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�Ä�êi��ü��x_C>´ PWM N��{ÚÈÅì!K1(��õ�5, ±9|^G�=£Ý
éX
Ú$Ä1�©Û�{�Û�5. ÏL)ÛL�G�=£Ý
¥���, �©JÑ
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�y, í�
Ñ
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1 Ú ó

�Xêi��Eâ�ØäuÐÚ¤Ù, êi�
�ü��x_C>´3Ømä> (UPS)!©Ùª
u> (DG) ±9�.>� (MG) ¥k��^, ��

2�A^. ¿�, ü��x_C>´�ïÄ�´
n��x_C>´ïÄ�Ä:. êi��ü��x
_C>´�ÄåÆA5©Û®²¤�
9:¯K.
duü��x_C>´m'õ, ¿� PWM N��
{!>´���{±9K1(�Czõ�, XÚ¬
�)�~´L���5y�. ®²kNõÆöéd
?1
©Û [1−7]. ©z [1—3] ïá
é¡ PWM N
�e���êi��ü��x>´ó�3 DC-DC
G�e�lÑS�N�, �ã
XÚ�)>.-E
©
�Ån, JÑ
�±JpXÚ½5�U?ò
��"üÑ. ©z [5] ÏL©Û�é¡ PWM N�
e��êi��ü��x>6_C>´���5
1�, *ÿ�XÚu)��±Ï©
y�, ¿JÑ

úC½5½n. ©z [7] ©Û
��>6.ê
i��ü��x_C>´3é¡ PWM N�e�
>.-E©
y�. ù
ó�\�
éü��x_

C>´�n), ´L
éü��x_C>´$ÄA
5�@£.

3 © z [1—7] ¥, ü � � x _ C > ´ k >
6. [1−3,5,7], �k>Ø. [4,6]; XÚ��êk 1
� [1−3,5,7], �k 2 � [4,6]; XÚ�N��ªkn�
Åé¡ PWM N� [1−3,7],

�kç¸Å�é¡ PWM N� [5]. du3þã
©z¥��|^G�=£Ý
í�XÚ�lÑS
�N�, XÚlÑS�N��í�L§Ú/ª�X
XÚ�ê±9N��{��ØÓ¬u)��UC.
AO�XÚ�êpu 2 ��, duG�=£Ý
�
���G�Cþk'¿�Ã{)ÛL�, ÒÃ{)
Û£ãXÚz�G�Cþ�XÚëê�'X, Ï~
I�/ÏO�Åê�O�Ì�£:âUL«ÑX
Úëê�XÚ$Ä1��'X [4,6]. 3¢Sêi�
�ü��x_C>´¥, �Ä�XÚ�ª�A5�
K1(��UC, XÚ��ê�±´?¿��ê;
¿�, XÚ�1Å/ª!m'±Ïå© ��À�,
AO´N��{�UC (ü4�ª!V4N�), ¬
¦XÚ�ÿÀS��)E,�Cz. XÚ�ê9ÿ
ÀS�Cz�õ�5�ØÓXÚï�!©Û�5

* Iùg,�ÆÄ7 (1OÒ: 50877065) ]Ï��K.

† E-mail: leibo@stu.xjtu.edu.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

090501-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 9 (2012) 090501


Nõ(J. |^G�=£Ý
L��>å>f>
´lÑS�N�3©z [8] ¥k¤ïÄ. ��éê
i��ü��x_C>´, ÏLïá N -M êi�
�ü��x_C>´�XêÝ
��)ÛL��
lÑS�N�±9��)ÛL��ä�'Ý
, l
JÑ�±)Û£ãXÚCþ�XÚ$Ä1�'
X�©Û�{�ó�î8������.

�©�é N -M êi��ü��x_C>´,
JÑ
�«#�$Ä1�©Û�{. ÏLî��ê
Æí�, òXÚlÑS�N�¥XêÝ
����
�)ÛL�¤�G�Cþ�XÚëê�¼ê. T�
{�±òXÚëê�XÚ$Ä1��m�'X?
1)Û£ã, ¿�äkûÐ�Ï^5. �XÚ�ê
½N��{u)UC�, �I�â©¥JÑ�úª,
?U�AXÚëêÒ�±�B/éXÚ$Ä1�
?1©Û. ±é¡ PWM N��ü��x>Ø_C
>´� LC ÈÅìÚ RL GéK1, 3>N>Ø	
�!>N>6S�\�½>Øc"��e� 3-3 ê
i��ü��x_C>´�~, éù«$Ä1�©
Û�{��(5?1
�y. duþã�{���
ä�'Ý
¥���äk)ÛL�, ?�Ú��


ù�n�XÚu) Hopf ©
��Oª!��ìë
ê½>.�)ÛL�ª±9u) Hopf ©
�X
Ú��ªÇ�)ÛL�ª. ��, ÏL Simulink �
ý±9>´¢��y
nØ©Û��(5.

