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dt
du t

A u t
dt

⎧ = +⎪⎪
⎨
⎪ =
⎪⎩

 (10)

p���…,� �=……%L “,“2��/ ,���2 “
��3�?,L 
",�:

1 1
1 11

1

( ) A t b
i t C e

A
= − ,  (11)

2
1 12( ) A tu t C e= ,  (12)

��� 11C  , 12C - C%“2% ……/� “%“2="
 �?,�,  ƒ=",“ -
?,� %2 "�
,�,…/ 2%*= ( )i nT  , …=C! ›�…,  ( )u nT
" …=�=
� *=›�%�%  C�!,%�= n . q
��3�2 %2��2,2!,  
�2%  "/!=›�…,� �
  2%*= �!%““�
  (11) ,���2 …�-

,…�L…3� -%!�3,  �2%  *=��“2"�……%  !=ƒ
,�=�2“  
“ !���…,�� K�ƒ 3��2= =*2,"…/. C%2�!! " ��C, 
�!%““�
 ,  *%��= !���…,� ,���2 
,…�L…3� ƒ=",“,-
�%“2!. g…=��…,  11C  , 12C  �%›…%  "/!=ƒ,2! ,ƒ (11) 
, (12),  �“
, C%�“2=",2! ƒ…=��…,� "!���…, t nT=  
" "/!=›�…,  2%*= 0( )i t  , …=C! ›�…,  0( )u t " *%…-
�� C!��/�3?��%  C�!,%�=:

1

1
0

1
11

( )

A nT

b
i nT

A
C

e

+
= ,  

2

0
12

( )
A nT

u nT
C

e
=  . (13)

Š�C�!! �%C3“2,�,  �2%  "�
,�,…= *%.--,�,-
�…2= ƒ=C%
…�…,  …= *=›�%� C�!,%�� nd  %C!���-

 �2“  ,“.%�  ,ƒ !="�…“2"= " �%��…2 "!���…,,  
*%��= “,�…=
 �=2�,*= 2%*= 1( )ir i t  �%“2,�=�2 "�
,-
�,…/ %C%!…%�%  ,“2%�…,*= noU :

( )1 1
11

1

nA n d T
no

b
U C e

A
+= − . (14)

b/!=›�…,� �
  "�
,�,…/ *%.--,�,�…2= ƒ=-
C%
…�…,  …= *=›�%� C�!,%�� C%
3�,� “ 3��2%� 
(13):

1

1

11
0

1

1
ln

( )

no

i
n

U b

r A
d

bA T i nT
A

⎛ ⎞+⎜ ⎟
⎜ ⎟=
⎜ ⎟+⎜ ⎟
⎝ ⎠

. (15)

m�%K.%�,�%  %2��2,2!,  �2%  C!, “%“2="
�…,, 
!=ƒ
,�…/. �=2��=2,��“*,. �%��
�L �%
›…%  “3-
?�“2"%"=2! %�!=…,��…,� C%  ƒ…=��…,� nd ,  C%“-
*%
!*3 " !�=
!…/. “2=K,
,ƒ=2%!=. .2= "�
,�,…= 

�›,2 " C!���
=. [ ]0,0.95 0.99nd ∈ −  " ƒ=",“,�%“-
2, %2 2,C= ,“C%
!ƒ3��%�%  *%…2!%

�!=.

Š=*,� %K!=ƒ%�,  " �%��…2 "!���…, “%%2"�2“-
2"3�?��3 ( )d nt n d T= +  C!%,ƒ%L��2 C�!�*
���-
…,� hqm-3 " “%“2% …,� “ !=ƒ%�*…32/� *
��%�. 
m,›� C!,"���…= “,“2��= �,--�!�…�,=
!…/. 
3!="…�…,L,  %C,“/"=�?=  “%“2% …,� hqm-3 C!, 
!=ƒ%�*…32%� *
��� “ 3��2%� %K%ƒ…=��…,L (9):

0
01 0 02 0 0

0
03 0 04 0

( )
( ) ( ) ,

( )
( ) ( ).

