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>Ø�ª�� boost C�ìU�)õ«©
/ª, éÙ©
¥��a���©
y�?1
�[ïÄ. Äk
�âXÚ��glÑS�N�í�ÑÙnglÑS�N��., Äu��5XÚnØ¥��©
½n, lêÆþí
�ÑdaC�ì�)�©
y��^�, ¿ÏLê��ýïÄ
>´ëêéùaC�ì�©
y��K�. ïÄ(
JL²: �XÚ��"Xê?3�½��S�, TaC�ì¬Ñy�©
Ú
u·by�. ��ÏL¢�ïÄ boost
C�ì¥�3�ùaØ½��5y�, �y
nØ©ÛÚê��ý��(5.
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1 Ú ó

Cc5, >å>f¥�·by�®¤�>å>
fÆ.ïÄ�9:��. ïÄL² DC-DC m'C
�ì���a;.���5�CXÚ, 3�½��
�^�e, XÚ¬�)ÃX�±Ï©
 [1−3]!�©

 [4−6]!>.-E©
 [7−9]!·b [10−16] ���
5y�. éù
��5y��ïÄkÏu�«ÙÔ
n��, 
)ÙCzª³, ?�Úæ��A���
`z>´ëê, JpC�ì�½5.

©
´C�ì¥�3��«��5y�. 8c,
3éC�ì©
y��ïÄ¥, �Ü©ïÄÌ�8
¥3é�±Ï©
y��©Û9ÙCzª³, é
�©
y��ïÄ��. �©
´�«AÏ�©
,
�3©
?lÃ±Ï;�C¤kü^Ó±Ï�±
Ï;�, ½öü^Ó±Ï�±Ï;��»�C¤
Ã±Ï;� [17,18]. §��±Ï©
�ØÓ�?3
uÙ��·b�qÚÑ
#�±Ï$Ä;�. �©

Ú
u·b´·bSÜ�Cz�)�Å¤Ñy
�ÄåÆ1�, ´du·báÚf�Ø½;��
)-EÚå� [4−6,17]. ©z [5,6] ÏL�ý�E

lÑS�N��., é boost C�ì��©
Ú

u·by���)?1)º. ,, 8c�vkl
ÄåÆ�ÝïÄ�©
y���'��. ¢Sþ,
3ÄåXÚnØ¥k�©
�)�^�Ú�â. �
d, �©±>Ø�ª�� boost C�ì�ïÄé�,
l��5ÄåÆ��Ýy²Ú)º
C�ì�©

y��)��Ï. ÄkdC�ì� 1 glÑS�
N��§í�ÑÙ 3 glÑS�N��§, �â�
©
½n, é>Ø�ª�� boost C�ì�)�©

�^�?1êÆØy; ?�Úæ^ê�O��{,
X©
ã!Lyapunov �êãÚN�ãé�©
Ú

u·by���)?1�y, ��ÏL¢��y

�©
Ú
u·by�. �©¤JÑ��{{ü
¢^, �±í2�Ù¦C�ì���5ïÄ¥, é
C�ì`zëê!½�Oäk����¿Â.
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m'+, �4+ÚK1>{ R. ��>´�¹ü�
'�ì, ���"'~OÃ k, X �Ï"�ÑÑ>
Ø�, D ��Ó�'.

ã 1 >Ø�ª�� boost C�ì>´ã

3ØëY$1�ªe, XÚ�lÑS��§�
L«� [1]

xn+1 = f(k, xn) = αxn +
βh(dn)2E2

xn − E
, (1)

Ù¥ xn L«3 t = nT (n = 0, 1, 2, 3, · · · ) ��>N
>Ø vC ��. ª¥,

α = 1 − T

RC
+

T 2

2C2R2
, (2)

β =
T 2

2LC
, (3)

dn = D − k(xn − X), (4)

h(dn) =


0, dn < 0

1, dn > 1

dn, 0 6 dn 6 1

. (5)

¯¤±�, ±Ï 2 ´d�gS�N��)�,
±Ï 3 ´dngS�N��)�. d (1) ª�í
�ÑXÚ� 2 gÚ 3 gS�N��§, ©OX (6)
Ú (9) ª¤«:

xn+2 = f(k, xn+1) = f (2)(k, xn)

