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1 Ú ó

p�>ízÅ�´�Ï$Ñ�uÐª³, Ù
± CRH2 ��.�;.�L, 2�æ^>å>fC
6C�, äkNª!NÌ!N��ÃõõU. ,,

�X#.Å��A^, VÚø>XÚ¥��ÅA5
u)
Cz, pª�Å¹þÍO, ¦+ù
�Å¹
kÇ�$, �%O\
XÚ����U. ù´dX
Ú(�ÚXÚ�6�Ó�^�)�.

IS	éT¯KÑ?1
�X�ïÄ. ©z [1]

é>åXÚ�Å��)Ån!�Å��³ÚK�
±9�Å��6©Û��¡?1
��[���
ã. ©z [2, 3] é>åXÚ�Å�©Û�{?1

�ã. ©z [4] é���.VÚ>´�)��ÅA
5?1
�ýïÄ, �Ñ
���.VÚ>´�Å
gêÌ�©Ù3 40, 50 g±9 100, 120 g�m�
(Ø. 3¢S¹Å©Û¥, uyk��� �. ¢S
¹Å�ÅgêÌ�©Ù3 30 g�m, ùÚ�´�
ëêk���'X. ©z [5, 6] JÑ
>åKÖ�
ÅÏ^��., 3dÄ:þq�â�Z²�%C�
g�, æ^ëêE£��{éKÖ�Å?1ï�,

�´éuVÚø>XÚù�E,�KÖ�Å¿v
k�[��Ä. ©z [7] ?Ø
_Cì���51
�Ú·by�.

IS	�vk�Ä>ízc´�·bA5. �
©Äg$^·b�{©Û>ízc´�pª�Å,

ù�Bu©Ûpª�ÅÌ�8¥ªã, 3·bãþ
�±�ß/Ny, �BÙ3¢S©ÛïÄ¥�êâ
$^, U
3��£n�Å�ó�¥Jør��ê
â|±, ¿ØÏ��þ�êâÃ¤·l. ÏL·
b©Û�{�«
�Å���55Æ.

2 >åÅ��.

± CRH2 .Ä�|�~©ÛVÚC6ìÌ>
´(�, Xã 1 ¤«, �©�VÚ�´ÚÅ�Äå
ü��!. VÚCØì��gýVÚ7|�½>Ø
� 25 kV, >åÅ�æ^ VVVF (CØCª) ���
�ªÑÑ>Ø� 0—2300 V!ªÇ� 0—220 Hz �
N��6>°ÄVÚ>Å.

ÏLéã 1 ¤«�>åÅ�Ü©©Û��, �
6ì�zx:¥:> �âØÓm'G��±L
«� Ud/2, 0, −Ud/2 n«�¹ (Ud L«�6ý�
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�6>Ø), UN �>ízc´VÚ��>Ø. ØJ
�Ñeã'Xª:

UN = Uab + IN(RN + jωLN). (1)

lã 1 �±w�, VÚCØì�gý7|3�
½��¹e RN, LN ±9 UN �Ì�Ú� ´(½
�, d�>6 IN Ì��� ==d Uab ���9
Ù� UN �Y�(½, �IÏLé Uab �Ì���
 ���Ò�±¢yé>6 IN ���. 3n�V
Úó¹e, ��F"õÇÏê� 1, �Ò´ UN � IN

Ó� , =

Uab = UN − IN(RN + jωLN), (2)

Rab =
UN − IN(RN + jωLN)

Iab
, (3)

�� Rab = −jωLN.

>åÅ��n��uó°N� (SPWM) C6
ì�>´�.��C!��5�p��. [8]. Ï
Lþ¡�O�Ú_Cì�±^��5>N?1�
� [9,10], �
�BO�, òã 1 �.^ã 2 �.O
�. J�µãS�Å�Ü©�>´�[. >ízc
´VÚ�du�3é/>NÚ�mpa, \þCØ
ì�>NÚ>a, �±��¤ã 2 �/ª.

ã 1 VÚC6ìÌ>´(�

ã 2 >åÅ�ÚVÚ�´�>´ã

éu��5>N, ÙA5�±L«�

uC = f(q). (4)

ù��±£ãã 2 �>´G��§�

dq

dt
= (G0 − G)f(q) + GuC2 ,

C2
du

dt
= Gf(q) − GuC2 + iL,

L
diL
dt

= −uC2 .

