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1 Ú ó

��5XÚnØ´ 20 Vg,�Æ+��
��¤J��, Ù�'ïÄ®²*Ð�
��Æ�
�©|, >å>f>´du¦^
�±���m'
ì�, Ïäk
r��5Ï�, ´��5nØ�
�ïÄé�, Ó�, �u>å>f��N>´3
¢S¥äk2��^å, Ï�'ïÄ�äkAO
�y¢¿Â. >å>f>´¥���5E,1�ï
Ä©uþV 80 c�, Ùm®²uy
����
5XÚ¤äk��«�Uy�, Xõ«Ï�·b�
©��´!E,m�!õáÚf��! F!©
/áÚf� [1−4]. Cc5, du¢SI¦, éda>
´���5E,y��ïÄ, ®ÿÐ���5E,
y�����Ú� (���) ïÄ, ±¼�>´�
½�O(J½5UUõ.

L� 20 õc, <�é>å>f>´¥�E,
y�ïÄ, Ì�é�´ DC-DC C�ì, ���9
Ù¦a.�>´. Cc5, ù«G¹k¤â», ©
z [5,6] ÄgïÄ
'~��� H x_Cì¥�©
��·by�, ò>å>fC�ì·by�ÿÐ�
_Cì>´¥; ©z [7] ?�ÚïÄ
�u_Cì
¥�3�¯CÚúC©�1�, ¿�Ñ
¯CÚú

C½5�A:9�péX; ©z [8] éêi��
�_C>´¥u)���S3Ån?1
&¢, Ï
LA��;,y²
XÚ� Hopf ©�1�.H x
>Ø>6V4��"��_Cì, duäkL6�
o!Ä��A¯!�¿é$1��¡�ûÐA5,
��
2��A^ [9]. �uó°N� (SPWM) ´
�«2�A^� DC-AC Eâ, æ^ PWM ���
ª� H x>´´�«õm'���5XÚ, §Q�
ó�3�6ÍÅ�ª, ��ó�3_C�ª, �X
XÚëê�Cz,_Cìò�UÑy©�!��?
\·bG�, d�XÚ�>ØÚ>6m'«ÅO�,
_Cìó�5UÑy�z. Ïd�éT�¹, ?1
k��·b��!$�´©��� [10−13], ¦�>
´ó�u�Û½!5K�G�, äk��nØ
Ú¢S¿Â.

3C�ì�©��·b����{¥, �·Ö
�´�«{ük���{, §é��é�kéÐ
�·^5, Ó�·^u_Cì�¯IØ½©��
�. 3¢S�>´�O¥, ²�u�
Ì��^, "
y7���OOK. Ïd, �©òl��5XÚ�
©���nØÑu, éü� SPWM_Cì (Äu¸
�>6�ª��) 9Ù¥��·Ö��Y?1©Û
ÚïÄ, ÏLé¯IØ½©����, ¦�>6
m'«ÅÚo�Å�ý (Total Harmonic Distortion,
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THD) �XÚ5U�I��²w�Uõ, �>´�
½$1JønØ���^.

2 ¸�>6�ª�� H x_Cìó�
�n

¸�>6�ª���>Ø>6V4��"�
�_CìXã 1 ¤«. T>´�4���XÚ�
)	Ü>Ø�ÚSÜ>6�üÜ©, Ù¥>Ø��
SÜ�>6�Jøë�>6 iref . dã 1(a) �±w
Ñ, � vref ��6þ�, XÚó�3 DC-DC �6C
�ìG� (=�6ÍÅG�), 	Ü>Ø�² PI N
!�, ¦ÑÑ>Ø vo �\½, qduÌ>´�m
~ê��um'±Ï Ts, Ïd, ÑÑ>Ø vo �C
q��~ê; �ë�>Ø vref = V̂ref sin (ωmt) =

