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ÏLïá��m'±ÏSÑÑ>N>ÖCzþéA�ÑÑ>ØCzþ, ïá
ó�u>a>6äY�
ª (discontinuous conduction mode, DCM) �óÀS� (pulse train, PT) �� Buck C�ì�CqlÑ�m�., ïÄ

K1>{9Ñ\>ØCz� PT �� DCM Buck C�ì�>.-E©
1�. ÏL�E�A�S�N��,

©O©Û
ØÓK1>{� PT �� DCM Buck C�ì�±Ï 1!±Ï 2 Ú±Ï 3 $1;,�ØÄ:½5, �
«
 PT �� DCM Buck C�ì3ØÓ±Ï���>.-E©
�/¤Ån. ïÄ(JL², �ëêCz, PT �
� DCM Buck C�ì©ª$13ØÓ�±Ï�, �±Ï����d>.-E©
Úå, oäÌìÅ�ê©ª�u".

|^ PSIM >´�ý^�, �Ñ
ØÓK1>{����Å/Ú�;ã. ¢�(J�y
nØ©ÛÚ�ý(J��
(5, Ó�`²
�©ÄåÆï���15.

'�c: óÀS���, >.-E©
, Buck C�ì, äY�ª

PACS: 05.45.−a

1 Ú ó

m' DC-DC C�ì´�«r��5�CÄå
ÆXÚ, �3�«a.�©
�·b���5Ô
ny�. Cc5, ®k�þ©zéDÚ�>Ø½>
6��m' DC-DC C�ì���51�?1
�
\©Û [1−8], ïÄ¤Jém' DC-DC C�ì��
O!$19��Ñäk����¿Â. m' DC-

DC C�ì´�«©ã1w�ÄåÆXÚ, �3ü
«½öü«±þ�m'�ª [5−8], ØÓ�m'�ª
�m�3�^>.. �>´ëêCz��ù�>.
�, XÚ�ÄåÆA5u)âC. Ïd, m' DC-DC

C�ì�3ü«��ØÓ�©
y�. �«´1w
ÄåÆXÚ¥�3�ÛÜ©
Ú�Û©
 [1−9], c
öX�±Ï©
!Hopf ©
!(Q©
�, ù«©


�ªÌ�´duXÚ���½�é Floquet ¦f
B�ü �, ��XÚ�±Ï;��; �öXÓ
�½É�©
, =XÚ�Û:a.ØC��¹e,

��m(�u)Cz. ,�«´©ã1wÄåÆX
Ú¤Ak�>.-E©
 [5−8], �1wÄåÆXÚ
�ÛÜ©
Ú�Û©
ØÓ�´, >.-E©
´
C�ì�ó��ª=��)�©
1�, �d
ØÄ:½5�UCÚå.

�
Uõ>Ø½>6����5���{�
Ä��A�ÝÚ°�5���5U, <�JÑ
m
' DC-DC C�ì�ü±�� [10]!PT �� [11,12]

ÚóÀª±Ï�� [13] ���5���{. �Ä
u PWM N��>Ø½>6��EâØÓ, óÀ
S� (pulse train, PT) ��´ÏLN�ü|ýk�
½���óÀ�|Ü�ª5¢yÑÑ>Ø�N
! [11,12], ´�«��5lÑ���{. PT ��Ø
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I�Ö��ä!��>´¢y{ü!éÑ\ÚK
1�Czäk¯��Ä��A�Ý, �~·^ué
��5�¦�p�m'>��XÚ [14].

PT ��´�«AÏ�m' DC-DC C�ì�
��{, äkÕA���1�. 8c���k' PT

��m' DC-DC C�ì�ÄåÆï��©
1�
©Û�ïÄ��. m' DC-DC C�ì�ÄåÆï
��)Äu>´G��§�°(lÑ�mï� [2,8]

ÚÄuð½ÑÑ>Ø�CqlÑ�mï� [1,6,7]

�. °(lÑ�m�.�,�±°(/£ãXÚ�
��51�, �êÆí���E,, ¦)�©�§
��(J, l��
Ù3¢Só§�OÚ©Û¥
�A^. duó�u DCM �, m' DC-DC C�ì
�>a>63z��m'±Ïå©��þ�", Ï
d�±òó�3 DCM �ª�m' DC-DC C�ì
Cq����CXÚ. �©ÏLïá��m'±Ï
SÑÑ>N>ÖCzþéA�ÑÑ>ØCzþ, ï
á
 PT �� DCM Buck C�ì�CqlÑ�m�
., ¿ÄuT�.�«
K1>{u)Cz��>
.-E©
ù�Ôny�9Ù�)Ån.

2 PT � � DCM Buck C � ì Ä å
Æï�

2.1 PT ������ DCM Buck CCC���ììì

Xã 1 ¤«� PT �� Buck C�ì�>´
�nãÚ DCM Buck C�ì�;.��Å/ [12].

ã 1(a) ¥J�µSÜ©´ PT ��>´, §´�«
;.���5lÑ��.