= αxn+1 +
βh(dn2)2E2

xn+1 − E
, (6)

(6) ª¥
dn2 = D − k(xn+1 − X), (7)

h(dn2) =


0, dn2 < 0

1, dn2 > 1

dn2, 0 6 dn2 6 1

, (8)

xn+3 = f(k, xn+2) = f (3)(k, xn)

= αxn+2 +
βh(dn3)2E2

xn+2 − E
, (9)

(9) ª¥
dn3 = D − k(xn+2 − X), (10)

h(dn3) =


0, dn3 < 0

1, dn3 > 1

dn3, 0 6 dn3 6 1

. (11)

3 DCM boost C�ì�©
�)^�

�©
�ïÄI�l��S�N�m© [17].
C�ì?3ØëY$1�ª�, ÙlÑS�N��
À���ÄåXÚ [1].

3.1 ���©©©


½½½nnn [17,18]

eN�¼ê x = f(µ, x) ÷v±e^�:
1) 3 (µ, x) ² ¡ ¥ � 3 � � Ø Ä

: f (n)(µ∗, x∗) = x∗. Ù ¥ f (n)(µ, x) =
f(µ, f(µ, · · · , f︸ ︷︷ ︸

ng

(µ, x) · · · ));

2) 3 d Ø Ä : ?, � �  ½ > . +1,

=
∂

∂x
f (n)(µ, x)

∣∣
x=x∗,µ=µ∗ = +1;

3) 3dØÄ:?, f (n) éëþ µ � �êØ�

", =
∂

∂µ
f (n)(µ, x)

∣∣
x=x∗,µ=µ∗ 6= 0;

4) Ó �, � �   � ê � Ø � u ",

=
∂2

∂2x
f (n)(µ, x)

∣∣
x=x∗,µ=µ∗ 6= 0; K3 (µ∗, x∗) N

C�3���«�òu)�©
y�.

3.2 ���©©©


^̂̂���

> ´ ë ê À � X e [1]: m ' ± Ï T =
333.33 µs, E = 16 V, C = 222 µF, R = 12.5 Ω,
L = 208 µH, ÑÑ>Ø X = 25, Ó�' D = 0.2874.
ò ë ê � \ (2), (3) ª, � O � � α = 0.8872,
β = 1.2.

C�ì�ØÄ:9Ù�>.©Od (12),
(13) ª(½,

f (3)(k, xn) − xn = 0, (12)
∂

∂x
f (3)(k, xn)

∣∣∣
x=x∗

= 1. (13)

ò (1)—(11) ª9>´ëê�\ (12), (13) ª,
éá¦)�§|, �� k = 0.1355, x∗

1 = 23.7,
x∗

2 = 26.08, x∗
3 = 29.4.
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ùL²TN�¼ê�3 3 �ØÄ:, �� k =
0.1355 �, N��ã��é��3 3 �ØÄ:?�
�.

d (9) ª�O� f (3)(k, xn) éëþ k � �ê,
Xe¤«:

∂

∂k
f (3)(k, xn) = α

∂xn+2

∂k
+

∂

∂k

(
βh(dn3)2E2

xn+2 − E

)
.

(14)

ã 2 ± k �ëþ�©
ã

ã 3 Lyapunov �êã

ò (1)—(11) ª±9>´ëê�\ (14) ª, O
���
∂

∂k
f (3)(k, xn)

∣∣∣
k=0.1355,x∗

1=23.70
= −15.29987 6= 0,

∂

∂k
f (3)(k, xn)

∣∣∣
k=0.1355,x∗

2=26.08
= 195.1011 6= 0,

∂

∂k
f (3)(k, xn)

∣∣∣
k=0.1355,x∗

3=29.40
= 102.4027 6= 0.

f (3)(k, xn) éëþ xn ��� �ê�
∂2

∂x2
n

f (3)(k, xn) = α
∂2xn+2

∂x2
n

+
∂2

∂x2
n

(
βh(dn3)2E2

xn+2 − E

)
. (15)

ò (1)—(11) ª±9>´ëê�\ (15) ª, O
���

∂2

∂x2
n

f (3)(k, x)
∣∣∣
k=0.1355,x∗

1=23.70
= 27.9006 6= 0,

∂2

∂x2
n

f (3)(k, x)
∣∣∣
k=0.1355,x∗

2=26.08
= −3.7997 6= 0,

∂2

∂x2
n

f (3)(k, x)
∣∣∣
k=0.1355,x∗

3=29.40
= −5.2413 6= 0.

nþ¤ã, >Ø�ª�� DCM boost C�ì
÷v�©
½n�o�^�, XÚ7òÑy�©

y�.