2 N -M êi��ü��x_C>´$
Ä1�©Û�{

êi��ü��x_C>´�XÚ(�Xã 1
¤«. ã¥, E ��6ý>Ø; S1—S4 ´d PWM &
Ò°Ä�n�>å>fm'; 3��m'±ÏS,
du��m'+þ���óÀØÓ, XÚ¬�)Ø
Ó�ÿÀCzS�. ÈÅì�(�¬Ï_C>´´
>Ø.½>6.�k¤ØÓ.

À�>a>6±9>N>Ø��XÚ�G�
Cþ, �Ä�XÚ�ª�A5±9,Ñ>{�K�,
�k>aGé�â�ò>a��Ü¿. b�ü��
x_C>´k N �Õá�G�Cþ, ¿�3��
m'±ÏSk M gÿÀCz. 31 n �m'±Ï
S�G��©�§�±��

dx

dt
=



An1x + Bn1E (0 6 t < dn1Ts),

An2x + Bn2E (dn1Ts 6 t < (dn1 + dn2)Ts),

· · ·

AnMx + BnME ((1 − dnM )Ts 6 t < Ts),

(1)

ã 1 êi��ü��x_C>´XÚã

Ù ¥, x � X Ú � N � G � � þ; Ani, Bni,
dni(i ∈ [1,M ]) ©O�31 n �m'±ÏS1 i

«>´ÿÀ�� N �G�Ý
!N �Ñ\��
þ±9d«>´ÿÀ�Ó�'. duü��x_
C>´�ÿÀCz�¬é�6>Ø���±
9kÃ�6>Ø�)K�, ¤±XÚ�G�Ý

 Ani ¿Ø¬�XÿÀ(��UCu)Cz. Ï

d, � Ani = A; �â dni ½Â, k
l=M∑
l=1

dnl = 1.

é (1) ª?1©ãÈ©, XÚ�lÑS�N�
�±L��

xn+1 =eATsxn + E

(
i=M∑
i=1

(
e

ATs(1−
j=i∑
j=1

dnj)

×
∫ dniTs

0

eAξBnidξ

))
. (2)

du�Ä
>a!>N¥,Ñ>{�K�, Ó
�XÚ¹k N �Õá�G�Cþ, w,Ý
 A ÷
�. -

βi = A−1Bni, (3)

ª¥, i ������ 1—M .
- dn0 = 0, Ó�½Â¼ê

φ(N,M) =E
i=M∑
i=1

(
e
(1−

j=i−1∑
j=0

dnj)ATs

βi

− e
(1−

j=i∑
j=1

dnj)ATs

βi

)
, (4)
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Ù¥, N �LXÚ��ê; M �L��m'±ÏS
�ÿÀCzê. (2) ª�±�z{�

xn+1 = eATsxn + φ(N,M). (5)

ÏL (3)—(5) ª���lÑS�N��XêÝ

¥¹kG�=£Ý
. Ï�ù
G�=£Ý
¥
´¹kÓ�'�, Ó�'´G�Cþ�¼ê, ¤
±G�=£Ý
����G�Cþk'. �Ò´`,
(5) ª¤�L�lÑS�N�Ã{)ÛL�ÑlÑ
S�N�XêÝ
¥�����, �ÒÃ{)Û£
ãXÚz�G�Cþ�Ù¦G�CþÚXÚëê
�'X. ¦^d (5) ª���lÑS�N�©ÛX
Ú�, XÚ�ä�'Ý
±9�A�A���U3
,�«ëê^�eÏLO�Åê�O�¦Ñ, XÚ
ëê�XÚ$ÄA5'X�©Û�UÏLÌ�£
:L«, Ã{�Ñ)Û£ã. �
¦ÑÝ
¥��
�)ÛL�, l)Û£ãXÚëê�XÚ$ÄA
5�'X, I�é (3)—(5) ª?1?�Úí�.

|^Ý
�A���A��þ�±O�Ý

��ê [9]. �Ý
�A��þ¥¹k�5�'�
�, �â©z [9] ¥Jø��{éÝ
?1���
�Ä, 3�yÝ
�êO�°Ý�cJe�±¦Ý

�A��þ�5Ã' .