DCM Buck C�ì3��m'±ÏS�3n
�ØÓ�m'�ª, ùn�ØÓ�m'�ªéA�
>a>6 i!>N>6 iC ÚÑÑ>Ø v ���Å
/Xã 1(b) ¤«.

1) m'�ª I: m'+ S �Ï, �4+ D 'ä,

>a>6 i l"m©�5O�. 3 t1 ���c, i �
uK1>6 io, >N C �K1>{ R �>, ÑÑ>
Ø v eü; t1 ��, i = io; t1 ��, i �u io, >a>
6� R ø>�Ó�� C ¿>, ÑÑ>Ø,p.

2) m'�ª II: m'+ S 'ä, �4+ D �Ï,

>a>6 i �5eü�". t2 ��, i = io, ÑÑ>
Ø3 t2 ���c,p, ��ü$.

3) m'�ª III: m'+ S 'ä, �4+ D 'ä,

>a>6 i 3 t3 ����±�", ��e��m'
±Ï5�. 3dÏm, >N�K1�>, ÑÑ>ØU
Yeü.

ã 1 PT �� Buck C�ì9Ù DCM ó��ª�;.Å/
(a) C�ì>´; (b) ��Å/ã

ã 2 PT ��C�ì3��óÀS�Ì�±ÏS�;.Å/

PT ���Ì�g�´ÏLuÿÚ'�m'±
Ïå©��ÑÑ>ØÚë�>Ø Vref �'X, ÀJ
ØÓõÇ���óÀ, ¢ym'C�ì���. 3
m'±Ïå©��, �ÑÑ>Ø�uë�>Ø Vref

�, C�ìÀJ$õÇóÀ��&Ò PL, ¦ÑÑ
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>Øü$; ��, ÀJpõÇóÀ��&Ò PH, ¦
ÑÑ>Ø,p. p!$õÇóÀ��&Ò PH, PL

äk�Ó�m'ªÇÚØÓ�Ó�' DH Ú DL.

� PT �� DCM Buck C�ì����, µH �p
õÇóÀ PH Ú µL �$õÇóÀ PL |¤��Ì
�±Ï� (µH + µL) T �óÀS�, ÏLN�p!
$õÇóÀ�|Ü�ª, ¢y PT �� DCM Buck

C�ìÑÑ>Ø�N!. ã 2���óÀS�Ì�
±ÏS>a>6!>N>ØÚÑÑ>Ø���Å
/, TÌ�±Ï�¹ 2 �põÇóÀÚ 3 �$õÇ
óÀ, |Ü�ª� 1PH − 2PL − 1PH − 1PL, ÄåÆ
1�Ly�±Ï 5.

2.2 CCCqqqlllÑÑÑ���mmmïïï���

ã 1 ¤« PT �� DCM Buck C�ì´��
��>´, äk>a>6 i Ú>N>Ø v ü�G�
Cþ. 3z��m'±Ïå���, PT �� DCM

Buck C�ì�>a>6þ�", Ïd�±ÏLm
'±Ïå���ÑÑ>N>Ö�Czþ��ÑÑ
>Ø�Czþ, �EÑÑÑ>Ø���lÑS�N
��., lïá PT �� DCM Buck C�ì�l
Ñ�m�..

±?¿��m'±Ï�~, �m'ªÇ��u
m'C�ì�k�A�ªÇ�, ÑÑ>Ø«ÅÅ/
�±Cq¤�^��, Ù��uë�>Ø Vref , Ï
dØ�b�ÑÑ>Øð½� Vref . ã 1(b) ¥>N
>6 iC ��m¶ t �¤�ÒKÜ©�¡È´3�
�m'±ÏSÑÑ>N>Ö�Czþ, Ù¥ÒK A

Ü©�¡È´>N>ÖO\þ, ÒK B Ú C Ü
©�¡È´>N>Ö~�þ, §��¡È��=Ñ
Ñ>N>Ö�Czþ ∆q, òCzþ ∆q Ø±>N
� C, �����m'±Ïå���ÑÑ>Ø�C
zþ ∆v.

ÑÑ>N>Ö�Czþ�

∆q = qA − (qB + qC)

=
1
2

(E − vn)DT

L
t3 −

(E − vn)T
L

t1. (1)

d t1 Ú t3 � � > N > 6�", � ¦ � t1 =
vnL

R(E − vn)
, t3 =

EDT

vn
, �\ (1) ª¿z{�

∆q =
E(E − vn)

2Lvn
D2T 2 − vn

R
T. (2)

d (2) ª����m'±Ïå���ÑÑ>Ø
Czþ�

∆v =
1
C

∫ T

0

iCdt =
∆q

C

=
E(E − vn)

2LCvn
D2T 2 − vn

RC
T. (3)

�1 n �m'±Ïm©��Ú(å���Ñ
Ñ>Ø©O� vn Ú vn+1, Kd (3) ª��1 n �
m'±Ï�ÑÑ>ØS�'X

vn+1 =vn + ∆v =
E(E − vn)

2LCvn
D2T 2

+
(

1 − T

RC

)
vn. (4)

