Ø LIB :, O�XÚÄ�KÖüÝ�8�.

-

X = (x, y)T,

F (X,λ, TEcr, p) =

 f(x, y, TEcr, p),

g(x, y, λ, TEcr, p).

é (12) ª1 1 ª¦éëê p ��ê, ��

FX
dX

dp
+ Fλ

dλ

dp
+ FTEcr

dTEcr

dp
+ Fp = 0. (14)

ü>�¦ wH, ¿�â (12) ª¥1 3 ª��

w0
dX

dp
jω+wHFλ

dλ

dp
+wHFTEcr

dTEcr

dp
+wHFp = 0.

(15)

é (12) ª1 5 ª¦éëê p ��ê�

CX
dX

dp
+ Cλ

dλ

dp
+ CTEcr

dTEcr

dp
+ Cp = 0. (16)

nÜ (14),(15),(16) ª��
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Ô n Æ � Acta Phys. Sin. Vol. 61, No. 2 (2012) 020501


FX Fλ FTEcr

w0jω wHFλ wHFTEcr

CX Cλ CTEcr




dX/dp
dλ/dp

dTEcr/dp

 =


−Fp

−wHFp

−Cp

 . (17)

é (13) ª��Ó�?n, ��


FX Fλ FTEcr

0 wFλ wFTEcr

CX Cλ CFTEcr




dX/dp
dλ/dp

dTEcr/dp

 =


−Fp

−wFp

−Cp

 . (18)

¦) (17),(18) ª�±�� LIB-1 9 LIB-2 ��
.�é�ëê�(¯Ý�XL 2 ¤«. é(¯ÝÑ
yJê��¹, ���Ù��, �K�¢Ü�Ó.

L 2 (¯ÝO�(J

ëê Kv1 Kv2 Kf3 Vref3 Pm3

LIB-1 dTEcr/dp 3×10−4 8×10−6 –0.0126 –3.90 –0.052

dλ/dp –5×10−4 –1×10−5 0.0044 1.952 0.0354

LIB-2 dTEcr/dp 0.0022 2×10−5 –0.0037 –3.43 0.1856

dλ/dp –0.0014 –4×10−5 0.0044 4.111 –0.064

dL 2 ��, �këê Vref �(¯Ý��, Ù
{þ��. Ù¥_CÕ�6��ì�ëê(¯Ýé
���Ï´4�c����ªu)
=�.

L¥, éAëê Vref ,dTEcr/dp �K�,dλ/dp

�K�. =O� Vref ò¦� TEcr ~�,  λ O�.

eò Vref U� 1.02,Tcr C� 1.17, C' Tmax� 1.16,

���4���, XÚØu) LIB-1, � λ = 0.6533

�, XÚ®²u)
 SIB, =XÚ�Ä�KÖüÝ�
~�
. e Vref � 1.10,Tcr C� 1.11, C' Tmax

� 1.12, XÚu) LIB-1 �,λ = 0.8383. e Vref

� 1.18, C' Tmax � 1.12, d�XÚØu) LIB-1

9 SIB, ��u) LIB-2, =e Vref v
�, �±�
� LIB-1 9 SIB :, O�XÚ�Ä�KÖüÝ.

5 u>Åy^>Ø4�é TEcr �K�

¢S>åXÚ¥, u>Åy^>Ø��Ñ�
34��, Ïdk7�éu>Åy^>Ø��4
��é TEcr �K�?1&?. ÀJ�XKÖ�O
\y^>Øþ,�Ý�¯�u>Å��'�u>

Å, �~¥�u>Å G3. �½u>Åy^>Ø4�
� Ef lim� 2.0, C' Tmax �� 1.09. � λ = 0.6039

�,G3 �y^>Ø Ef3 = 2.0, XÚG�Ý
A��
34�c�¢Üþ�K�, Øu) LIB.λ = 0.6072

�, u) LIB-2. �ý�Xã 7 ¤«.

ã 7 �Äy^>Ø4�� PV �

� Ef3 � � 4 � � �, �O � d � � TEcr,

3 (17) Ú (18) ª¥, ò Ef3 ± 2.0 ��¿�K Ef3

��©�§. d�,(17) ªÃ), =TG�eXÚ
Ã LIB-1 :, ¦) (18) ª�� Tcr > 1.07 �, XÚ
=u) LIB-2. d±þ©Û��, �Äu>Åy^>
Ø4��, �.� Tcr �Ä�KÖüÝÑk¤~�.

