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ÏL;^>å>f�ý^�?1>´�ý, ½5©Û
�½'ä�m (fixed off-time, FOT) �� Buck C�ì
ÑÑ>Ø� ¢�u>a>6� ��Ï9ÙÚuóÀquy��Ån, &?
XÛN�ÑÑ>N��Gé>
{ (equivalent series resistance, ESR) ���5�Øù
E,��5y�, ¿½þ�Ñ
 FOT �� Buck C�ì?u
­½ó�G��� ESR �.�. (JL², ÑÑ>N ESR é FOT �� Buck C�ìó�G��K���, � ESR �
u�.��, ÑÑ>Ø� ¢�u>a>6� , u)óÀquy�; 
� ESR �u�.��, ÑÑ>Ø�>a>6
�Cz�±ÓÚ, óÀquy���. ÏL£ã¼ê{ïá
ë�>Ø�ÑÑ>Ø�D4¼ê, d Routh-Hurwitz �
â`²
 ESR �.�´ FOT �� Buck C�ì��­^�.

'�c: �½'ä�m, ��Gé>{, óÀquy�,­½5

PACS: 05.45.−a

1 Ú ó

m' DC-DC C�ì´�a;.�r��5�
CÄåÆXÚ, �3�«a.�g�Å!©
Ú·
b�´L���5y� [1−10]. ��5y�î­K
�
m' DC-DC C�ì�5U. Ïd, �\©ÛÚ
ïÄm' DC-DC C�ì���5ÄåÆ1�, é
m' DC-DC C�ì��OÚó§A^äk­��
nØ¿ÂÚ¢^d�.

� � ½ � Ï � m (constant on-time, COT) �
� [11−15] �aq, m' DC-DC C�ì��½'
ä�m (FOT) �� [15−17] �´�«Cª (variable
frequency, VF) ��Eâ. �DÚ��Eâ�',
X>6.�� [1,2]!>Ø.�� [9,10], COT ��
Ú FOT ��ÏÙ��>´ØI�Ø���ì9Ù
Ö��´, (�{ü, N´¢y, äkÄ��A�
Ý¯!�1�Çp�`:, 3ó�)�Ú)¹¥�

�2��­ÀÚA^. �CIS	'u COT ��
m' DC-DC C�ì�ïÄ©z�é�õ [11−15],

 FOT ��m' DC-DC C�ì�ïÄ©z�é
�� [15−17]. ,
, �m' DC-DC C�ìó�3�
�K1�, C�ì  ó�30u>a>6ëY�
ª (CCM) ÚäY�ª (DCM) �m��.�ª, d
u COT ��ì����Ï�mÉm' DC-DC C
�ìSÜò´���, Ïd COT ��ìJ±�±
ÑÑ>Ø­½ [16]. �é
ó, FOT ��ì���'
ä�mÉù«���� [16], 3��K1� FOT �
�m' DC-DC C�ìEU�±�~ó�G�.

3¢Sm' DC-DC C�ì�>´¢y¥, Ñ
Ñ>N���Gé>{ ESR ~�^�uÿ>{.
ù�, �¹>a>6&E�ÑÑ>Ø«Å�±��
^��·¢yÓ�'N�.©z [12—14] þ��

3 COT �� Buck C�ì¥ ESR éC�ìó�G
�kX���K�. � ESR �� (ÑÑ>Næ^>
b>N) �, COT �� Buck C�ì�3óÀquy
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�; � ESR �� (ÑÑ>Næ^¾�>)>N) �,
COT �� Buck C�ì¥�óÀquy���, Ñ
Ñ>Ø«Å�� [12−14]. Ïd, 3 FOT �� Buck C
�ì¥, �k7�ïÄÑÑ>N ESR éC�ì��
5U�K�.

�©òX­é FOT �� Buck C�ì¥�
ÑÑ>N ESR ?1ïÄ, ÏL;^>å>f�
ý (power simulation, PSIM) ^�?1>´�ý, ½
5©Û FOT �� Buck C�ì�ÑÑ>Ø� ¢
�u>a>6� ��Ï9ÙóÀquy�/¤
�Ån, ?Ø©ÛXÛN�ÑÑ>N ESR ���
5�Øù
E,��5y�, ¿ÏLêÆ�{½
þ�Ñ FOT �� Buck C�ì?u­½ó�G�
�� ESR �.�. d	, æ^£ã¼ê{ïáë
�>Ø�ÑÑ>Ø�m�D4¼ê, ?1 FOT �
� Buck C�ì�­½5©Û.