� ζ �?¿~ê, �âÝ
A5, ζATs Ú ATs

�A��þ�Ó, ζATs �A��´ ATs �A��
� ζ �. � λ1—λM � ATs (XJA��þ�5�
', �±éÙ?1�Ä) �A��, κ �Ù N �A
��þÝ
, ρ � κ �_Ý
, κ � ρ �½Â�N
¹ A.

-

ε(a, b, c) = κbaρac, (6)

ª¥ a, b, c ½ 
 κba, ρac ©O3 κ, ρ ¥� �,
����� 1—N .

-

δ(N, ξ, b, c) =
a=N∑
a=1

ε(a, b, c) eξλa , (7)

ψ(N, l) =


ε(l, 1, 1) ε(l, 1, 2) · · · ε(l, 1, N)

ε(l, 2, 1) ε(l, 2, 2) · · · ε(l, 2, N)

· · · · · · · · · · · ·

ε(l, N, 1) ε(l, N, 2) · · · ε(l, N,N)

 ,

(8)

ª¥, l ������ 1—N .
|^ (6)—(8) ª, eζATs �±L«�

eξATs = κ


eξλ1 0 · · · 0

0 eξλ2 · · · 0

· · · · · · · · · · · ·

0 0 · · · eξλN

ρ

=


δ(N, ξ, 1, 1) δ(N, ξ, 1, 2) · · · δ(N, ξ, 1, N)

δ(N, ξ, 2, 1) δ(N, ξ, 2, 2) · · · δ(N, ξ, 2, N)

· · · · · · · · · · · ·

δ(N, ξ,N, 1) δ(N, ξ,N, 2) · · · δ(N, ξ,N,N)

 =
l=N∑
l=1

eξλlψ(N, l). (9)

3¢SXÚ¥, ζ �U´ dni �¼ê, �Ò´
XÚG�Cþ�¼ê. �â (9) ª, �XÚëê(
½�, �±ò eζATs Ý
�z���)ÛL«� ζ

�¼ê, ��±ò eζATs L�¤�X�~êÝ

� ζλi ��ê¦È�Ú. ÏL (9) ªò ζ 3Ý
�
ê¥)ÛL�Ñ5, �?�Ú{zó�Jø
�U.

|^ (9) ª, é (4) ª?1Cz��

φ(N,M) =E
i=M∑
i=1

(
l=N∑
l=1

((
e

(
1−

j=i−1∑
j=0

dnj

)
λl

− e

(
1−

j=i∑
j=1

dnj

)
λl

)
ψ(N, l)βi

))
. (10)

(10) ª´����þ. (Ü (5), (9) ª, �±�
� (10) ª¥���)ÛL�.

-

γ(N, g, ξ1, ξ2, h) =
[
δ(N, ξ1, h, 1) − δ(N, ξ2, h, 1),

δ(N, ξ1, h, 2) − δ(N, ξ2, h, 2),

· · · ,

δ(N, ξ1, h,N)

090501-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 9 (2012) 090501

− δ(N, ξ2, h,N)
]
βg, (11)

ϕ(N,M, h) =
g=M∑
g=1

γ
(
N, g, 1 −

i=g−1∑
i=0

dni, 1

−
i=g∑
i=1

dni, h
)
. (12)

(11) ª¥ ξ1 Ú ξ2 ´?¿~ê, h �L (11) ª
�L�ªáu1 h �G�Cþ, �Ò´ (10) ª¥�
1ê, h ������ 1—N . g ´XÚÿÀS��
?Ò, g ������ 1—M .

|^ (10)—(12) ª, φ(N,M) �L«�

φ(N,M) = E


ϕ(N,M, 1)

ϕ(N,M, 2)

· · ·

ϕ(N,M,N)

 . (13)

XÚ�ÿÀS�´d��m'+� PWM &
Ò�Ò´Ó�'û½�. du3êiXÚ¥�3æ
�!O�ò´�K�, 1 n �m'±Ï�Ó�'´
31 n − 1 �m'±ÏO����. - yn = xn−1

�LXÚþ��m'±Ï�G�Cþ, XÚ�G�
CþC� xn Ú yn. êiXÚ¥Ó�'�L�ª�
±��

dn =


1 fd(yn) > 1,

fd(yn) 1 > fd(yn) > 0,

0 0 > fd(yn),

(14)

ª¥, fd(yn) ´Ó�'Cþ�XÚG�Cþ�éA
'X, �XÚ����{k'.

