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1 Ú ó

Cc5, IS	é$�õÇm'C�ì¥�
��5y�®?1
'�2�Ú�\�ïÄ, Ï
L�ý�¢�y¢
3 Buck, Boost, Buck-Boost �
$�C�ì¥�3�©
!·b�y� [1−9]. p
� SEPIC C�ìäk�,üØ, Ñ\ÑÑ>6óÄ
�, DÑ�Çp, ÑÑÚÑ\>Ø45�Ó�`:,
3,üØ�6C�ì>´!õÇÏê��>´Ú
1Ïu>XÚ¥��
2�A^ [10,11]. ,, �
$� DC-DC C�ì�', p� SEPIC C�ì(�
þ�\E,, Ïäk�´L���5y�. î8
��, k' SEPIC C�ì¥©
�·by��ïÄ
¤Jmk�� [12]. g©z [13] Äg��
 SEPIC
C�ì¥�©
�·by�, 4��<é>Ø�
ª SEPIC C�ìÚ>6�ª SEPIC C�ì¥�©

1�!$ª��±9©
����¡?1
ï
Ä [14−17]. d	, ±���<ÏLê��ýÚ>´
�ý*	�ÍÜkZ6&Ò�>6�ª SEPIC C
�ì¥�m�y� [18,19].

8c, é>6�ª SEPIC C�ì�ïÄþ±
C�ì¥ü>a>6�Ú���é�, ÏLïá
ëY�> (CCM) �ªe SEPIC C�ì��.5?
1©Û. ±>a>6�Ú���é�\�
?1

>´¢��JÝ, Ï± �ïÄõ´�Ñ�ý(
J [12−19]. �ud, �©± SEPIC C�ì¥c�>
a>6���é�, lG��§Ñu, Äkïád
>6��e SEPIC C�ìäY>6�ª (DCM) l
Ñ�m�.. ÏLéC�ì¥���5y�?1�
ýÚ©Û, uyC�ì¥�3�«AÏ��±Ï©

y�, >´XÚ�$1G�²{
±Ï!2 �±
Ï!4 �±Ï2� 2 �±Ï!4 �±Ï, �ª?\
·bG�. ù�± ��±Ï©
L§´ØÓ�,
3Ù¦C�ì¥��k��. ��, 3¢�¥��
�ã!õÇÌã!æ�ÑÑÅ/±9©
ã, *	
� SEPIC C�ì¥´L�ÄåÆ1�üzL§. Ï
L	�æ��±ì¢y©
ëê��Ú>a>6
æ�±�
>a>6©
ã, y¢
ù«�±Ï©

y���3.
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>6�ª�� SEPIC C�ì>´�nXã 1
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Ï, >a>6 iL1 Ú iL2 �5O\, �>a>6 iL1

¸���ë�>6 Iref �, m' S äm, >a>
6 iL1 Ú iL2 �5~���e��±Ïm©. �â
m'+ S Ú�4+ D �G�, >´¬Ñyn«ó
���: 1) m' S �Ï, �4+ D ��; 2) m' S
äm, �4+ D �Ï; 3) m' S äm, �4+ D �
�. �>´ó�u�� 3 �>´¥ü>a>6�
Ú iS(iL1 + iL2 = iS)� 0.

ã 1 >6�ª�� SEPIC C�ìµã

�$��m'C�ìØÓ�´,SEPIC C�ì
ëY>6�ª (CCM) ÚäY>6�ª (DCM) ´±
ü>a>6�Ú iS ´Ä� 0�IO. �©¥ SEPIC
C�ìó�u DCM �ªe, >´¥>a>6Å/
«¿ãXã 2.