2 FOT �� Buck C�ì9Ù ESR �
ÄåÆA5

2.1 FOT ������ Buck CCC���ììì

FOT �� Buck C�ì�>´�nã9Ù­½
ó�����Å/Xã 1 ¤«. ã 1(a) ¥J�µ
	´ Buck C�ìÿÀ(��Ì>´, �)Ñ\>
Ø E!m'+ S!Y6�4+ D!>a�� L!Ñ
Ñ>N C!ÑÑ>N ESR r ÚK1>{ R; J�
µS´ FOT ��>´, d'�ì!'ä½�ì (off
timer) Ú RS >uì�¤.

� Buck C�ìÑÑ>Ø]�� vo(t) ��ë
�>Ø Vref �, '�ìÑÑp>², RS >uì Q̄
àÑÑ>Ø VS �$>², m'+ S 'ä, vo m©
eü. m'+�'ä�md'ä½�ìû½, �'
ä�½�m TOFF �, 'ä½�ìÑÑ��ÄóÀ,
¦ RS >uì Q̄ à VS �p>², S �Ï, vo þ,.
� vo þ,� Vref �, S 2g'ä, ?\e��m'
��±Ï. Ïd, FOT ����þ´ÄuÑÑ>Ø
«Å���Eâ.

2.2 ØØØÓÓÓ ESR ��� PSIM ���ýýýÅÅÅ///

Äu PSIM >´�ý^�²��ï� FOT �
� Buck C�ì�>´�nãXã 2 ¤«. >´
ëê��� E = 15 V, Vref = 5 V, L = 200 µH,
C = 100 µF, R = 5 Ω, TOFF = 2.5 µs, r ��

Cëê. ��� �� ���� �
� �

� � � � � � � �
� �

� 	 
 � �	 
 	 
 � �	 �
� � � �� ��� ��� � � � �� � �� � � �

� �   � �   � �   � � ! �"
ã 1 FOT �� Buck C�ì (a) >´ã; (b)­½ó
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ã 2 FOT �� Buck C�ì PSIM �ý>´ã

ã 3 �Ñ
 FOT �� Buck C�ì3ØÓ ESR
�� PSIM �ý(J, Ù¥�ã�>a>6 iL!Ñ
Ñ>Ø«Å ∆vo (∆vo = vo − Vref ) 9��óÀ
���Å/, mã�3 iL-∆vo ²¡þ��;ã.
� r = 5 mΩ �, 3ã 3(a1) ¥, ∆vo �Cz¢�u
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� � �� � � # $ % %� � � � � � � �� � � � � � � � � � � �� � � �� � � �� � � �� � �� � � ����� � � � � � � � � � � �
� � � �� � � � � � � � � � � �

���� �� �� &� � � � � � � � � � � � � � � � � � � �

 � � 
� � � � � � � � � � � � � � � � � � � �� � � �� � � �� � � �� � &� � � &��� � � �� � ��� � � �� � � �� � � ��� ' � � � ' � �

� ( � � � ( � �
� � � �

� � 	 	
� � 	 	 � � �

ã 3 ØÓ ESR �ÄåÆA5 (a) r = 5 mΩ; (b) r = 10 mΩ; (c) r = 20 mΩ

>a>6 iL �Cz, FOT �� Buck C�ìÑy

õóÀquy�; lã 3(a2) ��ÑÑ>Øk�
�«Å, ∆vo �� 60 mV, C�ìó�3·bG�.
� r = 10 mΩ �, 3ã 3(b1) ¥, ∆vo �CzE¢
�u>a>6 iL �Cz, �«ÅÅÄªÇO�, 3
�
��óÀ«mS, ∆vo Ú iL �CzU��þ
��óÀ�Cz, �k�O��óÀ«mS�3
VóÀquy�; lã 3(b2) ��ÑÑ>Ø«ÅC
�, ∆vo �� 2.5 mV, �ã 3(a2) �', ÑÑ>Ø«
Å ∆vo k²weü, �C�ìEó�3·bG�.
� r = 20 mΩ �, 3ã 3(c1) ¥, ∆vo �Cz�>
a>6 iL �Cz�±ÓÚ, óÀquy���; l
ã 3(c2) ��ÑÑ>Øk���«Å, ∆vo �� 1.3
mV, C�ìó�3­½�±Ï 1 G�.