(5)

3 (5) ªÚ?8�zÏf C (>N�þj) Ú q0 (>
Ö�þj) ¿�

x = q/q0, y = uC2(q0/C),

z = iL(q0G/C), τ = t/(C2/G),

α = C2/C, β = C2/LG2, r = G0/G, (6)

d
dq

dt
= (G0 − G)f(q) + GuC2 , Ó�O\Ú\

�þj, ��8�z�§�

dx

dτ
= α[(r − 1)g(x) + y],

dy

dτ
= g(x) − y + z,

dz

dτ
= −βy.

(7)

e¡é (7) ª?1y².

yyy²²² d

d
(

q

q0

)

d

 τ
C2

G


= (G0 − G) f

(
q

q0

)
+

GuC2

q0
,

z{�
dx

dτ
=

C2

G

[
(G0 − G) f

(
q

q0

)
+

GuC2

q0

]
.

� g(x) = Cf(q/q0) �, K
dx

dτ
= α [(r − 1)

g(x) + y].

y..

±þy²�� (7) ª�1���§, eÓ, Ø2
��y².

3>íÅ�$1�, ��
�þ�êâ. �
l ù 
 ê â ¥ é Ñ d 3 � ' X, � ± � Ä � |
êâ (xi, yi)(i = 1, 2, · · · ,m), �¦3¼êa Φ =

span(ϕ0, ϕ1, · · · , ϕn) ¥é���¼ê y = S∗(x),

¦Ø��²�Ú÷v

‖ δ ‖2
2 =

m∑
i=0

W (xi)[S∗(xi) − yi]2
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= min
S∈Φ

m∑
i=0

W (xi)[S(xi) − yi]2, (8)

ùp S(x) = a0ϕ0(x) + a1ϕ1(x) + · · · + anϕn(x)

(n < m). W (x) ´ [a, b] þ��¼ê, : (xi, yi) ?
�� W (xi) ´ù�:��§Ý, ùÒ´���¦
%C, �±[Ü (8) ª:

uC = ax + bx3, (9)

(9) ª¥, a, b �£8Xê.

ã 3 >åÅ�¢S_Cì�>6>ØCzã

éu¢�êâ½ö¢ÿêâ, ?1[Ü�ØA
�¦¤�����ÏL¤k�êâ:, =�¦¤
��U
�Nêâ�Ä�ª³. ¢ÿêâ�[
Ü¢�þÒ´3lÑ�¹e��Z²�%C.

dã 3 ²L[Ü�±�e¡�ªf:

uC = 4.8 × 10−4x3 − 1.32x. (10)

½½½nnn 1 e>´9Ù��5>N (9) ª÷v^
�: �Û�ªÃ� a < 0. K¡�k 3 �²ï:
�^�.

e ¡ é ã 2 � > ´ ? 1 © Û. � ² ï :
� (x1, y1, z1), d (7) ª�±��:

(r − 1)g(x1) + y1 = 0,

g(x1) − y1 + z1 = 0,

−βy1 = 0.

(11)

)�§ (11) ª�±�� g(x1) = ax1 + b(x1)3 = 0,

y1 = 0, z1 = 0. n�²ï:©O´ (x1, y1, z1) =(√
−a

b
, 0, 0

)
, (x1, y1, z1) = (0, 0, 0), (x1, y1, z1) =(

−
√
−a

b
, 0, 0

)
. �±w�± 0 �¥%��é��

�������é¡:�3. ¤±��÷v±þ�
^�, >´7kn�²ï:�3.

ÏLé>ízc´�êâ�¢S[Ü, �±�
�_Cì��5�A5�Xã 3 ¤«, Ó�ù�

��5A5�C>f+�¢SA5, y²>ízc
´Å�¤¦^� IGBT �A5D«
>f+�A
5. Ó��é�
>´kn�²ï:, K�±©Û
>ízc´�·b¯K.

3 >ízc´�©
Ú·b¯K

�>´�ëêCz�, AO´��Cz��ÿ,

U
Úå>´�)u)��Cz, ¡�©
.

½½½nnn 2 e>´�ëê÷v½n 1 �^�, K
�3 a∗ > 0 ·Ü�.^�, =

β + 2aa∗r − 4a2(a∗)2r(1 − r) = 0. (12)

yyy²²² 3�.^�e, d'u a ��§ª (12)

ª, �±¦Ñ

a∗ =
−2ar −

√
(2ar)2 + 16a2β(1 − r)
−8a2r(1 − r)

=
1 −

√
1 + 4β

1 − r

r
4a(1 − r)

. (13)

c¡�� a < 0, 1 − r > 0, β > 0, u´ a∗ > 0.

�y.

� a � � C z � � ÿ, ù � ÿ A � �
� λ1,2(a) = δ(a) ± jω(a).

½½½nnn 3 e>´÷v½n 1 �^�, � a∗ ÷
v (13) ª, K (7) Ú (11) ª��é�������
��:� α = a∗ ��3 Hopf ©
.