ã 2 >a>6Å/«¿ã

d>a>6�Ú iS �±wÑC�ìó�uØ
ëY�>�ª�, 3��m'±ÏS>´²{ 3 �
ó���, À� x = [vC1 vC2 iL1 iL2]

T �X
ÚG�Cþ, ��>´G��§Xe:

ẋ = A1x + B1E,

tn 6 t < tn + dT,

ẋ = A2x + B2E,

tn + dT 6 t < tn + (d + h)T, (1)

ẋ = A3x + B3E,

tn + (d + h)T 6 t < tn+1,

ª¥, tn+1 = tn + T , T �>´m'±Ï; dT ��
� 1 ±Y�m; hT ��� 2 ±Y�m; h̄T ��� 3
±Y�m, E �Ñ\>Ø, XêÝ
©O�

A1 =


0 0 0 −1/C1

0 −1/C2R 0 0

0 0 0 0

1/L2 0 0 0

 ,

A2 =


0 0 1/C1 0

0 −1/C2R 1/C2 1/C2

−1/L1 −1/L1 0 0

0 −1/L2 0 0

 ,

A3 =


0 0 1/C1 0

0 −1/C2R 0 0

−1/(L1 + L2) 0 0 0

1/(L1 + L2) 0 0 0

 ,

B1 = B2 =


0

0

1/L1

0

 ,

B3 =


0

0

1/(L1 + L2)

−1/(L1 + L2)

 .

2.2 lllÑÑÑNNN������...

3��m'±ÏS, dG��§���± xn

Ú d�Cþ�lÑ�mS��§, d �L1 n �m
'±Ï�Ó�'.

xn+1 = f(xn, d) = Φt(d)xn + Ψt(d)E, (2)

Ù¥

Φt(d) = Φ3(hT )Φ2(hT )Φ1(dT ),

Ψt(d) = Φ3(hT )Φ2(hT )

×
∫ tn+dT

tn

Φ1(tn − τ)B1dτ + Φ3(h̄T )

×
∫ tn+(d+h)T

tn+dT

Φ2(tn + dT − τ)B2dτ

+
∫ tn+1

tn+(d+h)T

Φ3(tn + (d + h)T − τ)B3dτ
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= Φ3(h̄T )Φ2(hT )M1(dT )B1

+ Φ3(h̄T )M2(hT )B2 + M3(h̄T )B3,

Φk(ξ) = eAkξ = 1 +
∞∑

n=1

1
n!

An
kξn, k = 1, 2, 3,

Mk(ξ) =
∞∑

n=1

1
n!

An−1
k ξn,

k = 1, 2, 3, h̄ = 1 − d − h.

ã 3 ��&Ò�nã

ã 4 ± iL1 ���Cþ��ý>´ã

dã 3 ¤«��&Ò�nã�� SEPIC C�
ì�m'��^��Lã�

δd(x, t) = iL1(t) − Iref = 0, (3)

Ù¥, iL1(t) = iL1,tn +
E

L1
dT , ª¥ iL1,tn �L>a

>6 iL1 3 tn ����. � δd < 0 �, m' S �Ï;
� δd > 0 �, S äm. 1 n �m'±ÏÓ�' d �
L�ª�

d =
Iref − (iL1)tn

(E/L1)T
. (4)

d>´¥>a>6�m'X, 3�� 2 (å�,

δh(x, t) = iL1(t) + iL2(t)

= αT [Φ2(hT )Φ1(dT )xn

+Φ2(hT )M1(dT )B1E

+M2(hT )B2E]

= 0, (5)

Ù¥, αT = [0, 0, 1, 1].
�â (5) ª, �±(½Ñ h(xn, d). � h(xn, d)

�)Û/ªéJ��, �±ÏLS�ê�O�Ñ h

���. � δh > 0 �, XÚ?u�� 2, � δh = 0
�, XÚ?u�� 3.

�â (2) ª, (4) ªÚ (5) ª, =�(½Ñ SEPIC
C�ìlÑ�mS�N��..