ã 4 0.1355 < k < 0.1395 �©
ã

ã 5 k = 0.1355 � 1 gS�N�ã
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ã 6 f (3)(k, xn) N�ã (a) k = 0.1355; (b) k = 0.1365; (c) k = 0.14

ã 7 ¢�>´ã
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ã 8 
u·b¢�Å/ (a) >N>ØÅ/ 5 V/div, 10 ms/div; (b) >a>6Å/ 1 A/div, 10 ms/div

ã 9 
u·b¥�·b¢�Å/ (a) >N>ØÅ/ 5 V/div, 2 ms/div; (b) >a>6Å/ 1 A/div, 2 ms/div

ã 10 ±Ï 3 ¢�Å/ (a) >N>ØÅ/ 5 V/div, 1 ms/div; (b) >a>6Å/ 1 A/div, 1 ms/div

4 DCM boost C�ì�©
ê��ý
�y

þ�!´l�©
½n��Ýy¢>Ø��
. DCM boost C�ì7òÑy�©
y�, �!l
,��ÝÑu, ^©
ã!Lyapunov �êãÚS�
N�ã��{?1y¢.

|^©
ãÚ Lyapunov �êã�±?�Ú�

y�©
y�. ã 2 � DCM boost C�ì±�"X
ê k �©
ëê�©
ã, ã 3 �ÙéA� Lya-
punov �ê. dã 2 Úã 3 �wÑ, � k < 0.0802 �,
XÚ?u½±Ï 1, éA� Lyapunov �ê�u 0;
� k = 0.0802 �, XÚu)1�g�±Ï©
, X
Úd½±Ï 1 ?\±Ï 2, d�éA� Lyapunov
�ê� 0; � k = 0.1112 �, XÚ?\·bG�,
d�éA� Lyapunov �ê��ê. ��5¿�´,
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� 0.13 < k < 0.14 �, éA� Lyapunov �êd�
ê² 0 C�Kê, � k = 0.1355 �, XÚÑy±±
Ï 3 �å©��±Ï©
, d�éA� Lyapunov
�ê� 0; d�XÚd·bG��±Ï 3 =C, ù«
y�¡��©
.

� 0.1355 < k < 0.1395 ��©
ãXã 4 ¤
«. d�, ©
ã �n�:, =3dëê��S,
k�^áÚ�±Ï 3 ;�. k = 0.1355 NC�
±Ï 3 ;�´²d�©
Ñy�, ù�±ÏL*
	 f (3)(k, xn) � k Cz�N�ã��.

ã 5 Úã 6 ©O�>Ø��. DCM boost C
�ì 1 gS�N�Ú 3 gS�N��ã. dã 5
��, 1 gS�N���é���3 1 ��:,
d�:?��Ç� –2, Ïd, ØÄ:´Ø½�.
ã 6(a) w«, � k = 0.1355 �, f (3)(k, xn) �N�
ã��é���3 4 ��:, Ù¥��ØÄ:é
A 1 gS�N�¥�ØÄ:, ,	 3 �ØÄ:�Ð
�é����, �:?��Ç� +1, �Ð?u�
>.. d�XÚ�?u�>., ò¬u)�©