�âm'±Ïå©��ÑÑ>Ø vn �ë�
>Ø Vref �'�(J, PT ��ìÀJäkØÓÓ
�'�õÇóÀ��m'+ S, ��éÑÑ>ØN
!�8�. 31 n �m'±Ïm©��, � vn �
u Vref �, PT ��ìÑÑ$õÇóÀ&Ò���
�&Ò, (4) ª¥Ó�' D = DL; ��, � vn �
u Vref �, PT ��ìÀJpõÇóÀ���&Ò,

(4) ª¥Ó�' D = DH. Ïd, ØJ�Ñ PT �
� DCM Buck C�ì3��m'±ÏS�S�'
Xª, =CqlÑ�m�.

vn+1 =



E(E − vn)
2LCvn

D2
LT 2 +

(
1 − T

RC

)
vn,

�vn > Vref�,

E(E − vn)
2LCvn

D2
HT 2 +

(
1 − T

RC

)
vn,

�vn 6 Vref�.

(5)

d (5) ª��, �X>´ëê�Cz, C�ì
3��m'±ÏS�ÑÑ>Ø��Cz, PT ��
p!$õÇóÀS��|Ü�ª�¬�A�u)
Cz. Äu (5) ª, �±é PT �� DCM Buck C�
ì?1�A�ÄåÆ©Û. d	, d (5) ª��, ë
�>Ø Vref � PT �� DCM Buck C�ìÑÑ>Ø
S�N����>., �>´ëêCz�¦ÑÑ>
Ø��ù�>.�, u)>.-E©
, lÚå
C�ìó�G��Cz.

3 >.-E©
©Û

3.1 >>>...---EEE©©©


111���

���¹e, �m' DC-DC C�ì�>´ë
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êÀ½�, �ÚåTC�ìó�G�u)Cz�
Ì�ëêkK1>{ R ÚÑ\>Ø E. Ïd, ò
©O±K1>{ R ÚÑ\>Ø E ��©
ëê,

ïÄ PT �� DCM Buck C�ì�>.-E©

1�.

ÀJ PT �� DCM Buck C�ì�>´ëê
� E = 12 V, Vref = 5 V, f = 50 kHz, L = 10 µH,

C = 470 µF, DH = 0.4, DL = 0.2, K1>{ R �
�Cëê. Äu (5) ª�CqlÑ�m�., ��X
ã 3 ¤«K1>{Cz� PT �� DCM Buck C�
ì�©
ã, ã¥J�´ë�>Ø Vref , §´TC�
ìÑÑ>Ø3 v �m¥����^>.�.

�K1>{Cz�, PT �� DCM Buck C�
ì{²
l½�±Ï 1 ��õ±Ï�2�±Ï 1

��©
�´. �K1>{ R < 1.86 Ω �, K1
�, ÑÑ>ØÃ{��ë�>Ø�, PT ��ì=
ÑÑpõÇóÀ&Ò5��m'+ S, Buck C�
ì�ó�G�LyÑ±Ï 1 1�. �XK1~�,

� R = 1.86 Ω �, Buck C�ì�±Ï 1 ;, (=
ÑÑ>Ø) �ë�>Øu)>.-E, Úu>.-
E©
, Buck C�ì�ó�G�d±Ï 1 �?\

õ±Ï�, ��3���>ØÅÄ. Ó�, �K1>
{ R > 7.44 Ω �, K1��, óÀS�Ì�±Ï=
�¹$õÇóÀ±Ï, = PT ��ì=ÑÑ$õÇ
óÀ��&Ò, Buck C�ì�ó�G��½±
Ï 1. �XK1\, � R = 7.44 Ω �, Buck C�
ì�±Ï 1 ;,�, ¿�ë�>Øu)>.-E,

Úu>.-E©
, Ùó�G�âC�õ±Ï�.

ã 3(b) ´ é A u ã 3(a) ã � Û Ü © 
 ã,

3 R ∈ [2.928 Ω, 2.998 Ω] «�S, ©
ã´��
±Ï 2 I�, Buck C�ì�$1;,LyÑ±Ï 2

1�, d�^põÇóÀ;,Ú�^$õÇóÀ;
,|¤, ¤éA� PT ��ìÑÑ��&Ò´d�
�põÇóÀÚ��$õÇóÀ|¤�óÀS�
Ì�±Ï&Ò. �XK1~�, põÇóÀ;,Å
ì�C>. Vref , ¿3K1>{� 2.998 Ω �u)
>.-E©
, Buck C�ì?\E,�õ±Ï�,

= 1PH − 1PL �óÀS�|Ü�ª®ØU÷v�
��¦, óÀS�|Ü�ªu)
âC.

aq/, lã 3(c) Ú (d) ¥�±*	�, 3��
E,�õ±Ï�¥, �XK1~�, �Cë�>Ø
>.��^põÇóÀ;,òÅ ì�C>., ¿3

ã 3 K1>{ R Cz��©
ã (a) �Û©
ã; (b) ÛÜ©
ã; (c) ÛÜ©
ã; (d) éAu (c) ���ã, � PT �� DCM