V̂ref sin (θm) (ωm = 2πfm, fm �óª, θm = ωmt

���) �, ��u�SÜ�>6�Jø�C�ë
�>6 iref , = iref = Îref sin (ωmt) = Îref sin θm,
XÚó�3�u_CG�, ù«ó��ªq¡
� � u ó ° N �,  ½ ó � � Ó � ' U � u 5
ÆCz. �>´vk�·Ö�, = ic = 0 �, d
u�6ë�>Ø vref ÅÄ���, ¸�>6�ª
�� H x_Cì3��óª±ÏS¬�3Ó�
' D ����¹, 7,�)¯IØ½y�. �
� Ø ù « ¯ I Ø  ½ y �, � Ú \ � · Ö � &
Ò ic, =ë�>6 iref ~� ic, ��Ö��ë�
>6 ĩref = iref − ic = iref − Sramp (t mod Ts), Ù
¥ Sramp �ç¸Å�Ç!Ts �m'±Ï. òÙ�>
a>6 iL ?1'�, ² RS >uìÚ PWM °Ä>
´ò°Ä&Ò©Ox� VT1, VT3 ½ VT2, VT4, >
uo�m'+¤é/pÖó�.

ã 1 ¸�>6�ª�� H x_Cì9ê��ýÅ/ (a) >´(�; (b) ÑÑ>Ø�� (þ)!ªðæ� (e) Å/; (c) >
a>6�� (þ)!ªðæ� (e) Å/
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¸�>6�ª�� H x_Cì�õÇÜ©�
)Ñ\�6> E, m'+ VT1—VT4(��¿é�
4+), >a L, ÑÑ>N C ÚK1 R. T_Cì�
3ü«ó�G�, Ù¥ “G� 1” �, VT1 Ú VT3 �
Ï, VT2 Ú VT4 ��, >a>6þ,; “G� 2” �,
VT1 Ú VT3 ��, VT2 Ú VT4 �Ï, >a>6eü.
éA�£ãXÚ$1�G��§�:

ẋ = A1x + B1E G� 1: VT1 Ú VT3 �Ï,

VT2 Ú VT4 ��,

ẋ = A2x + B2E G� 1: VT1 Ú VT3 ��,

VT2 Ú VT4 �Ï,

(1)

Ù¥ x �G�¥þ, = x = [iL, vo]T, XêÝ
©O
�:

A1 =A2 =

 0 −1/L

1/C −1/RC

 ,

B1 =

1/L

0

 , B2 =

−1/L

0

 , (2)

d�§ (1) Ú (2) ��T_CìÓ�'�Ñ\Ñ
Ñ>Ø�'X� D = (E + vo)/(2E). Äuª (1)
Ú (2), ¿(Üã 1(a) ¤«��"��£´, éTX
Ú?1°(� Simulink�.�ý, �ý�>´ëê
�: E = 20 V, L = 0.5 mH, C = 470 µF, R = 1 Ω,
fm = 50 Hz, ë�>Ø¸� V̂ref = 10 V, m'±
Ï Ts = 0.1 ms, '~Xê P = 2, È©�m~
ê Ti = 0.5 ms. ��ÑÑ>Ø!>a>6���9
ªðæ�Å/Xã 1(b), (c) ¤«. lã¥�±wÑ,
3_Cì���óª±Ï Tm = 1/fm S, >´Ä
kó�u½� 1 ±ÏG�, �X�m�üz, >
´ò²Lõ?G�©�uÐ¤�·bG�, �
q��©�, �ª£�5K±Ï 1 G�.

3 ¸�>6�ª�� H x_Cì��
·Ö�©Û��O

3.1 >>>´́́½½½555©©©ÛÛÛ

Cc5, �X<�é DC-DC C�ì¥���
5y�ïÄ��\, uy�·Ö��±éÐ/³�
¯IØ½y�, ù«�{��þ´�«{ük
��©����{ [14,15], Ó�·^u H x_Cì
��¹.

éu¸�>6�ª�� H x_Cì5`, �±
r§w¤�X� H x�6ÍÅC�ì�mS��
|Ü, 3z���ë�>Ø vref Cq��½��6
þ, éA�ÑÑ>Ø vo = V̂o sin (ωmt) = V̂o sin θm.
éÙ?1½5©Û�, ·��±lë�>6Ö�
��Ý�©Û, äk��Ç�Ö�&Ò�^�©�
���Ãã, lOrC�ìXÚ�½5; ä
kK�Ç�Ö�&Ò�å�©������^, l
ü$C�ì�½5 [14]. ·�ò�EÑ>´�
lÑS�N�, ^��5XÚ�©���nØ5©
Û, dd�Ñ^�·Ö��{5³�¯IØ½y
��nØ�O�â.