�â (8)—(14) ª, ��G�Cþmp�Õá,
¿�Xê)Û� N − M êi��ü��x_C>
´�lÑS�N��

x1(n+1) =fx1(N,M, xn,yn)

=
k=N∑
k=1

δ(N, 1, 1, k)xkn + Eϕ(N,M, 1),

x2(n+1) =fx2(N,M, xn,yn)

=
k=N∑
k=1

δ(N, 1, 2, k)xkn + Eϕ(N,M, 2),

· · ·

xN(n+1) =fxN
(N,M, xn,yn)

=
k=N∑
k=1

δ(N, 1, N, k)xkn

+ Eϕ(N,M,N). (15)

du (15) ª¥�z�G�Cþ�lÑS�N
�Ñp�Õá, ¿�äk)ÛL��Xê, |^ (15)
ª�±�Ñ���)ÛL��ä�'Ý
.

� 
 B u Ö �, ù p ^ δN−1(b, c) L
« δ(N, 1, b, c). Ó�, -

Λ(h) = E
∂ϕ(N,M, h)

∂dn
, (16)

��)Û�ä�'Ý
L�ª�

JN−M =



δN−1(1, 1) δN−1(1, 2) · · · δN−1(1, N) Λ(1)
∂dn

∂y1
Λ(1)

∂dn

∂y2
· · · Λ(1)

∂dn

∂yN

δN−1(2, 1) δN−1(2, 2) · · · δN−1(2, N) Λ(2)
∂dn

∂y1
Λ(2)

∂dn

∂y2
· · · Λ(2)

∂dn

∂yN

· · ·

δN−1(N, 1) δN−1(N, 2) · · · δN−1(N,N) Λ(N)
∂dn

∂y1
Λ(N)

∂dn

∂y2
· · · Λ(N)

∂dn

∂yN

1 0 · · · 0 0 0 · · · 0

0 1 · · · 0 0 0 · · · 0

· · ·

0 0 · · · 1 0 0 · · · 0



.

(17)

êi��ü��x_C>´�XA^|Ü�
ØÓ, ÙÌ>´(��N��ªkNõCz. �Ã
Ø´ÈÅì (L ÈÅì!LC ÈÅì!LCL ÈÅì
�) ÚK1(� (R, L, C �|Ü) �Cz�)�X
Ú�êCz, �´N��{ (ü4N�!V4N�)

Ú1Å (n�Å!ç¸Å) �Cz�)�XÚÿÀ
S�UC, �IéÝ
 A, Bni �Ñ�A�?U¿
�\�A N , M �, Ò�±|^ (6)—(17) ª���
Ñz�G�Cþ�lÑS�N�9��)Û�ä
�'Ý
. l�)Û£ã N − M êi��ü�
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�x_C>´¥Cþ�$Ä1��'XJø
�
U. �éuDÚ�{�U|^ê�O� “Å:” ©Û
XÚ$ÄA5�Û�5, �©ù«$Ä1�©Û�
{3´^5Ú(¹5��¡Ñäk²w�`³. d
�{�±�*£ãêiü��x_CXÚ�z�
G�Cþ�Ù¦G�Cþ9XÚëê�m�'X,
lïáXÚëê�XÚ$Ä1��)ÛéX.

3 3-3 êi��ü��x>Ø_C>´
A^¢~

����A^¢~, |^1 2 !JÑ��{,
e¡éêi��é¡ PWM N�e, æ^ LC ÈÅ
ì� RL K1�ü��x>Ø_CXÚ3>N>
Ø	�!>N>6S�!\�½>Øc"���

{e�$ÄA5?1©Û.
XÚ(�Xã 2 ¤«, Lf , Cf ©O�ÈÅ>

a!ÈÅ>N; �â©z [10], �±ò>aÚ>N
¥�,Ñ>{���>aý, �� rzs; CM, VM ©
O�>6DaìÚ>ØDaì; Ll, Rl ©O�K
1>a±9K1>{; νref ´	�>Ø�ë��;
kin, kout, kpre Ú ksat ©O�S�!	�!�½>
Øc"XêÚ�Ì'~Xê. XÚëê���X
L 1¤«.