Buck C�ì�ÑÑ>Ø$uë�>Ø�, PT ��ìÀJpõÇóÀ��&ÒÑÑ, ��ÀJ$õÇóÀ��&ÒÑÑ.�
Q
ã�B, 3©
ã¥puë�>Ø�;,½Â�$õÇóÀ;,, $uë�>Ø�;,½Â�põÇóÀ;,
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R = 2.1843 Ω NC�>.u)-E, Úå>.-E
©
. >.-E©
�, �k��^põÇóÀ;
,�C¤õ^#�p!$õÇóÀ;,, #�)�
$1;,���)�^$õÇóÀ;,. >.-E
©
Ó��Úu
Ù¦p!$õÇóÀ;,��
C, p!$õÇóÀ;,�êþ'~u)�A�C
z. lã 3(c) Ú (d) ¥��±w�, 3 R ∈ [2.18 Ω,

2.2 Ω] �Cz«�S, Buck C�ì�$1;,u
)
A�g$��õ�>.-E©
, zg>.
-E©
Ñ�� PT ��ìÑÑ�óÀS�&Ò
¥p!$õÇóÀ�|Ü�ª�#. � R = 2.2 Ω

�, PT �� DCM Buck C�ìó�uõ±Ï�, Ù
±Ïêþ� 9, p!$õÇóÀS��|Ü�ª
� 7PH − 2PL.

Ä u (5) ª � l Ñ � m � . � ¦ � PT �
� DCM Buck C�ìÑÑ>Ø�ØÄ:. - vn+1 =

vn, ¿�Ä�¢SC�ì>´Ø�UÑyK>Ø�
�¹, kØÄ: VQ�

VQ = −M +
√

M2 + 2ME, (6)

Ù¥, M =
RED2T

4L
. é (5) ª¦�, k

λ =
dvn+1

dvn
= 1 − 2ME + v2

n

CRv2
n

T, (7)

Ù¥, λ � Floquet ¦f. �â½5�â��,

� |λ| < 1 �, ØÄ:´½�, ��´Ø½�.

ò (6) ª�\ (7) ª, ��� PT �� DCM Buck C
�ì½�^��∣∣∣∣ dvn+1

dvn

∣∣∣∣
VQ

=
∣∣∣∣1 − T

RC

2E + M − 2
√

M2 + 2ME

M + E −
√

M2 + 2ME

∣∣∣∣
<1,

=

0 <
T

RC

2E + M − 2
√

M2 + 2ME

M + E −
√

M2 + 2ME
< 2. (8)

d 2E + M − 2
√

M2 + 2ME > 0, M + E −
√

M2 + 2ME > 0, ��eª:

T

RC

2E + M − 2
√

M2 + 2ME

M + E −
√

M2 + 2ME
> 0

¤á. Ïd,�¦ PT �� DCM Buck C�ì½ó
�, �I÷v

T

RC

2E + M − 2
√

M2 + 2ME

M + E −
√

M2 + 2ME
< 2. (9)

z{ (9) ª��

1 +
4L

RD2T
−

√
1 +

8L

RD2T
>

T

RC
. (10)

d (10) ª��, PT �� DCM Buck C�ì�
½5�ûuK1>{ R!>a L!>N C!m
'±Ï T �Ó�' D, �Ñ\>Ø E Úë�>
Ø Vref Ã'.

d (7) ª��� PT �� DCM Buck C�ì�
K1>{ R Cz��oäÌìÅ�êXã 4 ¤«.

dã 4 ��, 3K1>{Cz�oäÌìÅ�êð
�u", d(JL² PT �� DCM Buck C�ì3
©
ëêCz��S��?u½�ó�G�. d
	, lã 3 Ú 4 ¥��±w�, PT �� DCM Buck

C�ìØ¬Ñy²�±Ï©
½ Hopf ©
?\·
b�Ôny�, Ùó�G��CzÑ´d>.-E
©
Úå�, C�ì©ªó�3±Ï 1!±Ï 2 ½
��E,�õ±ÏG�.

ã 4 K1>{ R Cz��oäÌìÅ�ê

Ó � /, æ ^ þ ã > ´ ë ê, � ½ K 1 >
{ R = 2.963 Ω, ±Ñ\>Ø E ��©
ëê,

d (5) ªÚ (7) ª����A�©
ãÚoäÌ
ìÅ�êXã 5 ¤«. dã 5(a) ��, �XÑ\
>Ø E �Cz, PT �� DCM Buck C�ìÓ�{
²
l½�±Ï 1 ��õ±Ï�2�±Ï 1 �
�©
�´, ���ó�G��CzÑd>.-
E©
Úå. �Ñ\>Ø E ∈ [11.97 V, 12.08 V]

«�S�, ©
ãþÑy
��±Ï 2 I�, C
�ìó�3±Ï 2 G�, ù�c¡©Û�Ñ\>
Ø E = 12 V ���¹�ÎÜ. dã 5(b) ��, 3Ñ
\>Ø E �Cz��SoäÊìÅ�ê���u
", PT �� DCM Buck C�ì�±3½�ó�
G�.
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ã 5 Ñ\>Ø E Cz��ÄåÆ1� (a) ©
ã; (b) o
äÌìÅ�êã