H x_Cìó�Å/Xã 2 ¤«, 3��m
'±ÏS, Äk, �¨óÀ>u, ¦�>´?u “G
� 1”, d�>a>6�5þ,; �>a>6��Ö
��ë�>6 ĩref �, >´?u “G� 2”, K>a>
6m©eü. dd��ªðæ�>a>6�S�N
�¼ê�:

ĩref − in
DTs

=
E − V̂o sin(ωmt)

L
,

ĩref − in+1

(1 − D)Ts
=

E + V̂o sin(ωmt)
L

,

(3)

� \ Ö � � ë � > 6 ĩref = iref − ic =
Îref sin(ωmt) − ic, Ó � � Ä VT1, VT3 � � �
� t = nTs + DTs, ��:

ã 2 �·Ö�eó�Å/
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Îref sin [ωm (nTs + DTs)] − ic(nTs + DTs) − in

DTs
=

E − V̂o sin [ωm (nTs + DTs)]
L

,

Îref sin [ωm (nTs + DTs)] − ic(nTs + DTs) − in+1

(1 − D)Ts
=

E + V̂o sin [ωm (nTs + DTs)]
L

,

(4)

þª�6Ä�§�:

Îref sin [ωmnTs + ωm(D + δD)Ts] − ic [nTs + (D + δD)Ts] − (in + δin)
(D + δD)Ts

=
E − V̂o sin [ωmnTs + ωm(D + δD)Ts]

L
,

Îref sin [ωmnTs + ωm(D + δD)Ts] − ic [nTs + (D + δD)Ts] −
(
in+1 + δin+1

)
[1 − (D + δD)]Ts

=
E + V̂o sin [ωmnTs + ωm(D + δD)Ts]

L
,

(5)

òþª©)��þÚ���Ä�þ�Ú, ¿��Ä>´�NC��¹, �n��:
ÎrefωmTs cos θmδD − SrampTsδD − δin = E

δDTs

L
− V̂oTs

L
(sin θm + ωmDTs cos θm) δD,

ÎrefωmTs cos θmδD − SrampTsδD − δin+1 = −E
δDTs

L
+

V̂oTs

L
[− sin θm + ωmTs cos θm(1 − D)] δD,

(6)

�âþª��ªðæ�>a>6��Äþ�§�:

δin+1 =
Îrefωm cos θm − Sramp +

E

L
+

V̂o

L
[sin θm + ωm(D − 1)Ts cos θm]

Îrefωm cos θm − Sramp − E

L
+

V̂o

L
(sin θm + ωmDTs cos θm)

δin + O(δin), (7)

dd���§�A�� λ �:

λ =
Îrefωm cos θm − Sramp +

E

L
+

V̂o

L
[sin θm + ωm(D − 1)Ts cos θm]

Îrefωm cos θm − Sramp − E

L
+

V̂o

L
(sin θm + ωmDTs cos θm)

, (8)

�_C ì �  ½ � ± Ï 1 �, λ   u «
m (−1, 1) S; � λ ÏL −1 �ÑT«m�, T
_Cìò�)�±Ï©�, ¤�½�±Ï 2. Ï
d λ = −1 ��±Ï©���.:, dd��©�
��.L�ª, Ù¥�\cãÓ�'�Ñ\ÑÑ>
Ø�'Xª, ��:

2Îrefωm cos θm − 2Sramp +
V̂o

L

{
2 sin θm

+ ωmTs

(
2
E + vo

2E
− 1

)
cos θm

}
= 0, (9)

òÑ\ÑÑõÇ²ï{K EÎref =
√

2V̂ 2
ref

2R
�\þ

ª, ��Ö�&Ò��ÇL�ª�:

Sramp =
√

2ωmV̂ 2
ref

2RE
cos θm +

V̂ref

L

[
sin θm

+ ωmTs

(
E + V̂ref sin θm

2E
− 1

2

)
cos θm

]
,

(10)