2.3 ØØØÄÄÄ:::½½½555

3lÑS�N��.�Ä:þ, ?�Úæ^ Ja-
cobian Ý
©ÛXÚØÄ:�½5. �ØÄ:
� xn = x(nT ) = x[(n + 1)T ] = xQ, KØÄ:?
� Jacobian Ý
�

J(xQ) =
∂f

∂xn
− ∂f

∂d

(
∂δd

∂d

)−1
∂δd

∂xn

−∂f

∂h

(
∂δh

∂h

)−1
∂δh

∂xn

∣∣∣∣∣
xn=xQ

, (6)

Ù¥
∂f

∂xn
= Φ3(h̄T )Φ2(hT )Φ1(dT ),

∂f

∂d
= Φ3(h̄T )Φ2(hT )A1TΦ1(dT )xn

−A3TΦ3(h̄T )Φ2(hT )Φ1(dT )xn

+Φ3(h̄T )Φ2(hT )Φ1(dT )TB1E

−A3TΦ3(h̄T )Φ2(hT )M1(dT )B1E

−A3TΦ3(h̄T )M2(hT )B2E

−TΦ3(h̄T )B3E,

∂δd

∂d
=

ET

L1
;
∂δd

∂xn
= [0, 0, 1, 0] = βT,

∂f

∂h
= Φ3(h̄T ) [A2T − A3T ]Φ2(hT )Φ1(dT )xn

+Φ3(h̄T ) [A2T − A3T ]Φ2(hT )M1(dT )B1E

+TΦ3(h̄T )Φ2(hT )B2E

−A3TΦ3(h̄T )M2(hT )B2E

−TΦ3(h̄T )B3E,

∂δh

∂h
= αTT [A2Φ2(hT )Φ1(dT )xn

+A2Φ2(hT )M1(dT )B1E + Φ2(hT )B2E] ,
∂δh

∂xn
= αTΦ2(hT )Φ1(dT )

−αTTΦ2(hT )Φ1(dT ) (A1xn + B1E)
ET/L1

βT.
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ã 5 iL1 ��Å/Ú iL1 õÇÌã (a) ±Ï (Vref = 0.3 V); (b) 2 �±Ï (Vref = 0.4 V); (c) 4 �±Ï (Vref = 0.58 V); (d) 2
�±Ï (Vref = 0.66 V); (e) 4 �±Ï (Vref = 0.75 V); (f) ·b (Vref = 0.95 V)
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Jacobian Ý
�A��§�

det(λI − J(xQ)) = 0. (7)

�â (6) ªÚ (7) ª, �±��éAXÚ�A
��. �¤kA�� uü �S�, XÚ½;
ek,�A��B�ü �, KXÚu)©
.
λi = −1 �, XÚu)�±Ï©
; λi = 1 �, XÚ
u)Q(©
; � λi = e±jθ(θ ∈ (0,π)) �, XÚu
) Hopf©
.

3 SEPIC C�ì>´�ý©Û

3ã 1 ¤«>´µãÄ:þ, ã 4 �ý�¢�

>´3�O�SÜ>6£´O\�� 1 Ω �aA
>{ R1, K6L L1 �>6&ÒÓÚ=z� R1 ü
à�>Ø&Ò, 3¢�¥�ÏLÿþ R1 üà>Ø
&Ò5©Û L1 �>6&Ò. �â>´I�±9 RS

>uìg�A:3>´¥O\����ìÚ��
>´. Ó�, ¢�¥��Ï©
ã�±�, Ì>´	
IV\æ��±>´.

> ´ ë ê X e: E = 5 V, L1 = 1.52 mH,
L2 = 1.52 mH, C1 = 4.4 µF, C2 = 4.4 µF, R = 24 Ω,
R1 = 1 Ω. �¨óÀªÇ9Ó�'� f = 5 kHz,
d = 10%, ë � > Ø�ç ¸ Å Vref = 0—1 V,
T = 10 s.