3.2 PT ������ppp!!!$$$õõõÇÇÇóóóÀÀÀSSS������|||ÜÜÜ
���ªªª

¢Sþ, p!$õÇóÀ;,�êþÚ ��
Cz�N
�½>´ëê^�e��óÀS�Ì
�±ÏSp!$õÇóÀ�|Ü�ªCz9m'
±Ïm©��ÑÑ>Ø�Cz. �X>´ëêCz,

�,«p!$õÇóÀS�|Ü�ª�L�.�
�, �óÀS�|Ü�ª®ØU�yÑÑ>Ø½
3ë�>Ø�, d� PT ��ìÑÑ��&Ò¥�
p!$õÇóÀ�|Ü�ªu)Cz±��ÑÑ
>Øð½���8I. Ïd, � PT �� DCM Buck

C�ì?uE,õ±Ï��, ÙÄåÆ1�é>´
ëê�Cz��¯a,���CzÒ¬ÚåÑÑ>
ØÌ�±Ï9 PT ��&Ò¥p!$õÇóÀS�
�|Ü�ª�Cz.

Ä u (5) ª � C q l Ñ � m � ., é A u
ã 3(a), �C�ì�ó��, �K1>{ R O
�, é�Cëê R �z����?1 600 gS�,

P¹Tëê^�� PT ��ìÑÑ&Ò¥p!$
õÇóÀ�êþ µH Ú µL, ��Xã 6 ¤«� PT

��&Ò¥p!$õÇóÀêþ µH Ú µL �C
zª³. � R < 1.86 Ω �, k µH = 600, µL = 0,

= PT ��ì=ÑÑpõÇóÀ&Ò, C�ìó�

u±Ï 1 �. �X R O�, µH Øä~�,  µL Ø
äO�; 3 R ∈ [2.928 Ω, 2.998 Ω] «�S, p!$
õÇóÀêþ��, k µH = µL = 300, d�C�
ìó�u±Ï 2 �; � R > 7.440 Ω �, k µH = 0,

µL = 600, óÀS�Ì�±Ï=d$õÇóÀ±Ï
|¤. ã 6(b) ´ã 6(a) �ÛÜ��ã, ã¥êi 2,

3, 4 Ú 5 ¤éA�«�©OL« PT �� DCM

Buck C�ìó�u±Ï 2 �!±Ï 3 �!±Ï 4

�Ú±Ï 5 ��¤éA�K1>{ R �ëê«m.

PT ��ìÑÑ&Ò¥�
;.ó�G��p!
$õÇóÀS�|Ü�ªÚëê«mXL 1 ¤«.

L 1 ¥C�ì��;.ó�G�©OéAuã 3(a)

¥�±ÏI�, X±Ï 2 éAuã 3(a) ¥�±Ï 2

I�.

3.3 >>>...---EEE©©©


©©©ÛÛÛ

dþã©Û��, �K1>{ëêu)Cz�,

PT �� DCM Buck C�ì�ó�G�¤u)�â
CÑ´d>.-E©
Úå�. ÄuCqlÑ�m
�. (5) ª, ÏL�EÑÑ>Ø�S�N��, e
¡ò?�Ú©ÛC�ìó�u�±Ï��ØÄ:
Cz�¹9Ù�)>.-E©
1��Ån.

ã 6 R Cz� PT ��&Òp!$õÇóÀ�|Ü�ª
(a) µH Ú µL �Czª³; (b) ÛÜ��ã
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L 1 PT ��&Òp!$õÇóÀS��;.|Ü�ª

R ��� /Ω |Ü�ª ó�G�

[1.500, 1.860] 1PH ±Ï 1

[2.244, 2.269] 3PH − 1PL ±Ï 4

[2.433, 2.471] 2PH − 1PL ±Ï 3

[2.623, 2.646] 3PH − 2PL ±Ï 5

[2.928, 2.998] 1PH − 1PL ±Ï 2

[3.243, 3.261] 3PH − 4PL ±Ï 7

[3.367, 3.397] 2PH − 3PL ±Ï 5

[3.702, 3.760] 1PH − 2PL ±Ï 3

[7.440, 8.000] 1PL ±Ï 1

3.3.1 ±Ï 1

3 R ∈ [1.80 Ω, 1.92 Ω] «�S PT �� DCM

Buck C�ì��gS�N��Xã 7(a) ¤«.

ã 7(a) `²�gS�N���é��k���
:ØÄ:. � R = 1.80 Ω, 1.86 Ω Ú 1.92 Ω �¤é
A�n�ØÄ:©O� A1, B1 Ú C1. Ù¥, ØÄ
: A1  u 4.9397 V ?, éA��gS�N��
��Ç�u 1,�½ØÄ:; ü�ØÄ: B1 Ú C1

U3�å, þ u 5 V ?, éA��gS�N�
���Çýé���u 1,�ü�Ø½ØÄ:.