3 óÀquy�� ESR �.�

3.1 óóóÀÀÀqqquuuyyy���///¤¤¤ÅÅÅnnn

d FOT ���ó��n��, C�ì�~ó
��, 3m'+ S �Ï��ÑÑ>Ø]�� vo(t)
A$uë�>Ø Vref , = ∆vo < 0. lã 1(a) �±
wÑ, vo ´ÑÑ>N>Ø vC 9Ù ESR >Ø vr �
U\, = vo = vC + vr. éu Buck C�ì5`, d
um'ªÇ��uC�ìA�ªÇ, >a>6«
Å��6\ÑÑ>N, � vC � ¢� iL �  90◦.
� r = 0 �, Xã 4(a) ¤«, = vr = 0, ∆vo ��d
ÑÑ>N>Ø«Å ∆vC(∆vC = vC −Vref ) û½, Ù
� ¢� iL �  90◦. S 'ä�, iL m©eü, 
 vo
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� � � �� � � � � � � �� � � �� � �� � � �� � ���	 � � � 	 � � � � � � �
 � � � � � 	� � � �� � �� � � �� � ���	 � � � 	 � � � � � � �
 � �� � � � � � � �

� � � �� ��� � � � � � � � �
� � � � � � � �

 ! "  ! " ! #  ! #! $
 ! "  ! #! $  ! "  ! #! $

! $% &�'
�� (�� ��� % &�' �� (�� ��� % &�'

�� (�� ��� % &�'
ã 4 ØÓ ESR ���Å/ (a) r = 0 mΩ; (b) r = 5 mΩ; (c) r = 10 mΩ; (d) r = 20 mΩ

E3þ,, ²L TOFF �, du ∆vo > 0, Ïd S
�Ï]m2g'ä, ?\�e��óÀ��±Ï.
3ù«�¹e, S ëY'äeZ� TOFF, FOT �
� Buck C�ì/¤
õ�'äóÀquy�. d
�, vo Ú iL k���«Å.

�O� r �, lã 4(b) wÑ, vr ��, ∆vo EÌ
�d ∆vC û½, � ∆vo � ¢� iL � ��¹k
¤Uõ, qu�'äóÀGêþ~�, ÑÑ>ØÚ
>a>6�«Å²w~�. UYO� r, Xã 4(c)
¤«, ∆vo � ¢� iL � k²wUõ, qu�
'äóÀGêþUY~�. � r �L,� ESR �
.� rcritical �, ∆vo Ì�k vr û½, Ù� �C
u iL � , óÀquy���, vo Ú iL k���
«Å, Xã 4(d) ¤«. dd��, óÀquy��)
����Ï3u: vC � ¢�u iL � , l
�
� vo � ¢�u iL � . ÏLO� r, �±k�/
)û vo � ¢� iL � �¯K, l
�ØóÀq
uy�.

3.2 ESR ���...������(((½½½

d 3.1 !�©Û��, ÑÑ>NGé��>{
�3���.� rcritical, � r < rcritical �, FOT �

� Buck C�ìÑyóÀquy�; � r > rcritical

�, óÀquy���. Äu±þ©Û, �!ò½þ
�Ñ ESR �.� rcritical.

� � � �� � � �� � � � � � � 	 
� �� � � �� � � � 	 
� � � 
 � �� � � �
ã 5 FOT �� Buck C�ì�ó�Å/

Xã 5 ¤«, � tn ´1 n �m'��±ÏS
m'+ S �Ï�å©��, (tn + τ ) ´1 n �m'
��±ÏS S �Ï�(å��, tn+1 ´1 (n + 1)
�m'��±ÏS S �Ï�å©��. S 3 tn ��
�Ï, ²L�Ï�m τ , 3 (tn + τ ) ��, S 'ä, ²
L TOFF �, 1 n �m'��±Ï(å, ?\�e�
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�m'��±Ïå©�� tn+1.
�
BuO�, ùp� tn = 0. 3 t = tn + τ+

��, = t = τ+ ��, S 'ä, iL m©eü, eü�
Ç�

diL
dt

∣∣∣
t=τ+

= −vo

L
, (1)

d�, ∆vC Ú vr u)Cz��Ç©O�
d∆vC

dt

∣∣∣∣
t=τ+

=
iL − Io

C

∣∣∣∣
t=τ+

=
∆IL

2C
=

vo

2LC
TOFF, (2)

dvr

dt

∣∣∣∣
t=τ+

=
d [r (iL − Io)]

dt

∣∣∣∣
t=τ+

=r
diL
dt

∣∣∣∣
t=τ+

= −r
vo

L
, (3)