di t
A i t A u t b

dt
du t

A i t A u t
dt

⎧ = + +⎪⎪
⎨
⎪ = +
⎪⎩

 (16)

hƒ C�!"%�%  3!="…�…,  “,“2��/ (16) "/!=ƒ,� 
-3…*�,� …=C! ›�…, 

0
0 01 0 0

01

( )1
( ) ( )

di t
u t A i t b

A dt
⎧ ⎫= − −⎨ ⎬
⎩ ⎭

. (17)

d=
��,  C!%�,--�!�…�,!%"=" C�!"%� 3!="…�-
…,� “,“2��/ (16) , C%�“2="," " …��%  "2%!%� 3!="-
…�…,� .2%L “,“2��/ , "/!=›�…,� (17),  C%
3�,� 
�,--�!�…�,=
!…%� 3!="…�…,� "2%!%�%  C%! �*= 
“
��3�?��%  ",�=:

2
0 0

1 2 0 32

( ) ( )
( )

d i t di t
X X i t X

dt dt
+ + = ,  (18)

���

1 01 02( )X A A= − + , 2 01 04 02 03X A A A A= − ,

 3 04 0X A b= − .

Š=* *=* !���…,� .=!=*2�!,“2,��“*%�%  3!="-
…�…, ,  “%%2"�2“2"3�?��%  (12),  K3��2 ,��2! *%�-
C
�*“…/� “%C! ›�……/� *%!…,,  2%  !���…,� “=�%-
�%  3!="…�…,  K3��2 ,��2! ",�
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( ) 3
0 01 02

2

( ) sin( ) cos( )t X
i t e C t C t

X
α= β + β + ,  (19)

���

 1

2

X
α = − ,  

2
1

2 4

X
Xβ = − .

o!%�,--�!�…�,!%"=" .2%  "/!=›�…,� , C%�-
“2="," " (17) �%›…%  C%
3�,2! -3…*�,� …=C! -
›�…, 
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}
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A
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X

α
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+ β + α − β − −

 (20)

m= %“…%"=…,, (19),  (20),  (11) ,(12) “%“2=",� 
“,“2��3 
,…�L…/. =
��K!=,��“*,. 3!="…�…,L 
�
  …=.%›��…,  …�,ƒ"�“2…/. C%“2% ……/. 01C  , 02C   
�
  *=›�%�%  C�!,%�=
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4 01 5 02 6

L C L C L
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1 sin( )dt
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2
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X
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X
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[ ]{ }4 01
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1
( ) sin( ) cos( )dt

d dL e A t t
A
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 [ ]{ }5 01
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1
sin( ) ( )cos( )dt

d dL e t A t
A

α= −β β + α − β ,
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6 1 0
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1
( )n

A X
L u n d T b

A X

⎧ ⎫
= + + +⎨ ⎬

⎩ ⎭
,

C!, ( )d nt n d T= +
n2*3�= "/!=ƒ,� 01C  , 02C
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C

L L L L

−
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−
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. (22)

Š=*,� %K!=ƒ%�,  �%›…%  C%
3�,2! ƒ…=��…,  
�
  ( )0 ( 1)i n T+  , ( )0 ( 1)u n T+  " *%…�� *=›�%�%  C�-
!,%�=,  �2%K/ " C%“
��“2",� C%�“2=",2! .2, ƒ…=-
��…,  " "/!=›�…,  �
  C%“2% ……/. “%“2="
 �-
?,. …= “
��3�?�� C�!,%��.

3. Ïîëó÷åíèå áèôóðêàöèîííûõ 
äèàãðàìì

a,-3!*=�,%……/� �,=�!=��/ (ad) " �=……%L 
“2=2!� K/
, C%“2!%�…/ C!, C%�%?, �=2��=2,��“-
*%L �%��
,,  %“…%"=……%L …= (9)-(22). d
  C!%"�!*, 
C!=",
!…%“2, �=2��=2,��“*%L �%��
, “2!% ?�L 
ad,  " …�L K/
= C%“2!%�…= ad “ C=!=��2!=�,,  