� R 3 [1.80 Ω, 1.92 Ω] «�SÅÚO��,½Ø
Ä: A1 Åì þ£Ä, � R = 1.86 Ω �,½ØÄ
: A1 �>.ë�>Ø Vref u)-E, âC�Ø
½ØÄ: B1, C�ì�ó�G�²L>.-E©

�l±Ï 1 ;,âC�õ±Ï;,. � R > 1.86 Ω

�, �gS�N���ØÄ:, ~XØÄ: C1, o
´ u 5 V ?, �Ø½ØÄ:, d�C�ì�ó
�G��±3õ±Ï�.

Ó�/, ã 7(b) w«
 PT �� DCM Buck C
�ì3 R ∈ [6.94 Ω, 7.94 Ω] «�S��gS�
N��. � R = 6.94 Ω, 7.44 Ω Ú 7.94 Ω �, n
�ØÄ:©O� A2, B2 Ú C2, Ù¥, ØÄ: A2

 u 5.1205 V ?, �½ØÄ:; ü�ØÄ: B2

Ú C2 þ u 5.002 V ?, �ü�Ø½ØÄ:.

� R 3 [6.94 Ω, 7.94 Ω] «�SÅÚO��, Ø½
ØÄ: �ØC, C�ì�õ±Ï$1;,ÅìÈ
à, � R = 7.44 Ω �, Ø½ØÄ: B2 âC�
½ØÄ: A2, C�ì�$1;,àC¤�^±Ï 1

;,. � R > 7.44 Ω �, �gS�N���ØÄ
: A2 Øä�lØ½«�, �A�C�ì�ó�
G�?u½�±Ï 1 �.

ã 7 ó�u±Ï 1 �C�ì3ØÓK1>{ëê«�ÑÑ
>Ø��gS�N�� (a) R ∈ [1.80 Ω, 1.92 Ω]; (b) R ∈
[6.94 Ω, 7.94 Ω]

3.3.2 ±Ï 2

3 R ∈ [2.928 Ω, 2.998 Ω] « � S, PT �
� DCM Buck C � ì ó � u ± Ï 2 �, d (9)

ª � � A � � g S � N �  � X ã 8(a) ¤ «.

� R = 2.963 Ω �, �gS�N���é��
kn��:ØÄ:, ©O� A0, A1 Ú A2. ØÄ
: A0  u 5.0011 V ?, éA��gS�N�
���Ç�u 1,�Ø½ØÄ:; ü�ØÄ: A1

Ú A2 ©O u 4.976 V Ú 5.023 V ?, éA��g
S�N����Çþ�u 1,�ü�½ØÄ:.

� R 3 [2.928 Ω, 2.998 Ω] «�SÅÚO��, Ø
Ä: A1 l�5�Ø½ØÄ:âC¤��½Ø
Ä:, Ó�)¤���:¿©����Ø½ØÄ
: A0 Ú��½ØÄ: A2, C�ì�$1;,d
�5�õ±Ï;,àC¤�^±Ï 2 ;,. �Xë
ê R ?�ÚO�, ü�½ØÄ: A1 Ú A2 ÑÅ
ì þ£Ä, Ø½ØÄ: A0 �ú/ >.ë�
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>Ø Vref � . � R = 2.998 Ω �,½ØÄ: A1

ÚØ½ØÄ: A0 þ��>.ë�>Ø Vref ?¿
��u)-E, ½ØÄ: A2 âC�Ø½Ø
Ä:. >.-E©
�, ØÄ: A1 Ú A0 Ü¿¤�
��:¿��, C�ì�ó�G�l½�±Ï 2

;,âC�õ±Ï;,.

ã 8 C�ìó�u±Ï 2 ���gS�N���À�ã
(a) �gS�N��; (b) R = 2.963 Ω ��À�ã

ã 8(b) � R = 2.963 Ω �ÑÑ>ØS��À
�ã, Ù¥ PH Ú PL ©O�Lp!$õÇóÀ&
ÒüÕ�^eÑÑ>Ø�S��. C�ìÑÑ
>Ø;,�3ü�½ØÄ: A1 Ú A2, ©O 
u 4.976 V Ú 5.023 V ?. em'±Ïå©��Ñ
Ñ>Ø$uë�>Ø Vref , ÑÑ>ØS��òÂ
ñuØÄ: A1; ��, em'±Ïå©��ÑÑ>
Øpuë�>Ø Vref , ÑÑ>ØS��òÂñu
ØÄ: A2. �ã 8(a) ¤ØÓ�´, ã 8(b) ØUNy
ÑØ½�ØÄ:, §=�N
lÑ�m�.S�
�H{5.