L 1 XÚëêL

Cþ �� Cþ ��

E/V 100 Lf/mH 1

fs/kHz 10 rzs/Ω 0.5

f/Hz 50 Ll/ mH 15

vref/ sin(2πft) 70 rzsl/Ω 0.3

ksat 0.005 Rl/Ω 10

Cf/µF 20 kpre 1

ã 2 3-3 êi��ü��x>Ø_C>´(�ã

ã 3 êi��é¡ PWM N�üÑ
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XÚêi PWM u)ìæ^�´é¡ PWM
N�üÑ, Xã 3 ¤«. � dn ´XÚ31 n �
m ' ± Ï � Ó � ', 3 PWM & Ò ü ý ´ � �
� (1 − dn)Ts/2 �$>², �L S2, S3 mÏ, S1,
S4 'ä, ��XÚ�ó�G� 2; 3ü�$>²¥
m, ´��� dTs �p>², �L S1, S4 mÏ, S2,
S3 'ä, ��XÚ�ó�G� 1.

3¢S��¥, >Ø�½&Ò vref ´�u&Ò.
duêi��3��m'±ÏS�?1�gæ�
O�, Ó�ÑÑ>ØªÇ��uXÚm'ªÇ, |
^O·�©Û [11], @�3��m'±ÏSë�>
Ø´��ð�, L«�

vrefn = vref(nTs). (18)

3.1 3-3 êêêiii������üüü������xxx>>>ØØØ___CCCXXXÚÚÚ
���½½½555©©©ÛÛÛ

�âã 2 ¥¤«�XÚ(�ã±9N�!
���{, À�XÚG�Cþ x = [if , vf , il]T, Ó
�½Âþ�û� x � y = [iof , v

o
f , i

o
f ]

T. duæ
^êié¡ PWM N�, ��m'±ÏSXÚk
ngÿÀCz. tn1—tn3, dn1—dn3 ©O�1 n �
m'±ÏSz«ÿÀ�ó��m±9Ó�'. A,
Bni, i ∈ {1, 2, 3} ´ � A ÿ À e � X Ú G � Ý

±9Ñ\Ý
, ½Â�N¹ A. �â��5Æ
k dn1 = dn3 = (1 − dn)/2, dn2 = dn, Bn1 = Bn3,
ς1 = β1 = β3 = A−1Bn1, ς2 = β2 − β1 =
A−1Bn2 − Bn1).

- N = 3, M = 3. � λ1, λ2, λ3 �Ý
 ATs �
A��, �âd 3-3 XÚ�ÿÀ9XÚÓ�''X,
�±|^V�u¼êé (10) ª?1z{.

½Â¼ê

Γ (h, l, q) =
[
δ(3, 0.5, h, 1), δ(3, 0.5, h, 2),

δ(3, 0.5, h, 3)
]
Ψ(3, l)ςq, (19)

ϕ(3, 3, h) =
g=3∑
g=1

γ
(
3, g, 1 −

i=g−1∑
i=0

dni, 1

−
i=g∑
i=1

dni, h
)

=2E
l=3∑
l=1

(
Γ (h, l, 1) sinh

(λl

2

)
+ Γ (h, l, 2) sinh

(dnλl

2

))
. (20)

�â1 2 !�½Â, h, l ������ 1—3; q

�Ló�G�, ����� 1—2.
�
BuÖ�, ^ δ3−1(b, c) L« δ(3, 1, b, c),

|^ (20) ª, n�XÚ�lÑS�N��

if(n+1) =fif(xn,yn)

=δ3−1(1, 1)ifn + δ3−1(1, 2)vfn

+ δ3−1(1, 3)iln

+ 2E

l=3∑
l=1

(
Γ (1, l, 1) sinh

(λl

2

)
+ Γ (1, l, 2) sinh

(dnλl

2

))
,

vf(n+1) =fvf(xn,yn)

=δ3−1(2, 1)ifn + δ3−1(2, 2)vfn

+ δ3−1(2, 3)iln

+ 2E

l=3∑
l=1

(
Γ (2, l, 1) sinh

(λl

2

)
+ Γ (2, l, 2) sinh

(dnλl

2

))
,

il(n+1) =fil(xn,yn)

=δ3−1(3, 1)ifn + δ3−1(3, 2)vfn

+ δ3−1(3, 3)iln

+ 2E

l=3∑
l=1

(
Γ (3, l, 1) sinh

(λl

2

)
+ Γ (3, l, 2) sinh

(dnλl

2

))
. (21)

�Äêi���O�ò�, XÚ1 n �m'±
Ï�Ó�' dn �±��

fd(yn) =D + ksat

(
kin(kout(vref(n−1) − vo

fn)

− (iofn − ioln) + kpre)
)

=D + ksat(kinkout + kpre)vref(n−1)

− ksatkiniofn − ksatkinkoutv
o
fn

+ ksatkinioln

=D + kvpvref(n−1) + kif i
o
fn

+ kvfv
o
fn + kili

o
ln, (22)

(22) ª¥, kvp = ksat(kinkout+kpre), kif = −ksatkin,
kvf = ksatkinkout, kil = ksatkin.