Ù¥, Io �K1>6�²þ�, ∆IL �>a>6«
Å¸¸�.

d (2) Ú (3) ª��, ∆vo 3 t = τ+ ��Cz
��Ç�

d∆vo

dt

∣∣∣∣
t=τ+

=
d (∆vC + vr)

dt

∣∣∣∣
t=τ+

=
vo

2LC
TOFF − r

vo

L

=
(

r − TOFF

2C

)
diL
dt

∣∣∣∣
t=τ+

, (4)

d (4) ª�±wÑ, � r > TOFF/2C �, ∆vo �C
z� iL �Cz�±ÓÚ; � r < TOFF/2C �, ∆vo

�Cz� iL �CzfÐ��. dd��, ESR �.
��

rcritical =
TOFF

2C
. (5)

±þ�½þ©ÛL², 3 FOT �� Buck C�
ì¥, ÏLÀ�Ü·� ESR, �±;� ∆vo � ¢

�u iL � , l
�ØóÀquy�. TïÄ(J
3¢SA^¥, éuXÛÀ� FOT �� Buck C�
ì�ÑÑ>Näk��¿Â.

4 FOT �� Buck C�ì�­½5©
Û

d1 3 !©Û��, ÏLÀJ·��>´ëê,
�¦ FOT �� Buck C�ìó�3­½�±ÏG
�. �!ò3 FOT �� Buck C�ìó�u­½±
ÏG��, ÏL3ë�>Ø Vref þ\\��6Ä¦
�ë�>Ø�ÑÑ>Ø�m�D4¼ê, ?�Ú©
ÛïÄÙ­½ó��^�.

� \ \ � � � 6 Ä � ∆v =
v̂ sin (2πfmt − θ) , v̂ ¿ Vref , l 
 � � \ \ 6 Ä
��ë�>Ø vref(t)�

vref (t) = Vref + v̂ sin (2πfmt − θ) , (6)

ª¥ v̂, fm Ú θ ©O´��6Ä ∆v �ÌÝ!ªÇ
ÚÐ©� �.
�
|^£ã¼ê{ [12,14] �Ñ vref � vo �

D4¼ê, y�Xeb�: 1) m'ªÇ fs Ú6Ä
ªÇ fm �êþ?�Ó, ��3��ê M , N , ¦
� Mfm = Nf s; 2) 3 S �ÏÚ'ä�, iL �þ,
�ÇÚeü�Çþ�±ð½.

½Â FOT �� Buck C�ì�1 i �m'��
±Ïm©��� ti (i = 1, 2, · · · , M , · · · ), l t1 ��
m©3 Vref þ\\6Ä, �â FOT �� Buck C�
ì�$1A:, ��\\��6Ä� VS Å/Ú vo

Å/, Xã 6 ¤«. db� 1) ��, M �m'��
±Ï Ts éAX N �6Ä±Ï Tm. �Ø�36Ä
�, 1 i �m'��±Ï��Ï�m� TON; �3�

ON,1

�
ON,2

�
ON,3

�
ON, � �

ON,�
...

... � � � � � � � �� � � �� � � �� � � �� � � � � �� � 	 
� �� 
 � � � � � � � �� �
ã 6 \��6Ä�� VS Å/Ú vo Å/
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6Ä�, 1 i �m'��±Ï��Ï�m� TON,i,
üö�m���� ∆TON,i, Kk TON,i = TON +
∆TON,i. dd��, 1 i �m'��±Ï�m©�
� ti �L�ª�

ti = (i − 1) (TON + TOFF) +
i−1∑
k=1

∆TON,k. (7)

é>a>6 iL ?1Fp�©Û, �� iL 36Äª
Ç fm e�Fp�Xê cm(iL) [12,14]�

cm (iL)

=
j2πfm

Nπ

M∑
i=1

∫ ti+TON,i+TOFF

ti

iL e−j2πfmtdt

=
(
1 − e−j2πfmTOFF

) (
1 − e−j2πfmTs

)
×

(
1 +

1
j2πfmRC

)[
1 +

TON

2rC

−
(

1 − Ts + TOFF

2rC

)
e−j2πfmTs

]−1

× M

N

Ev̂

j2πrvo
e−jθ, (8)

ª¥, Ts ´C�ì­½ó���m'��±Ï.
d (8) ª�� vo 36ÄªÇ fm e�Fp�X
ê cm(vo)�

cm (vo) = cm (iL) · R (rC · j2πfm + 1)
(R + r) C · j2πfm + 1

. (9)