VÚ����.Ò9ëêXL 1—3.

L 1 VÚ��.Ò5�

� .Ò �6>{/Ω·km−1 `²

�>� CTSH-150 0.2000 Ôâ l50 mm2

«å¢ JTMH-120 0.2500 Ôy 120 mm2

�"� LBGLJ-240/30 0.1136 ¾�g��

e¡ïÄ� α 6= a∗ ½ α = a∗ ùü«G�.

� α 6= a∗ �, >ízc´�Ü©áuù«�
¹, ÏL¹Å��n�êâ, uy�Å¹þ�~�.

ÏL©Ûã 4 �±uy, 3 21—29 g�ÅN
Ck²w�âå, ��´3I[�#N��S, =
Ø�L 1.6%. �±w�� α 6= a∗, Å��ÅCz'
�²�.
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L 2 VÚXÚÚVÚ��ëê

XÚ VÚ�

XÚ��{|/Ω 1.18+j9.75 VÚ�ü {|/Ω·km−1 0.144+j0.5934

�´��{|/Ω 0.25+j0.58 VÚ�ü �B/S·km−1 j2.4765×10−6

CØì¦a/mH 1.027

L 3 Å�$Ä¥�ëêO��

XÚëê O��

G0 jωLN = j314 × 1.027 = j0.322/Ω

r
G0

G
=

0.322

0.2x

β
C2

LG2
=

0.5934x/314

[(9.75 + 0.48x)/314] × (0.2x)2

5: x �VÚ���Ý

e¡ÏL MATLAB �ý�Ñ� α 6= a∗ �>
´�G�.

ã 5 ¥ x ���5>N�>ÖG�, �Ò´>
åÅ�_Cì�G�, ±>Ö>þ q �ü ; y ��
´þ�>N>Ø; z �>a�>6. 3ã 5 ¥�±w
�nö´�5'X, G��~, ù�O�(JÄ�
��.

ã 4 >ízc´3 a > 0 G�e�$1�Åã

ã 5 >ízc´�~$1e�>´G�

�Å�ålVÚÕ 40 km, a = a∗ �, ÏLO�
�±��

γ =
G0

G
=

0.322
x × 0.2

=
0.322

40 × 0.2
= 0.04,

β =
C2

LG2

=
0.5934 × x/314

[(9.75 + 0.48 × x)/314] × (0.2x)2

=
0.5934 × 40/314

[(9.75 + 0.48 × 40)/314] × (0.2x)2

= 0.01,

a∗ =
1 −

√
1 + 4β

1 − r

r
4a(1 − r)

=
1 −

√
1 + 4 × 0.01 × 1 − 0.04

0.04
4 × 1.32 × (1 − 0.04)

= −0.08,

α =
0.5934 × 40

314
= 0.08,

a∗ = −0.08 `²Å�´�lVÚÕ, α ��V
Ú � � > N �, 40 L « å l V Ú Õ 40 km. @
o α = |a∗| = 0.08 =`²ÏLO�>åÅ�3
lmVÚÕ 40 km �m©Ñy©�, ã 6 �¢S¹
Å��Åª³ã.

ã 6 Å � $ 1 � � � Å C z � ª ³ ã, � m l 13 :

54 : 41.4847 å

ã 6 L«¢SÅ�$1� 23 g�ÅCz�ª
³. du>ízc´VÚKÖ´ü��õÇ�6K
Ö, �ú^>��Ùø>�, §òÚå�X�>U
�þ¯K, X�Å!>ØÅÄ�. 3Å�éÄ!÷
·!�Ä��N!L§¥�Å¹þ�¬O�. ù

é>åXÚ�)�ØûK�, k�U?�ÚÚuÙ
¦¯K. 3¢S¹Å��ÿ, 3�½��¹e, �Å
�±Úå��, lé>��)ÀÂ. ùØ==¬
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éVÚø>XÚ�����E¤�³, �Ù5\>
���, Úå�L>ØL>6ò�9��XÚ�S
�½$1, ¦�ø>��5ü$. duXÚ��
���VÚC>¤9©«¤�Å>6î��, �
�1�>Ø,p, E¤¯��Y~®ku).

3IS�ïÄ¥, Ï�>ízc´�Å�¦^
õ IGBT ��6��>´, ÙïÄö;�ïÄ
ü
� IGBT 3ëê�C��¹e, duÙA5ëê�
���É��·by� [11].