3.3.3 ±Ï 3

3 R ∈ [3.702 Ω, 3.760 Ω] « � S, PT �
� DCM Buck C � ì ó � u ± Ï 3 �, d (10)

ª����A�ngS�N��Xã 9(a) ¤
«. � R = 3.73 Ω �, ngS�N���é
��kÊ��:ØÄ:, ©O� A0, A1, A2, A3

Ú A4, Ù¥ A1 Ú A2 �ü�Ø½ØÄ:, ©O 
u 5.0011 V Ú 5.0029 V ?; A0, A3 Ú A4 �n�
½ØÄ:, ©O u 5.0138 V, 4.9851 V Ú 5.0432 V

?. � R 3 [3.702 Ω, 3.760 Ω] «�SÅÚO��,

ØÄ: A3 l�5�Ø½ØÄ:âC¤��½
ØÄ:, Ó�)¤ü��:¿©��ü�Ø½Ø
Ä: A1, A2 Úü�½ØÄ: A0, A4, C�ì�
$1;,d�5�õ±Ï;,àC¤�^±Ï 3

;,. �Xëê R ?�ÚO�, o�ØÄ: A0, A2,

A3 Ú A4 Åì þ£Ä, ��Ø½ØÄ: A1 �
ú/ >.ë�>Ø Vref � . � R = 3.760 Ω �,

½ØÄ: A3 ÚØ½ØÄ: A1 þ��>.ë
�>Ø Vref ?¿��u)-E, ½ØÄ: A4

âC�Ø½ØÄ:. >.-E©
�, ØÄ: A1

Ú A3, A0 Ú A2 Ü¿¤ü��:¿��, C�ì�
ó�G�l½�±Ï 3 ;,âC�õ±Ï;,.

ã 9 C�ìó�u±Ï 3 ��ngS�N���À�ã
(a) ngS�N��; (b) R = 3.73 Ω ��À�ã

ã 9(b) �Ñ
 R = 3.73 Ω �ÑÑ>ØS�
�À�ã. C�ìÑÑ>Ø;,�3n�½Ø
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Ä: A0, A3 Ú A4, ©O u 5.0138 V, 4.9851 V

Ú 5.0432 V ?. lã 9(b) ¥ØJw�, PT ��
3��óÀS�Ì�±ÏS, ÀJÑÑ�gpõ
ÇóÀÚüg$õÇóÀ, =óÀS�Ì�±Ï
� 1PH − 2PL.

dü�põÇóÀ±ÏÚ��$õÇóÀ±
Ï|¤�±Ï 3 G��©Û�þã©Ûaq.

éu��lÑ½ëYÄåÆXÚ, ±Ï 3 ¿�
Xù�XÚ7½�3Ù§?¿��±Ï1�9·
b1�. �éu PT �� DCM Buck C�ìùa;
.�lÑXÚ, Ù±Ï 3 1�¿Ø¿�XXÚ¬u
)·b1�. Ïd, PT �� DCM Buck C�ì´�
«AÏ�lÑ�CXÚ.

4 Äu PSIM ^��>´�ý�y

Äu PSIM >´�ý^�²��ï� PT �
� DCM Buck C�ì�>´�nãXã 10 ¤«,

>´ëê��� E = 12 V, Vref = 5 V, f = 50 kHz,

L = 10 µH, C = 470 µF, DH = 0.4, DL = 0.2, K
1>{ R ��Cëê. ÑÑ>Ø²'�ì�ë�
>Ø?1'�, eÑÑ>Ø�uë�>Ø, '�ì
ÑÑp>²&Ò¿3�¨&Ò CP �5��>u D

>uì, Q àÑÑp>²&Ò,  Q̄ àÑÑ$>²
&Ò. p>²&Ò��½�$õÇóÀ&Ò²��
Ú½��ÑÑ&Ò, = PT ��ìÀJ$õÇóÀ
&Ò PL ����&Ò, põÇóÀ&Ò�B�
ÑÑ. aq/, eÑÑ>Ø�uë�>Ø, D >uì
� Q àÑÑ$>²&Ò, B�$õÇóÀ&ÒÑ
Ñ,  Q̄ ÑÑp>²&Ò, #NpõÇóÀ&ÒÑ
Ñ, = PT ��ìÀJ
põÇóÀ&Ò PH ��
��&Ò.

Xã 11 ¤«� PT �� DCM Buck C�ì
� PSIM �ý(J, Ù¥�ã�>a>6 i �>
N>Ø v ���Å/, mã�3 i-v ²¡þ��
;ã. ã 11 ¥K1>{ R ���©O� 1.8 Ω,

7.94 Ω, 2.963 Ω, 2.45 Ω, 3.73 Ω Ú 2.2 Ω, � A
� PT �� DCM Buck C�ì�ó�G�©O�±
Ï 1 (1PH)!±Ï 1 (1PL)!±Ï 2 (1PH − 1PL)!
± Ï 3 (2PH − 1PL)! ± Ï 3(1PH − 2PL) ± 9
±Ï 9(7PH − 2PL). PT �� DCM Buck C�ì
� PSIM �ý(J�þãnØ©Û(J��, L
² �©ï á � PT � � DCM Buck C � ì � C

qlÑ�m�.´�1�. d	, >´�ý(J
� L ², � X K 1 ~ �, PT � � ì Ñ Ñ � ó À
S�Ì�±Ï&Ò¥p!$õÇóÀêþ'�
~�.

ã 10 PT �� DCM Buck C�ì PSIM �ý>´ã

5 ¢��y

¢�>´�nã�ã 9 ¤«��ý>´�
�. ¢ � > ´ ¥ m ' + æ ^ IRF540, � 4 + æ
^ MBR1540, '�ì!D >uì!��!½�©
Oæ^ LM319, 74LS74, 74LS08, 74LS32, °Ä>´
æ^ IR2125, p$õÇóÀd FPGA �). ¢��
ÀJ��ëê��ý��ëê�Ó.