y�. � k O\��u 0.1355 �, Kz��:Ñ�
Lé��C¤ü��:, ùü��:?���
Ç©O�u½�u 1, Xã 6(b) ¤«. ùÒ´`, n
�ØÄ:éAu#Ñy� 3- ±Ï®, ,	n�ØÄ
:éA#Ñy� 3- ±Ï, dd/¤
·b�¥
�±Ï 3 I�. éXÚó, §�©O�Ñ�^
½�±Ï 3 ;�Ú�^Ø½�±Ï 3, Ù¥½
�´�*ÿ��, �Ò´�©
��)�±Ï 3 ;
�, Ø½�´Ø�*ÿ��. � k = 0.14 �, 3-
±Ï®C��^ü½�±Ï;�, � 3- ±Ï®;�
C�ü½�, ¬u)�±Ï©
, lÑy��#
� 6- ±Ï®, Xã 6(c) ¤«. ½�±Ï 3 ;��
X k �O�Ñy�±Ï©
, ¿ÅÚr�e�?·
b. Ø½;�®²òz��, 3©
ãþØ¬
w«Ñ5, �´;����´�3�. dã 2 ��,
C�ì3u)�©
�c´?u·bG��. r�
©
�c�·b¡�
u·b, §��mCz�A
�´: 3Ä�þáu±Ï���S�¥, k�¬â
,Ñy�
·b$Ä, ,�qÑy±Ï$Ä, �Å

/3�ö�ma� [5,17].

5 ¢ �

��ynØ©Û��(5, ?1
>Ø�ª�
� DCM boost C�ì�>´¢�. æ^©z [1] J
ø�¢�>´, Xã 7 ¤«. ¢�(JL², XÚ
3 k �� 0.136 ?u)�©
, ¿��?\±Ï 3
G�. ã 8 �T?
u·b¢�Å/, ã 9 �Ù¥
�·b$ÄÅ/, ã 10 �Ù¥�5K±Ï 3 Å/.
dã 8 �wÑ, XÚ?u
u·b¥±Ï��·b
G��Ou)G�. dã 10 �©ÛÑ��±Ï�
� 1 ms, �©¥m'±Ï� 3 �.

nþ¤ã, ¢�(Jy²
��"OÃO��
�½ê��, >Ø�ª�� DCM boost C�ì¬�
)�©
Ú
u·by�. ¢�(J�nØ©Û(
Ø�ÎÜ, �y
�©¤JÑ�nØïÄ��(5.

6 ( Ø

>Ø�ª�� boost C�ì3�½�ó�Ú�
�^�e, ¬Ñyéõ��5y�, Xõ«/ª�
©
Ú·b. �©
´Ù¥�a��AÏ�©

. �©�âTaC�ì��glÑS�N��
.�EÙnglÑS�N��., &?>´ëêé
XÚ�©
y��K�, ¿éÙu)��©
y�
9Ù/¤�Ï?1
�[�©ÛÚ?Ø. �â�©

½n, l��5ÄåÆ�Ý�yÙ�3�©
y
�, ?�Úæ^©
ã!Lyapunov �ê!N�ã?
1©Û, ¿éù
y��/¤�Ï?1)º. ��
ÏL¢��y
TC�ì��©
Ú
u·by
�. dd·��±�Ñ(Ø: 3�½�>´ëêe,
�XÚ��"Xê�u�½�.��, >Ø�ª�
� boost C�ì¬Ñy�©
Ú
u·b�Ø½
��5y�, K�XÚ�$15U. �©�ïÄ�
{{ü, �±í2�Ù¦ DC-DC C�ì�ïÄ¥
�, ïÄ(Jé DC-DC C�ì��Oäk��
��¿Â.
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Investigation of tangent bifurcation in voltage mode
controlled DCM boost converters∗

Xie Ling-Ling† Gong Ren-Xi Zhuo Hao-Ze Ma Xian-Hua

( College of Electrical Engineering, Guangxi University, Nanning 530004, China )
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Abstract
The voltage mode controlled boost converters contain plenty of bifurcation phenomena. Tangent bifurcation is one of these phe-

nomena. The investigation of the tangent bifurcation in voltage mode controlled boost converters operating in discontinuous conduction
mode (DCM) is performed. The third iterative map is derived according to the first iterative map. Based on the tangent bifurcation
theorem, the conditions of producing the tangential bifurcation in the DCM boost converters are deduced mathematically. The com-
puter simulations are performed to capture the effects of some chosen parameters on the tangent bifurcation behavior of the system.
The results show that the variation of the feedback factor leads to tangent bifurcation and intermittent chaos phenomena. Experimental
results show that the system does exhibit tangent bifurcation under the particular operating conditions, thus validating the theoretical
analysis and the simulation results.

Keywords: tangent bifurcation, boost converter, chaos, iterative map
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