²�n��:

Sramp =
√

2ωmV̂ 2
ref

2RE
cos θm +

V̂ref

L

(
sin θm

+
1

2E
ωmTsV̂ref sin θm cos θm

)
, (11)

éu�·&ÒÖ�, ·��±�â�Ç�¦ (11) O
�Ñ§�ÌÝ�¦:

Aramp =SrampTs

=
√

2ωmV̂ 2
refTs

2RE
cos θm +

V̂refTssinθm

L
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+
ωmT 2

s V̂ 2
ref sin θm cos θm

2EL
, (12)

þª�Ñ
 θm ∈ [0, 2π] �����S, ¤I�Ø
ÓÖ�&ÒÌÝ�¦. Ïd�(�>´3��óª
±Ï��S (=������ θm ∈ [0, 2π]) þ½
ó�, �`�·Ö�A�Ù¥���ÌÝ. éu¢
S>´ëê, ª (12) ¥�1 2 ��é��, 1 1
��1 3 ��é��, Ù;.ê�Å/Xã 3 ¤
« (>´ëêX1 2 !¤ã), ¤±, 3¢S�ó§
��¥, ª (12) �����{z�Ù1 2 ����
�, =�·Ö���`ÌÝ�OOK�:

Aramp,opt =
V̂refTs

L
. (13)

ã 3 � éA��·Ö�ÌÝ

3.2 ���···ÖÖÖ���ÌÌÌÝÝÝ���KKK���ÏÏÏ���

ÏLþã©Û (ª (13)) ��, 3 �>´ëê (ë
�>Ø¸� V̂ref , >a L, m'±Ï Ts) û½
�·
Ö���`ÌÝ�¦, �©²L�þ�ê��ýÚ
nØO�, ©O�Ñ
ù 3 �ëêCz��·Ö�
ÌÝ�'X, Xã 4 ¤«. ÏL*	��: V̂ref , Ts O
\�, ¤I�·Ö�ÌÝ�ê��ýÚnØO��
ÑO\; �>a L O\�, ¤I�·Ö�ÌÝ�
ê��ýÚnØO��Ñ~�, �üö�ÎÜ§Ý
�Ð. Ïd©Û(Jé>´�½�O���äk
éÐ�nØ���^.

3.3 ©©©������������êêê������>>>´́́���ýýý(((JJJ

�â©Û(Jª (13), ·�éã 1 ¤«�¯
I©�y�?1��, �`�·Ö�ÌÝ� 2(d
ª (13) ½ã 3, 4 ��), d Matlab ê��ý���
�(JXã 5 ¤«, Ù¥�Ñ
ÑÑ>Ø!>a>

6��9ªðæ��ê��ýÅ/, l¥·�*	
Ø�¯I©�y�, l�@�>´ó�u�Û
½�5KG�.

Ó�, �
�y�·Ö����J!9þãn
Ø©Û�ê��ý��(5, ·�3 Multisim ^�
e�ï_Cì�¢S�ý>´ (>´ëêXc), Ï
LJ[«Åì Agilent54622D *	ÑÑ>N>ØÚ

ã 4 �·Ö�ÌÝ�O�ê��ý�nØO�(Jé' (a)
ë�>Ø V̂ref Cz; (b) >a L Cz; (c) m'±Ï Ts Cz
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ã 5 T��·Ö�e�>´ó�Å/ (a) ÑÑ>Ø�� (þ) 9ªðæ� (e) Å/; (b) >a>6�� (þ) 9ªðæ
� (e) Å/

ã 6 ©���c��>´�ýÅ/ (a) ©���c (éAã 1, vo (þ): 10 V/div, iL (e): 10 A/div); (b) ©���� (é
Aã 5, vo (þ): 10 V/div, iL (e): 10 A/div)

>a>6, �·Ö�c��>´Å/Xã 6, Ù(J
©O�ã 1, 5 ¤«����, A^�·Ö�?1¯
I©����, >´ó�½!Å/�5K� 1 ±
ÏG�.