ã 12 ¤«� PT �� DCM Buck C�ì�>
a>6!ÑÑ>Ø9�A�;ã�¢�Å/. l
ã 12 �±wÑ, � R� 1.8 Ω Ú 7.94 Ω �, C�ì
©Oó�3dpõÇóÀÚ$õÇóÀ|¤�±
Ï 1; � R� 2.963 Ω �, C�ìó�3±Ï 2; � R

� 2.45 Ω Ú 3.73 Ω �, C�ì©Oó�3óÀS
�|Ü�ª� 2PH − 1PL Ú 1PH − 2PL �±Ï 3;

� R� 2.2 Ω �C�ì�ó�G��±Ï 9, �ó
ÀS�|Ü�ª� 7PH − 2PL. ã 12 ¤«�¢�(
J�ã 11 ¤«��ý(JÄ�ÎÜ, ���3�

����O, ù´du¢S>´¥õÇm'+!
�4+!>aÚÑÑ>N��ì��3M)ëê
¤�. ã 11 Úã 12 ¤«�ýÚ¢�(J�y
n
Ø©Û��(5.
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ã 11 PT �� DCM Buck C�ì¥>a>6 i �>N>Ø v ���Å/ (�ã) 9 i-v ²¡þ��;ã (mã) (a) R = 1.8 Ω;

(b) R = 7.94 Ω; (c) R = 2.963 Ω, (d) R = 2.45 Ω; (e) R = 3.73 Ω; (f) R = 2.2 Ω
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ã 12 PT �� DCM Buck C�ì>a>6 i!>N>Ø v �¢�Å/ (�ã) Ú�A i-v �;ã (mã) (a) R = 1.8 Ω; (b)

R = 7.94 Ω; (c) R = 2.963 Ω; (d) R = 2.45 Ω; (e) R = 3.73 Ω; (f) R = 2.2 Ω

6 ( Ø

PT ��´ÏLN�ü|ýk�½�p!$õ
ÇóÀ�|Ü�ª5N! DC-DC C�ì�ÑÑ>
Ø��«��5lÑ���{, �DÚ PWM ��
kX��þ�«O. Ïd, PT �� DCM Buck C�
ìkX�DÚ PWM ��m' DC-DC C�ì��
ØÓ�ÄåÆ1�. �©é PT �� DCM Buck C
�ì?1
ÄåÆï�, ÏLm'±ÏSÑÑ>
N>Ö�Czþ�Ñ
ÑÑ>Ø�Czþ, l
ïá
§�CqlÑ�m�.. ÄuT�., |^
©
ãÚoäÌìÅ�ê, �\ï?
3K1>{
Cz��>.-E©
1�, ¿ÏL�EéAuØ
Ó±Ï��$1;,�S�N��, ?1
ØÄ

:�½5©Û, ¿©�«
óÀS��� DCM

Buck C�ì>.-E©
�/¤Ån. ¢�(J
Ú PSIM >´�ý(JÎÜ, ¿�nØ©Û(J�
�, �y
�©JÑ� PT �� DCM Buck C�ì
�ÄåÆï��{��15.

PT �� DCM Buck C�ì�E,ÄåÆ1
�´d>.-E©
Úå�, Ø�3�±Ï©

!Hopf ©
Ú(Q©
�©
´d. �>´
ëêu)Cz�, PT �� DCM Buck C�ì©ª
ó�3±Ï 1!±Ï 2!±Ï 3 ±9Ù¦��E,
�õ±Ï�, ÙoäÌìÅ�ê�©ª�u". d
	, PT �� DCM Buck C�ì�3X±Ï 3 1�,

�Ø¿�X·b1�,��ØÓuDÚ PWM ��
m' DC-DC C�ì.
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Dynamical modeling and border collision bifurcation
in pulse train controlled discontinuous conduction

mode buck converter∗
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Abstract

According to the charge variation of output capacitor in a switching cycle, the output voltage variation in a switching cycle can

be obtained, from which an approximate discrete-time model of pulse train (PT) controlled buck converter operating in discontinuous

conduction mode (DCM) is established. Based on the model, the border-collision bifurcations of the PT controlled DCM buck converter

with the variations of the load resistance and the input voltage are studied. By constructing the corresponding iterative map curves,

the stabilities of the fixed points, formed by the orbits of period-1, period-2, period-3 and so on, are analyzed, and the mechanisms

of border-collision bifurcations of the converter under different operation states are revealed. The analysis results indicate that with

the variation of parameters, the PT controlled DCM buck converter always operates in different periodic states, in which the change

of the operation mode with periodic state is caused by the border-collision bifurcation and the lyapunov exponent is always less than

zero. By using PSIM circuit simulation software, the time domain waveforms and phase portraits under different load resistances are

obtained. Experimental results are provided to verify the correctnesses of theoretical analyses and circuit simulations and the feasibility

of dynamical modelling.

Keywords: pulse train control, border-collision bifurcation, buck converter, discontinuous conduction mode
(DCM)
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