"ƒ 2/�, ,ƒ [1]. o=!=��2!/ �%��
, hqm-3 ,���2 
“
��3�?,� ƒ…=��…, : …=C! ›�…,� ".%�…%�%  ,“-
2%�…,*= 5U = b,  “%C!%2,"
�…,� …=�!3ƒ*, 20R =
n�,  ,…�3*2,"…%“2! �!%““�
  1L = �c…,  ��*%“2! 
*%…��…“=2%!= 4C = �*t,  C�!,%� !=K%2/ “,
%"%-
�%  *
��= 50T = �*“�*.,  “%C!%2,"
�…,� �!%““�
  

0.2Lr = n�,  =*2,"…%� “%C!%2,"
�…,� *%…��…“=-
2%!= 0.1Cr = n�=,  =*2,"…%� “%C!%2,"
�…,� K=ƒ/ 
�,%�= 0.1Dr = n�=,  =*2,"…%� “%C!%2,"
�…,� K=ƒ/ 
2!=…ƒ,“2%!= 0.4Tr = n�,  C! �%� C=��…,� …=C! -
›�…,  …= �,%�� 0.7DU = b,  C! �%� C=��…,� …=-
C! ›�…,  …= “,
%"%� *
��� 0.2TU = b,  “%C!%-
2,"
�…,� �=2�,*= 2%*= ir  "=!!,!%"=
%“! %2 0.1 �%  
1.5 n�=.

o%
3��……=  ad (!,“. 4) $  ƒ=",“,�%“2! …=C! -
›�…,  *%…��…“=2%!= " *%…�� *=›�%�%  C�!,%�= 
3“2=…%","���%“  “%“2% …,  ( )u nT  %2 pabd  *=��“-
2"�……%  “%%2"�2“2"3�2 �,=�!=��� ,ƒ [1],  %�…=*%  
 "
 �2“  K%
�� 2%�…%L ,ƒ-ƒ= 3��2= =*2,"…/. 
C%2�!!. }2= ›� ad,  …%!�,!%"=……=  C%  “!��…�-
�3 ƒ…=��…,� "/C! �
�……%�%  …=C! ›�…,  cpu ,  
C%*=ƒ=…= …= !,“. 5. a,-3!*=�,%……=  �,=�!=��= 
�
  2%*= �!%““�
  ( )i nT  C%*=ƒ=…= …= !,“. 6,  , .2= 
›� �,=�!=��=,  …%!�,!%"=……=  C%  “!��…��3 ƒ…=-

Ðèñ. 4. a,-3!*=�,%……=  �,=�!=��= $  ƒ=",“,�%“2! ( )u nT  %2 

pabd

Ðèñ. 5. a,-3!*=�,%……=  �,=�!=��= $  ƒ=",“,�%“2! ( )/ cpu nT u  
%2 pabd
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��…,� 2%*= �!%““�
  cpi ,  C%*=ƒ=…= …= !,“. 7.
n�…=*%,  ,“C%
!ƒ%"=…,� !=K%���%  *%.--,-

�,�…2= ƒ=C%
…�…,  pabd  " *=��“2"� C=!=��2!= 
K,-3!*=�,, …� �=�2 !�=
!…%L *=!2,…/ ,ƒ-ƒ= 
=K“2!=*2…%“2, �=……%�%  C=!=��2!= " !�=
!…%L 
“,“2���. `"2%!/ “�,2=�2 …�%K.%�,�/� ,“C%
!-
ƒ%"=2! " *=��“2"� C=!=��2!= K,-3!*=�,, ƒ…=��-
…,  !�=
!…/. C=!=��2!%" 3“2!%L“2"=. b �=……%� 
“
3�=�,  “=�/� 3�%K…/� C=!=��2!%� �
  …=��L 
��
,  "
 �2“  ƒ…=��…,� �=2�,*= 2%*= ir .

 m= !,“. 8 C!��“2="
�…= K,-3!*=�,%……=  �,=-
�!=��= �
  "/.%�…%�%  …=C! ›�…,  ( )u nT  C!, 
"=!!,!%"=…,, “%C!%2,"
�…,  �=2�,*= 2%*= ir  
%2 0.1 �%  1.5 n�= “ 3��2%� =*2,"…/. C%2�!! “,-