(Ü (21), (22) ª, - xn+1 = xn �±¦ÑX
Ú�²ï:, ©O�� x∗

n, y∗
n. - d∗n = fd(y∗

n), �
â (17), (21), (22) ª��XÚä�'Ý
 J3−3 �
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J3−3 =



δ3−1(1, 1) δ3−1(1, 2) δ3−1(1, 3) Λ(1)kif Λ(1)kvf Λ(1)kil

δ3−1(2, 1) δ3−1(2, 2) δ3−1(2, 3) Λ(2)kif Λ(2)kvf Λ(2)kil

δ3−1(3, 1) δ3−1(3, 2) δ3−1(3, 3) Λ(3)kif Λ(3)kvf Λ(3)kil

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0


. (23)

�â (16), (21) ª, (ÜXÚëê�� Λ(x) �
L�ª�

Λ(x) = E
l=3∑
l=1

Γ (x, l, 2) cosh
(d∗nλl

2

)
λl

≈ E
l=3∑
l=1

Γ (x, l, 2)λl. (24)

|^ (19)—(24) ª�ÑXÚ)Û�A��§�

λ2
J(λ4

J + λ3
JF1 + λ2

JF2 + λJF3 + F4) = 0, (25)

Ù¥, F1—F4 �äNëê½Â�N¹ B. duæ�

1 2 !¥��{, F1—F4 ´XÚëê±9��
ëê�¼ê, äk)Û�L�ª. �±ÒXÚëê
éXÚ��©Ù±9$ÄA5�K�?1?�Ú
©Û.

�X��ëêØäO�, XÚ��é�ÝJ�
��¬C�. ��ÝJ�3ü �þ�, eÙ{ü
��E,?uü �S�, XÚ�Xëê�Cz¬
u) Hopf ©
. dd, �â (25) ª, �Ñdn�X
Úu) Hopf ©
��Oª�

|F4| < 1, F2 +
F3 − F1F4

F4 − 1
> −1. (26)

�XÚæ^>N>Ø	�!>N>6S�!
\�½>Øc"���, �â (26) ª, �k��ü
 ���o´�ÝJ�. �â��½n�ÑXÚ�
�ëê kin, kout �½>.÷v±e'X:

µ2 + µ2 inkin + µ2 allkinkout

=µ4 inkin + µ4 allkinkout + 1

+
µ1 − µ3 − µ3 inkin − µ3 allkinkout

µ4 inkin + µ4 allkinkout − 1

(
− µ1

− µ1 − µ3 − µ3 inkin − µ3 allkinkout

µ4 inkin + µ4 allkinkout − 1

)
, (27)

(27) ª¥ëê�äN½Â�N¹ C.
XÚu) Hopf ©
�¬�)�� [12,13], ��

ªÇ�±ÏLA��O��Ñ. ������ì
ëê� k∗

in, k∗
out, KXÚ���ªÇ fos �

fos =
1

2πTs
arccos[(µ1 − µ3 − µ3 ink∗

in

− µ3 allk
∗
ink∗

out)/(2µ4 ink∗
in

+ 2µ4 allk
∗
ink∗

out − 2)−1]. (28)

ÏLé (27), (28) ª¦), ��XÚ��|©

:� kout = 1, kin = 0.096; d�u) Hopf ©
�
��ªÇ� 1190.4 Hz.

ã 4 n�XÚA��;,

090501-7
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3.2 3-3 êêêiii������üüü������xxx>>>ØØØ___CCCXXXÚÚÚ
���½½½555���yyy

�XÚëêXL 1 ¤«�, |^O�Åê�O
�°(/O�Ñ kin, kout 3 0—1000 �m± 0.01
�Ú�Cz�dn�XÚ�A��3ü �S�
Czª³Xã 4 ¤«. lã 4 ¥�±uy�XXÚ
��ëê�O�, dn�XÚ�A��©ª±�Ý
E��/ªBÑü �, XÚu) Hopf ©
, y²

 (26) ªL«� Hopf ©
�Oª��(5.

3©
: (kout = 1, kin = 0.096) ��� vf Å
/±9 vf � FFT ©Û(JXã 7 ¤«. vf 3��
$1±ÏS²{
�� 24 g��. ÏL FFT ©Û,
>ØÅ/¥Ø=¹k 50 Hz �ÄÅ¤©, �Ñy

��ªÇ�� 1190 Hz ��Å¤©. ��ªÇÚn

ØO��ÎÜ, y²
 (28) ª¤«���ªÇO�
ª��(5.