I	kïÄöòÅ��6>´w�ç^f, |
^¢ÿêâïáÅ��ÅVÇ¼ê, ��uç^f
�D4¼ê, �±��T¼êÅ�ØÓ �ØÓ�
��)��Å�¹ [12].

lã 6 �±w�, >´��ÅCzé²w, 
�éª�. ÿþýÀJ�´ 110 kV �1�. I[I
O5½ 100 kV �Ûg�Å�¹kÇØ�u 1.6%.

lã 7 �±w�Å�� 23 g�Å®²²w�
I. 3ã 7 �©Û¥, �ÄÅ� 15 �, ����Å
¹kÇ�� 5%. �ÑI[IOA�. �oN��
Å¹þÑØ$, v±ÚåÀ. ·I�3�a�.
·���¹, ¦��VÚø>XÚ¥�Å¹þ´L,

�Åª�©Ù2�. ¤±3 23 g�Å�IAT´
�~y�.

ã 7 >6�ÅCz¢Sÿþã

ÏLã 6 �±uy, ��´�ëêCz�, =
Å�3$1L§¥Ùëê�½´ØäCz�. Ù
�Å����´�ÅCz�, �´�´k�½�
5Æ5.

·bÒ´3,
(½5��5XÚ¥, ØI�
N\?Û��ÅÏ�, duÙXÚSÜ�3��5
�p�^�)�aq�Åy�.

ã 8 ´^ MATLAB �ý¤�>åÅ�3ål
VÚÕ 40 km �>´�·bCzã/.

3>ízc´$1¢S¹Å��ÿ, uy>í
zc´VÚ�ålVÚÕ 40 km L�. 3 23 g�
Åk��L§. ¢S©Û�±uy´��. =©


��½§Ýu)
·by�.

�!nÜ
>ízc´�¢S¹Åêâ, uy
>ízc´�´�Å�Ü©�m¹þ�~. �
�
Ð/©Û¢Sêâ, ·�ïá
�´�êÆ�..

©ÛêÆ�.�±uy�3 α 6= a∗ ��ÿ, >í
zc´$1�~, �Å¹þ3I[#N��a, Ï
L�ý��±y¢�ù�:. �´3�Å�I��
¹e, nØ©Ûuy�3 α = a∗, 3�ý�, �´·
b²w, y²ïá�êÆ�.´�(�, Ó��`
²3>ízc´�3�½�Û�.

ã 8 >åÅ�3ålVÚÕ 40 km ��>´·bã�ýã

4 ( Ø

�©ÏL©Û CRH2 .Ä�|VÚC6ìÌ
>´(�, Òy3Ï^��.?1ï�©Û, �ï

DÚ�ò��5�§=z¤�5�§�©Û, j
±ïá��5êÆ�.. ù�©Ûvk�.=z�
Ø�, �\°(. >ízc´�Å�´$Ä�, ��
ëêØÊCz, \�IS�>ízc´·�y�î
, éN´E¤�Å�I. 3¢S¹Å©Û¥, >í
zc´u)pª�Å�I´�3�, 3é�Ipª
�Å©Û¥, Äg¦^
·b©Û��{. ^·b
©Û�`:´Buuy�Å8¥�ªã, �8¥?
npª�ÅJø
r��êâ�æ. ÏLéêâ�
¢S©Û, >ízc´3�Ü©�¹eé>�vk
?ÛK�, �Å3Å�$1�, ¹þé$, ��I[
�¦�IO. �´, 3¢S¹Å�L§¥, uy��
Ñyk
g�Åu)aq·by�, Ò¬u)��,

=©
�u)·by�. ¢S©ÛL§¥, �I�
pª�Å�·by��~²w. ù«á�mÑy�
pg�Åé>åXÚ�K��~�, �±��m'
ØÄ�. ïÆé 23 gù���Å¦^üNÈÅì
?1?n, é¢Só§�S�$1Ú#��6Õ�
Oþäk��ë�d�.
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Chaos analysis of high-frequency harmonics of
locomotive LCI∗

Zhang Kun† Zhang Yang Zha Xiao-Ming Xiong Yi

Peng Guang-Qiang Fan You-Ping

( School of Electric Engineering, Wuhan University, Wuhan 430072, China )
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Abstract

Considering typical AC-DC-AC multiple units, CRH2 motor car, in this paper we deduce its parametric equations under sine

pulse width modulation, and set up a new nonlinear parameter model. Fractal situation of higher harmonic is analyzed based on chaos

theory. Aiming at typical traction substations, calculation and simulation are conducted, and the result is verified based on data from

actual wave records, which proves that high-frequency harmonic can lead to system resonance and expands the application of chaos

analysis method.

Keywords: electrification locomotive, chaotic analysis, high-frequency harmonics, bifurcation
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