%"%L �=“2,. }2= ›� ƒ=",“,�%“2!,  …%  K�ƒ 3��2= 
=*2,"…/. C%2�!! C!��“2="
�…= …= !,“. 9. a,-3!-
*=�,%……/� �,=�!=��/ �
  2%*= �!%““�
  ( )i nT  
…%!�,!%"=……%�%  C%  “!��…��3 ƒ…=��…,� cpi .

b�“!�= K%
!�%L ,…2�!�“ C!��“2="
 �2 “%K%L 
2=* …=ƒ/"=��%� “���…,� o3=…*=!� $  �!3CC= C�-

Ðèñ. 6. a,-3!*=�,%……=  �,=�!=��= $  ƒ=",“,�%“2! ( )i nT  %2 

pabd

Ðèñ. 7. a,-3!*=�,%……=  �,=�!=��= $  ƒ=",“,�%“2! ( )/ cpi nT i  
%2 pabd

Ðèñ. 8. a,-3!*=�,%……=  �,=�!=��= $  ƒ=",“,�%“2! ( )u nT  (b) 
%2 ir  (n�) “ 3��2%� =*2,"…/. C%2�!!

Ðèñ. 9. a,-3!*=�,%……=  �,=�!=��= $  ƒ=",“,�%“2! ( )u nT (b) 
%2 ir  (n�) K�ƒ 3��2= =*2,"…/. C%2�!!

Ðèñ. 10. a,-3!*=�,%……=  �,=�!=��= $  ƒ=",“,�%“2! ( )/ cpi nT i  
%2 ir  (n�) “ 3��2%� =*2,"…/. C%2�!!

Ðèñ. 11. a,-3!*=�,%……=  �,=�!=��= $  ƒ=",“,�%“2! ( )/ cpi nT i  
%2 ir  (n�) K�ƒ 3��2= =*2,"…/. C%2�!!



54 n.h. `mŠhonb, b.`. mec`mnb tbo,pŠq,  2007

!,%�,��“*, -,*“,!3��/. ƒ…=��…,L C�!���……/. 
-=ƒ%"%�%  C!%“2!=…“2"= " 3“2=…%","���“  !�›,-
�� …= C
%“*%“2, %“…%"…/. C=!=��2!%",  *%2%!%� 
" .=%2,��“*%� !�›,�� !=K%2/ “2=K,
,ƒ=2%!= 
C!��“2="
 �2 “%K%L -=…2%� =22!=*2%!= [5]. t=…-
2%�/ =22!=*2%!%" (%“! x- ( )u nT (b),  %“! y- ( )i nT
(`)) C!, “
��3�?,. ƒ…=��…, . “%C!%2,"
�…,  
�=2�,*= 2%*= ir =0.15,  0.2,  0.3,  0.5,  0.7,  0.85,  0.95,  
1.08,  1.2,  1.5 n�= C!��“2="
�…/ …= !,“. 12. t=…-
2%�/ =22!=*2%!%" C!, ir =0.7,  0.85,  0.95,  1.08,  1.2 
…=.%� ?,�“  " %K
=“2, l K%
�� C%�!%K…%  !=“-
“�%2!�…/ …= “
��3�?�� !,“3…*�.

Çàêëþ÷åíèå

t%!�= "�2"
�…,  ad 3 hqm-3  "
 �2“  "�“!-
�= “C��,-,�…%L , …� C%.%›�L …= *
=““,��“*3� 
-%!�3,  …=K
��=��3� " hqm C%"/�=�?��%  
2,C= [3,4]. m= !,“. 5 %2��2
,"%  ",�…/ C�!�.%�/ 
%2 K,-3!*=�,, 3�"%�…,  * K,-3!*=�,, “ ��“-
2!� C�!,%�,��“*,�, ƒ…=��…, �, “ C%“
��3�-
?,� C�!�.%�%� * K,-3!*=�,, “ 3��2"�!�……/� 
C�!,%�%�. o!, “!="…�…,, K,-3!*=�,%……/. �,=-
�!=�� C!��“2="
�……/. …= !,“. 8 , !,“. 9 ",�…%,  
�2%  .=%2,��“*,�  "
�…,  " �%��
, “ 3��2%� =*-
2,"…/. C%2�!! C!% "
 �2“  C!, K%
�� �,!%*%� 
�,=C=ƒ%…� ƒ…=��…,  C=!=��2!= K,-3!*=�,,. hƒ 
.2%�%  “
��3�2,  �2%  .=%2,��“*,�  "
�…,  " !�=
!-
…%� 3“2!%L“2"� �%�32 …=“23C,2! �%!=ƒ�%  !=…!��,  
…�›�
, C!��“*=ƒ/"=�2“  " �%��
, K�ƒ 3��2= 
=*2,"…/. C%2�!!. j!%�� .2%�%  …=C!=�,"=�2“  
"/"%� %  2%�,  �2%  ��� “
%›…�� �%��
! *=*%�%-