ã 5 XÚ�½��

ã 6 n�XÚ�ý>´ã

ã 7 n�XÚ� Simulink �ý(J (a) vf ��Å/; (b) FFT
©Û(J

én�XÚ�$Ä1�?1Á�ïÄ, ±�y
nØ©Û��(5. ¢�>´ÿÀ(��ã 2 �Ó,
XÚëêÀ�XL 1 ¤«. ²L¢�©Û,

ã 8 kout = 1, kin = 0.087 vf ¢�Å/ (p¶: 25 V/div; î
¶: 2 ms/div)

kout = 1, kin = 0.087 ´XÚu) Hopf ©
�©

:. d�XÚ>N>Ø�¢�Å/Xã 8 ¤«,
� Simulink �ý(J�q. lã 8 ¥�±wÑ, 3
��$1±ÏSXÚ�u)
 23 g��, ��ª
Ç�� 1150 Hz, �nØ©Û�C. duvk�Ä_
Cìk«�^±9m'+��Ñ�, ¢��)
�
½�Ø�.
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4 ( Ø

�©�é N -M êi��ü��x_C>´,
ÏLî�êÆí�, JÑ
�«#�$Ä©Û�{.
d�{äkûÐ�Ï^5, �XÚ�ê±9N��
{u)UC�, �I?U�A�XÚëêÒ�±�
�\±A^; Ó�|^d�{�±��XÚlÑS
�N��XêÝ
±9ä�'Ý
¥�����
)ÛL�ª, l�±)Û£ãXÚG�Cþ�ü
zL§, ¿\±©Û.

± 3-3 êi��ü��x>Ø_C>´�~,
�\�Aëê, |^�©JÑ��{��
Ùu
) Hopf ©
��Oª!½���)ÛL�ª!
u) Hopf ©
�XÚ��ªÇ�)ÛL�ª, ¿
ÏLO�Åê�O�!Simulink �ý�>´¢�
y²
nØ©Û��(5.

éu N -M êi��ü��x_C>´ó,
�©¤JÑ�$Ä1�©Û�{, {z
XÚ�ï
�L§, ïá
ØÓÌ>´(�9N��{�XÚ
�m�éX, k|uêi��ü�xª_C>´#
ÿÀ!#N��{�JÑ. Ó�, þã�{)Û�
£ã
XÚ�z�G�Cþ�Ù¦G�Cþ9X
Úëê�m�'X, ïá
XÚëê�XÚ$Ä1
��m�)ÛéX, �±��aq�5©Û�{�
XÚA5)ÛL�, k|u¢Só§A^.

N ¹ A

κ =


κ11 κ12 · · · κ1N

κ21 κ22 · · · κ2N

· · ·

κN1 κN2 · · · κNN

 , (A1)

ρ =


ρ11 ρ12 · · · κ1N

ρ21 ρ22 · · · κ2N

· · ·

ρN1 ρN2 · · · κNN

 , (A2)

A =


−rzs

Lf
− 1

Lf
0

1

Cc
0 − 1

Cc

0
1

Ll
−Rl + rzsl

Ll

 , (A3)

Bn1 =

[
1

Lf
, 0, 0

]T

, (A4)

Bn2 =

[
−1

Lf
, 0, 0

]T

. (A5)

N ¹ B

H1(i) =


2 (i = 1),

3 (i = 2),

1 (i = 3),

(B1)

H2(i) =


3 (i = 1),

1 (i = 2),

2 (i = 3),

(B2)

G(i, j) =


Λ(j)(δ3−1(H1(j), H1(j))

+δ3−1(H2(j), H2(j))) (i = j),

−Λ(j)δ3−1(i, j) (i 6= j),

(B3)

Q(i) =

j=3∑
j=1

Λ(j)δ3−1(H1(j), H1(i))

× δ3−1(H2(j), i)

−
j=3∑
j=1

Λ(j)δ3−1(H1(j), i)

× δ3−1(H2(j), H1(i), (B4)

F1 = − (δ3−1(1, 1) + δ3−1(2, 2) + δ3−1(3, 3)), (B5)

F2 =

i=3∑
i=1

δ3−1(j, j)δ3−1(H1(j), H1(j))

−
i=3∑
i=1

δ3−1(j, H1(j))δ3−1(H1(j), j)