4 ©���éXÚ5U�K�

é'©���¢��c� (ã 1 Ú 5), >´
�ó�5Uk
��J,. ã 7 ´éÑÑ>N>
Ø?1�õÇÌ©Û. ����, 3��óª±
ÏS, Ü©�m«m�3��·b�¯I©�y
� (Xã 1(c)), Ïd, éAõÇÌã 7(a) 3m'ª

Ç (10 kHz) NC�3*ª1�; �déA, �>´
A^�·Ö�?1©����, ¯I©���

³�, lã 7(b) ��, õÇÌÌ�Ny
 50 Hz ó
ª!m'ªÇ9Ù�ª.

·����óª±Ï�Å/, ÏLO���>
a>6²þm'«Å!��m'«Å9ÑÑ>N
>Ø�o�Å�ý, XL 1 ¤«, l¥��A^©
����, ���Iþk��§Ý�Uõ. ù´Ï
�©�y��Ñy, ¦m'��Ø5K§Ý\ì,
l�5>6m'«Å�O\, >6«Å�O\
¬Úåm'ì�¥�>6AåO\, e�>ÄÅK
1, �¬¦Ù(ÆD(ÚÅ��ÄO\, léX
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Ú$1�)Ø|K�; ©����, ¦�XÚ½
/ó�3m'ªÇþ, �SÅ/¥yÑ1w��u
Å, l;�
?Û©�Ú·b1��Ñy, XÚ
ó�½��. ,	, lL 1 ��wÑXÚ?u©
���c�¯I©�G��, o�Å�ý� 0.024,

�«�Å¤°²w��. duo�Å�ý�O\,
¦_C>�ø>�þC�, �¬¦ÑÑýÈÅ
ì�OC�(J. �XÚ?u©�����5KG
��, ÄÅ 50 Hz �ªÌÌ�¤°, o�Å�ýü
� 0.0038, ÑÑ>U�þ�Ð.

ã 7 ©���c��ÑÑ>N>ØõÇÌ (a) ©���c (éAã 1); (b) ©���� (éAã 5)

L 1 ©���c��>´5Ué'

²þm' ��m' o�Å

«Å/A «Å/A �ý THD

©���c (ã 1) 2.3936 6.7517 0.024

©���� (ã 5) 1.8703 2.1665 0.0038

5 ( Ø

ü� SPWM_Cì3ó§¢�¥��2��
A^, �XXÚëê��m�Cz, _CìòÑy

©���?\·bG�, ¦XÚ�5UC�. 3¢
SA^¥, F"Ù½/ó�3m'ªÇþ, ;�
?Û©�Ú·b1��Ñy. �·Ö�´�«{ü
k��¯I©����{, §é��é�kéÐ
�·^5, Ó�·^u_Cì�©�Ú·b��.
�©l��5XÚ�©���nØÑu, é¸�>
6�ª��� H x_Cì¥��·Ö�?1
�
[/©Û, ¿�Ñ
`z�Ö�(J. °(��ý
(J¿©�y
nØ©Û�k�Ú�(, >´5U
�¼�
�ÌJp. T�{Ó�·^uÙ¦�>å
>f>´½5©Û��O.
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Control of fast-scale bifurcation in single-phase
SPWM inverter and its stability analysis∗

Hu Nai-Hong Zhou Yu-Fei† Chen Jun-Ning

( School of Electronics and Information Engineering, Anhui University, Hefei 230039, China )
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Abstract
H bridge inverter is a basic nonlinear topology in power electronic circuits. However it is prone to the generation of fast-scale

instability phenomenon due to the variation of some parameters in the operation process, which can be eliminated with the slope
compensation simply and effectively. Experience plays the leading role and common engineering design is lacking in necessary
design criteria. Accrording to the bifurcation control theory of nonlinear system, in this paper we analyze the implementation of slope
compensation on H bridge inverter under peak current mode control in detail, thereby obtaining the accurate amplitude requirements of
the compensated slope signal and realize the optimization. The results of the analysis are consistent with those of simulation experiment,
and the inverter circuit under appropriate slope compensation can operate in stable regime especially with the performances being
enhanced remarkably. The research method is also applicable for the stability analysis of other power electronic circuits.

Keywords: H bridge inverter, peak current mode control, slope compensation, bifurcation control
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