ã 6 vC2 − iL1 �;ã (a) ±Ï (Vref = 0.3 V); (b) 2 �±Ï (Vref = 0.4 V); (c) 4 �±Ï (Vref = 0.58 V); (d) 2 �±
Ï (Vref = 0.66 V); (e) 4 �±Ï (Vref = 0.75 V); (f) ·b (Vref = 0.95 V)
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ã 5� PSIM �ý�>a>6 iL1 ���Å/
ã9ÙªÌ, ã 6 � vC2 − iL1 |¤��;ã. d
ã 5 Úã 6 �±wÑ, �Xë�>Ø Vref ��ú
Cz, >´XÚ3$1¥²{
õg±ÏG��U
C, ��?\�·bG�. >a>6 iL1 ¥yÑ

d±Ï!2 �±Ï!4 �±Ï2 2 �±Ï!4 �±
Ï��·b�G�. ã 7 �>a>6 iL1 �ë�
>Ø Vref Cz�©
ã. dã 7 �±wÑ, � Vref

3 0.35 V NC�>a>6 iL1 u)1�g�±Ï
©
, 3 Vref �� 0.55 V �>a>62gu)�±
Ï©
?\ 4 �±Ï, ���Xë�>Ø�O\>
a>6 iL1 �$1G�l 4 �±Ï2g?\ 2 �±
Ï, 3 Vref �� 0.74 V �q�gu)�±Ï©
,
��u)âC?\�·bG�.

ã 7 >a>6 iL1 ©
ã

3þã>´ëêe, �âlÑN��. (2)
ª!(4) ªÚ (5) ª, O�ÑØÓë�>Ø Vref �^
e�ØÄ:. ¿?�Ú�â (6) ªÚ (7) ª, O�Ñ
ù
ØÄ:?� Jacobian Ý
�A��, XL 1 ¤
«. dL 1 ��, >´3 Vref = 0.36 V NCk��
K¢êA��B�
ü �, ù`²XÚu)
�
±Ï©
. ù�(Ø�>´ PSIM �ý���©

ã���.

L 1 ±Ï 1 ØÄ:�c� λ 9XÚG�

ë�>Ø Vref /V λ1 λ2 λ3 λ4 XÚG�

0.3 –0.5150 –0.1149 ± 0.5064i 0 ±Ï 1

0.32 –0.5559 –0.1263 ± 0.4855i 0 ±Ï 1

0.34 –0.5997 –0.1366 ± 0.4645i 0 ±Ï 1

0.35 –0.6228 –0.1413 ± 0.4539i 0 ±Ï 1

0.36 –1.1945 –0.4638 -0.1517 0 �±Ï©


4 >´¢�ïÄ

¢�>´�nãXã 4 ¤«, ¢�>´¥õÇ
�4+ÚõÇm'+©OÀ^ HER207 Ú MOS-
FET (IRF840), '�ì� LM311, LF398 ��	�
æ��±ì. ¢�¥, >a>6 iL1 ÏL 1 Ω aA
>{=z�����>Ø�, ÏLæ��±ìéÙ
?1æ�, ©
ëê´ÏL	�æ�>´éë�>
Ø Vref ?1±Ï5æ�5��. üæ�>´�æ�
ªÇ©O�� 5 kHz � 10 Hz, Ù¥>a>6 iL1 æ

ã 8 ¢� vC2 − iL1 �;ã (a) ±Ï 1; (b) ±Ï 2; (c) ±Ï 4; (d) ±Ï 2; (e) ±Ï 4; (f) ·b
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ã 9 ¢�>a>6 iL1 õÇÌã (a) ±Ï 1; (b) ±Ï 2; (c) ±Ï 4; (d) ±Ï 2; (e) ±Ï 4; (f) ·b

ã 10 ¢� iL1 ��Å/9 iL1 æ�ÑÑÅ/ (a) ±Ï 1; (b) ±Ï 2; (c) ±Ï 4; (d) ±Ï 2; (e) ±Ï 4; (f) ·b

�ªÇÓ>´m'ªÇ��, �y
éë�>Øæ
� 1 g�Ó�, é>a>6?1 500 gæ�, =3
z��©
ëê��SU
�� 500 �>a>6
æ�:.