− Λ(1)kifc − Λ(2)kvfc − Λ(3)kilc, (B6)

F3 =kifc

j=3∑
j=1

G(1, j) + kvfc

j=3∑
j=1

G(2, j)

+ kilc

j=3∑
j=1

G(3, j)

+

j=3∑
j=1

δ3−1(1, j)(δ3−1(H1(j), H2(j))

× δ3−1(H2(j), H1(j)))

−
j=3∑
j=1

δ3−1(1, j)(δ3−1(H1(j), H1(j))

δ3−1(H2(j), H2(j))), (B7)

F4 =kifcQ(2) + kvfcQ(3) + kilcQ(1). (B8)

N ¹ C

η1 =F1, (C1)

η2 =

i=3∑
i=1

δ3−1(j, j)δ3−1(H1(j), H1(j))
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−
i=3∑
i=1

δ3−1(j, H1(j))δ3−1(H1(j), j), (C2)

η2 in =
dF2

dkin
= −ksat(Λ(3) − Λ(1)), (C3)

η2 all =
dF2

dkall
= −ksat(Λ(3) − Λ(1)), (C4)

η3 =

j=3∑
j=1

δ3−1(1, j)(δ3−1(H1(j), H2(j))

× δ3−1(H2(j), H1(j)))

−
j=3∑
j=1

δ3−1(1, j)(δ3−1(H1(j), H1(j))

× δ3−1(H2(j), H2(j))), (C5)

η3 in =
dF2

dkin
= ksat

( j=3∑
j=1

G(3, j) −
j=3∑
j=1

G(1, j)
)
, (C6)

η3 all =
dF3

dkall
= ksat

j=3∑
j=1

G(2, j), (C7)

η4 in =
dF4

dkin
= ksat(Q(1) − Q(2)), (C8)

η4 all =
dF4

dkall
= ksatQ(3). (C9)

[1] Robert B, Robert C 2002 Int. J. Contr. 75 1356
[2] Iu H H C, Robert B 2003 IEEE Trans. Circ. Syst. I50 1125
[3] Robert B, Iu H H C, Feki M 2004 Int. J. Circ. Sys. Comp. I50

1125
[4] Li M, Dai D, Ma X K 2008 Circuits Syst. Signal Processing 27

811
[5] Wang X M, Zhang B , Qiu D Y 2009 Acta Phys. Sin. 58 2248 (in

Chinese) [�Ær, ÜÅ, £À� 2009 ÔnÆ� 58 2248]
[6] Aroudi A E, Rodriguez E, Orabi M, Alarcon E 2010 Int. J. Circ.

Theor. Appl. 10 627
[7] Hiroyuki A, Takuji K 2010 Int. J. Circ. Theor. Appl. Int. J. Birf.

Chaos 21 985

[8] Tse C, Bernardo M D 2002 IEEE Trans. Power Electron 90 768

[9] Moler C, Loans C V 1978 SIAM REVIEW 20 801

[10] Zhang K, Kang Y, Xiong J , Chen J 2003 IEEE Trans. Power.
Electron 18 784

[11] Tse C 2003 Complex Behavior in Switching Power Converters
(Boca Raton ,CRC) P59

[12] Mazumder S K, Nayfeh A, Boroyevich D 2001 IEEE Trans.
Power Electron 16 201

[13] Zhao Y B, Luo X S, Fang J H, Wang B H 2005 Acta Phys. Sin. 54
5022 (in Chinese) [ëÃÅ, Û¡Ü, �<�, �[÷ 2005 Ôn
Æ� 54 5022]

090501-10



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 9 (2012) 090501

Analysis of dynamic behavior in the digitally
controlled single-phase full-bridge inverter∗

Lei Bo† Xiao Guo-Chun Wu Xuan-Lü
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Abstract
Considering the multiformity in the PWM modulation principle, the diversity in the structures of filter and load, and the limitation

of the method based on state transition matrix in the analysis of digital controlled single-phase full-bridge inverter, we present a new
method based on analytic expression of the elements in the state transition matrix. This method can analytically express the relationship
between the parameters and the dynamic motion of a system named N -M digitally controlled single-phase full-bridge inverter, which
has N state variables and structure changing M times within one switching cycle. As an example, the discriminant of Hopf bifurcation,
the analytic expressions of the stability boundary and the oscillation frequency of a 3-3 digitally controlled single-phase full-bridge
inverter are derived. Finally, the theoretical results are verified by simulations and circuit experiments.

Keywords: single-phase full-bridge inverter, digital control, discrete-time iterative map, dynamic behavior
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