\\6Ä��ë�>Ø vref 36ÄªÇ fm e�F
p�Xê� cm (vref) = v̂ e−jθ. l
�� vref � vo

� s �D4¼ê�
vo (s)
vref (s)

=
cm (vo)
cm (vref)

=

(
1 − e−sTOFF

) (
1 − e−sTs

) (
1 +

1
RCs

)
1 +

TON

2rC
−

(
1 +

Ts + TOFF

2rC

)
e−sTs

× M

N

Efm

rvos

R (rCs + 1)
(R + r) Cs + 1

. (10)

©z [12, 14] ¥�Ñ
�«{zD4¼ê��{,
�÷v^� R À r �, (10) ª�{z�

vo (s)
vref (s)

≈ 1(
1+

s

Q1ω1
+

s2

ω2
1

)

× (rCs + 1)(
1+

s

Q2ω2
+

s2

ω2
2

) , (11)

ª¥, Q1 = 2/π, ω1 = π/TOFF, Q2 = Ts/[(rC −
TOFF/2)π], ω2 = π/Ts.

l (11) ª����ÑÑ�D4¼ê¥�w�,
�ÀJ�>Nëê (>N�Ú ESR) ¦� Q2 < 0
�,  u�m'ªÇ?�V4:òá� s ²¡m
�²¡þ, l
�� FOT �� Buck C�ìó�
�­. �â Routh-Hurwitz �â, �k� Q2 > 0,
= rC > TOFF/2 �, âU(� (11) ª�¤k4:
Ñ?u s ²¡��²¡. dd��, FOT �� Buck
C�ì­½5�.^�´ rC = TOFF/2, T^��
þ!©Û(J��.

5 ( Ø

FOT ��Eâ´�«Cª�«Å��Eâ, >
´(�{ü´¢y, �Ä��A�Ý¯!�1�Ç
p. 3K1��½ö��?u�ÅG��, FOT �
�>´' COT ��>´Ém' DC-DC C�ìS
Üò´����
LyÑ��·^. �aquÙ¦
«Å��m' DC-DC C�ì, FOT ��m' DC-
DC C�ì�ÑÑ>NGé��>{éÙÄåÆ5
��kX���K�.

�©Äk�«
 FOT �� Buck C�ìdu
ÑÑ>Ø� ¢�u>a>6� 
Úu�óÀ
quy�, ½5©Û
ÑÑ>Ø� ¢�u>a>
6� ��Ï9ÙóÀquy�/¤�Ån, ¿
½þ�Ñ
 FOT �� Buck C�ì?u­½ó�
G��� ESR �.�. Ùg, ÏL3ë�>Øþ\
\��6Ä, æ^£ã¼ê{ïá
ë�>Ø�
ÑÑ>Ø�D4¼ê, �Ñ
 FOT �� Buck C�
ì�­^�� ESR �.�. �©�ïÄ�{�·
^uæ^ FOT ��Eâ� Boost, Buck-Boost �ÿ
À(�/ª�C�ì, �A�ïÄ(Jé FOT �
�m' DC-DC C�ì>´ëê�ÜnÀ�äk
��¿Â.
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Stability analysis of equivalent series resistance of
output capacitor in fixed off-time controlled Buck

converter∗
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Abstract

Based on the power simulation software, the reason of the output voltage phase lagging behind the inductor current phase is

analyzed qualitatively, and the mechanism to cause the pulse bursting phenomenon in fixed-off-time (FOT) controlled Buck converter

is explained. The way to choose the equivalent series resistance (ESR) of output capacitor to eliminate these complex nonlinear

phenomena is discussed. The critical ESR to ensure the state operation of FOT controlled Buck converter is obtained. The study

results indicate that the ESR has a great effect on the operation state of FOT controlled Buck converter. When the ESR is smaller

than the critical value, the output voltage phase lags behind the inductor current phase, resulting in the pulse bursting phenomenon;

while when the ESR is larger than the critical value, the output voltage variation keeps in phase with the inductor current variation, the

pulse bursting phenomenon disappearing. In addition, the describing function method is used to obtain the transfer function from the

reference voltage to the output voltage. By using the Routh-Hurwitz criterion, it is indicated that the critical ESR is the condition of

destabilizing FOT controlled Buck converter.

Keywords: fixed off-time, equivalent series resistance, pulse bursting, stability
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