ÏL«Åì*	>a>6 iL1 �>N>Ø vC2

|¤��ãXã 8 ¤«, l¢�(J�±w��ã
3/�þ�üzÓ�ý(J���. >a>6 iL1

õÇÌXã 9 ¤«. �XÚ$1u n �±ÏG�
� (n = 1, 2, 4, T = 200 µs), Ù>a>6&ÒõÇ
Ì�må©Ù, 3 1/nT ªÇ?ÑyÌ�k¸, X
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ã 9(a)—(e) ¤«. XÚ?\�·bG��, >6&
ÒõÇÌÑy²Ì�µÚ°¸, Xã 9(f) ¤«.

ã 11 >a>6 iL1 ¢�©
ã

>a>6 iL1 ��Å/±9æ�ÑÑÅ/X
ã 10. d>a>6�æ�ÑÑÅ/�±wÑ, �>
´XÚ$13 1 �!2 �!4 �±Ï�, æ�>´
é>a>6©O?1
 1 g!2 gÚ 4 gæ�, X
ã 10(a)—(e) ¤«. lã 10(b), (d) Ú (c), (e) ü|Å
/�±wÑ, äk�Ó±Ï� iL1 ��Å/, Ùæ�
:�©Ù�/Gþu)
UC. Ó�, ±Ï&Òæ
�ÑÑÅ/�/GÚ©Ùäk4r�5Æ5, �X

Ú?\·bG��, æ�ÑÑÅ/�©Ù,ÏÃÙ,
Ã5Æ�Ì, Xã 10(f) ¤«.

òüæ�ÑÑ&ÒÑ\«Åì, *	�>Øë
êCz>a>6 iL1 �©
ã. N�«Åìã��
;±ÏÓ©
ëê±Ï�Ó, �y©
ã����
5, ��ã 11 ¤«©
ã. ¢�(JÚ�ý(J�
��, y¢
±c�>a>6���é�� SEPIC
C�ì¥ù«�±Ï©
y���3.

5 ( Ø

�©± SEPIC C�ì¥c�>a>6���
é�, éd>6�ª��e SEPIC C�ì¥�©

�·by�?1ïÄ. ïá
>´XÚ�lÑN�
�., ¿éØÄ:�½5?1
©Û. |^ PSIM
�ý±�
>´XÚ�©
ãÚõÇÌã, uy>
´XÚ�$1G�²{
�«AÏ��±Ï©

L§, >´G�²{
 1 �±Ï!2 �±Ï!4 �
±Ï2� 2 �±Ï!4 �±Ï, �ª?\·b. ù�
©
L§�± uy��±Ï©
L§´ØÓ�,
3Ù¦�C�ì¥��k��. >´�¢�(JÚ
�ý(J���, y¢
 SEPIC C�ìäY>6�
ªe�3ù«AÏ��±Ï©
y�.
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Study on period doubling bifurcation in current-mode
SEPIC converter∗

Li Guan-Lin† Li Chun-Yang Chen Xi-You Mu Xian-Min

( Department of Electrical Engineering, Dalian University of Technology, Dalian 116023, China )

( Received 28 December 2011; revised manuscript received 12 February 2012 )

Abstract
Choosing the current of the front inductor as control object, the discrete time model of single-ended primary-inductor converter

(SEPIC) converter working in the discontinuous conduction mode (DCM) is established in this paper, and the stability of the fixed
point is analyzed. By studying the phase portrait, power spectrum and bifurcation diagram of the circuitry, a special period-doubling
bifurcation phenomenon is found in this circuitry. The circuit experiences period, double period, quadruple period and then double
period, quadruple period, finally enters into chaotic condition. The experimental results accord with the simulation results, which
confirms that the special period-doubling bifurcation exists in the SEPIC converter working in the DCM.

Keywords: SEPIC converter, discontinuous conduction mode, period-doubling bifurcation, chaos
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