6 TE 4�p�©
Ån©Û

�XKÖ�O\, �!:>Øþk¤eü, �
_CÕ�61�eü��½§Ý�, IO��6
CC' kT ±�±½>Ø�ª. ã 8 �Ñ�y^
|´��6C��>´. ã¥,ZT �ò���g
ý��6C¦|, �©��6CC' kT æ^©
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z [13] �L«�{, =��gý>ØÚ�gý
>Ø�'�. d©z [13] ���6C�gý�
>6� I1 = kγntkTId

√
6
/
π, Ù¥,kγ Cq�~

ê 0.995,nt ��6xê,Id ��6>6. 3½>6
���ªe,kT O�ò¦� I1 O�. ��6C�Ñ
�Ãõ�X kT �O�ò±²�?OO�. �6Õ
�61�þ¿é>N�ÃõÖ�þ��6Õ�6
1�>Ø��²�¤�'. �XKÖ�O\, >Ø
Åìeü, �6Õ�ÃõÖ�þî~�, �õ�
ÃõÚkõIÏL�´lu>ÅàDÑL5, l
E¤��´>ØüO�, ¦��!:>ØUYeü,

E¤ÃõÖ�þ�?�Úeü. ddXÚ�\�5
Ì��5��CØ½«�. �6CC'����
��, �C'�����XÚ?u�1G�, �!
:>ØÑ�p,Ãõ"�Ø�, ÏdØ¬u)©
.

�6CC'����u�.��, XÚ?u1G
�, !:>Øþ $, d�6XÚÚå�Ãõ�Ñ
9Ö�þ�~�éXÚ>Ø½5å�'��
�^. d�, e�6Õ�61�>ØUYeü, _C
ý�Kl�ò~�, ¿��Kl����, _CÕ
���ªd½>Ø�ª=C�½��Kl��ª.

�_CÕ�61��61�>Øeü�, òÚå_
Cì���O�, Ó��6>Ø�ü$. 3æ^½
Kl����, du���O�,�
�±Kl�
ØC, Kl�N!ìò¦_Cì>u�O�, u´
_Cì�Ñ�ÃõõÇO\, ¦�_CÕ�6Õ1
�>Ø?�Úü$. ±þÏ��Ó�^��XÚÏ
Ãõ"y�. I�5¿�´, �C'��4�
�, XÚ¿v�, �k����ª=��, XÚâ

¬�, Ù�Ï�3���ªu)=�c, XÚ®
?u�.G�, d�, Ãõ�Ñ��þO\�¬�
�XÚ�. �Äu>Åy^>Ø4��, y^>
Ø����¿�Xu>ÅÃõÑåÉ�
��. 3
u>ÅÃõÑå�����, ��u��Ä�Ãõ
, �XÚJøÄ�Ãõ| . 3;����B�
�>ØN!UåC�·�Ãõ. ¦�XÚ�$1
²ï:��lØ½>.�C� �, ��XÚ�
Ä�KÖüÝ9�.� Tcr ~�.

ã 8 �6C��>´

7 ( Ø

�©ïÄ
_CÕ�6CC'9Kl���
4��¤�)�4�p�©
y�. uyXÚu)
4�p�©
�, _CÕ�6CC'9Kl�{u
��¦ÈI�u,��.�. é4�p�©
�ü
«a.?1
©Û¿�Ñ
ùü«a.O��.
��úª. ÏL(¯Ý©Û���.�éu>ÅÅ
àë�>Ø�Cz�¯a. N!Åàë�>Ø��
±��¿ÊÅ©
9ÛÉp�©
:, O�XÚ�
½�. ��é�6CC'Ú�6��ì4�p�
©
��Ï?1
�[�©Û.
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Limit induced bifurcation due to converter
transformer tap and DC controller limit∗
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Abstract

The limit induced bifurcation (LIB) in AC/DC power system caused by converter transformer tap and extinction angle limit under

the control mode of constant current in rectifier and constant voltage in inverter is studied in this paper. The reason why the singularity

induced bifurcation does not occur while the hard limit encounters is analyzed. The transformer ratio should be larger than a critical

value while LIB occurs and the formulas for critical value of LIB in defferent types are derived in this paper. The sensitivities of critical

value to parameters are calcaulated, from which some bifurcation points are eliminated and the stable region is augmented. And, the

effects of field voltage limit on critical value and stable region are discussed. Finally, a mechanism of limit induced bifurcation is

proposed. The increase of reactive power consumed in converter transformer and the decrease of the reactive power compensation in

converter AC bus and the transform of control mode result in the system destabilization due to the lack of reactive power.

Keywords: AC/DC power system, hard limit, limit induced bifurcation, control mode
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