,K%  3“2!%L“2"= " *%2%!%� …=K
��=�2“  …�
,-
…�L…=  �,…=�,*=,  2�� K%
�� C!%“2%L ",� ,���2 
K,-3!*=�,%……=  �,=�!=��=. m=C!,��!,  .%!%�%  

ƒ=��2…%  *=* “3›=�2“  ƒ%…= K,-3!*=�,, 32!%-
�…,  C�!,%�= " %K
=“2, .=%2,��“*%L �,…=�,*, 
" �%��
, K�ƒ 3��2= =*2,"…/. C%2�!! (" %K
=“2, 
ƒ…=��…,  C=!=��2!= K,-3!*=�,, 0.42ir ≈ n�= 
…= !,“. 9) C%  “!="…�…,� “ �%��
!� " *%2%!%L =*-
2,"…/� C%2�!, 3�,2/"=�2“  (" %K
=“2, ƒ…=��…,  
C=!=��2!= K,-3!*=�,, 0.49ir ≈ n�= …= !,“. 8). 
}2, ›� “=�/� .--�*2/ …=K
��=�2“  C!, “!="-
…�…,, ad C!��“2="
�……/. …= !,“. 10 , !,“. 11. 
hƒ .2%�%  “
��3�2,  �2%  …� "“� !�›,�/ K,-3!-
*=�,,,  C!��“*=ƒ/"=��/� " �%��
, ,�C3
!“…%�%  
“2=K,
,ƒ=2%!=,  �%�32 …=K
��=2!“  " !�=
!…%� 
3“2!%L“2"�. n�…=*%,  …=,K%
�� "=›…/�,  “ 2%�-
*, ƒ!�…,  ="2%!%",   "
 �2“  "/"%� %  2%�,  �2%  
3��2 =*2,"…/. C%2�!! C%ƒ"%
 �2 ƒ=��2…%  ,ƒ��-
…,2! �!=…,�3 3“2%L�,"%“2, ,�C3
!“…%�%  “2=K,-

,ƒ=2%!= …=C! ›�…,  C!, C!��“*=ƒ=…,, "%ƒ-
…,*…%"�…,  .=%2,��“*,. *%
�K=…,L,  C!,K
,›=  
2�� “=�/� �=2��=2,��“*3� �%��
! * !�=
!…%�3 
3“2!%L“2"3.
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Ðèñ. 12. t=…2%�/ =22!=*2%!%" (%“! x- ( )u nT (b),  %“! y- ( )i nT
(`)) C!, “
��3�?,. ƒ…=��…, . “%C!%2,"
�…,  �=2�,*= 
2%*= ir =0.15,  0.2,  0.3,  0.5,  0.7,  0.85,  0.95,  1.08,  1.2,  1.5 
n�=. (t=…2%�/ =22!=*2%!%" C!, ir =0.7,  0.85,  0.95,  1.08,  1.2 
…=.%� ?,�“  " %K
=“2, l K%
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The Influence of the active losses on deterministic chaos in buck-boost 
converter

O.I. Antipov, V.A. Neganov

In this article are considered questions,  connected with account of  the active losses in reactive and semiconductor 
element of  the buck-boost converter at building bifurcation diagrams in chaotic state of  working. In work is shown that 
account of  the active losses at building of  the mathematical model allows more exactly define the border to stability with 
standpoint of  the arising the deterministic chaos.
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