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RSLTTULMSNHLJUVWSLXVMJISVHVYNMTZHJSN[N\L]NZSL^JJISJY_V`J^^VaVIVYbVYL\VISJYJ_J^NcSJ`NUVHSLXVMdSVMVS(

^VaV^LTVTL\SVHN��_ZeMVaVNTIV_fghcMTZTMLMNKJT\NJSLTbVY^V(^LIVS^dJbLSL\MJSNTMN\NLIILSLMLHTIVUVaLMJ_f^VaV\SV(

HVVXSLiJ^NZj	IhM^N\kPIV_hKJ^^dJ^L aNYSVYN^LUNKJT\VUTMJ^YJH TMLMNKJT\NbhT_VHNZb�lSVYJUV^TMSNSVHL^LHVgUV`(

^VTMfNTIV_fgVHL^NZIV_hKJ^^dbSJgh_fMLMVHY_ZSJL_NgL]NNTMSLMJaNNhISLH_J^NZSVMVS^dU^LTVTVUP^L]J_J^^VW^LIVY(

YJS`L^NJMSJXhJUVaVhSVH^ZSLTbVYLNVISJYJ_J^NJTVIhMTMHhciNbSJ`NUVHSLXVMd�

��������

RSL^JJVIhX_N\VHL^^VWSLXVMJm�nXd_ISJY_V`J^IVYbVY
\V]J^\JNgUJ^J^NWHYN^LUN\JMJKJ^NZ\SVHNKJSJgSVMVS^dW
^LTVTP\VMVSdWIVgHV_ZJMVISJYJ_NMf[NgNV_VaNKJT\Ng^LKN(
UdJSJ`NUdSLXVMd^LTVTL-VXSLM^VJMJKJ^NJ\SVHNKJSJg^L(
TVT�,V��PKLTMNK^LZSLgaShg\L�,,*�NIV_^LZSLgaShg\L`J(
_hYVK\L TJSY]L �,�*�P KLTMNK^dW\V__LIT �,72� NIV_^dW
\V__LIT��72�`J_hYVK\LHVHSJUZTJSYJK^VaV]N\_Lm�n��N(
^LUN\LMJKJ^NZ\SVHNKJSJg^LTVTV]J^NHL_LTfTIVUVifcMJ(
VSJMNKJT\VWUVYJ_NSVMVS^VaV^LTVTLm�n�

�J_fSLTTULMSNHLJUVWSLXVMdgL\_cKLJMTZHe\TIJSNUJ^(
ML_f^VWISVHJS\JYL^^VaVIVYbVYL TNTIV_fgVHL^NJUTMLMN(
KJT\Nb SLTbVY^V(^LIVS^db bLSL\MJSNTMN\ �o��� LIILSLML
HTIVUVaLMJ_f^VaV\SVHVVXSLiJ^NZ��R
�j	IhM^N\k m�n�

���	�


lSJY_V`J^^LZSL^JJMJVSJMNKJT\LZUVYJ_fSVMVS^VaV^L(
TVTL\SVHN�o�
�VT^VHdHLJMTZ^LVIhX_N\VHL^^dbH_NMJSL(
MhSJ TMLMNKJT\NbSLTbVY^V(^LIVS^dbbLSL\MJSNTMN\LbLIIL(
SLMLHTIVUVaLMJ_f^VaV\SVHVVXSLiJ^NZj2 �"!C�! AAkNgL(
INTdHLJMTZHT_JYhciJUHNYJm�n-

2 3 2 2 2 ,
dQ

L aQ bQ cQ d eQ fQ g H
dt

= + + + ω + ω + ω+ − 
���

aYJ: pILSLUJMSPbLSL\MJSNghciNWH_NZ^NJN^JS]NV^^VTMN
\SVHNHYL^^VU^LTVTJNSLH^dW�P�UUSM�TM�qUN^�q_p�rWp
SLTbVY^LTVTLP_/UN^rωpT\VSVTMf^LTVTLPUN^p�r1pIJSJILY
YLH_J^NW^L^LTVTJPUUSM�TM�
Ve[[N]NJ^MdhSLH^J^NZ�p.
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IVYVXSL^dTIVUVifcISV]JYhSdVIMNUNgL]NN^LVT^VHJL_(
aVSNMULsJHJ^XJSaL(�LS\HLSYML�

RSLTTULMSNHLJUVWSLXVMJY_ZSLgSLXVM\NULMJULMNKJT\VW
UVYJ_No�
NTIV_fghcMTZ SJgh_fMLMdNTIdML^NWIJSHVaV
VMJKJTMHJ^^VaVLIILSLMLHTIVUVaLMJ_f^VaV\SVHVVXSLiJ^NZ
j	IhM^N\kP IV_hKJ^^dJ^L aNYSVYN^LUNKJT\VU TMJ^YJ m9n H
TMLMNKJT\NbhT_VHNZb�

�_Z eMVaV T_hKLZ hSLH^J^NJ ��� ISNVXSJMLJM T_JYhciNW
HNY-

2 2 3.
dQ

L aQ bH c d Q eQ fQ
dt

= + + ω + ω + +  ���

t_J^dhSLH^J^NZW�NW�IVgHV_ZcMHVTISVNgHJTMN<(VX(
SLg^dWNgaNXTMLMNKJT\VWo��PbLSL\MJS^VWY_ZHTJbSVMVS(
^db^LTVTVHTVTJHdU^LISLH_J^NJUMJKJ^NZ m�n�t_J^dHNYL
W�ωNWω�PIVgHV_ZciNJHVTISVNgHJTMNH_NZ^NJHZg\VTMN\SV(
HN^L^L\_V^TMLMNKJT\VWo��PXd_NNT\_cKJ^dPIVT\V_f\h
HZg\VTMf̀ NY\VTMNH\V^MhSJVTMLHL_LTf[N\TNSVHL^^VWNSLH(
^VW�P�UlLqT�lVISLHVK^dW\Ve[[N]NJ^M.ML\`JXd_NT\_c(
KJ^�t_J^WωYVXLH_J^T]J_fchHJ_NKJ^NZMVK^VTMNhSLH^J(
^NZPKMVIVgHV_ZJMIVHdTNMf\Ve[[N]NJ^MYJMJSUN^L]NN'�T
�P==�YV�P==>�

�VYJ_f^dJo��ISJYTMLH_J^d^L�����X�tJS^dUN\ShaL(
UNVMUJKJ^dMVK\NPIV\VMVSdUISVNgHVYN_LTfVIMNUNgL]NZP
KJS^dJULS\JSdTVVMHJMTMHhcMUVYJ_f^dUg^LKJ^NZUHMVK(
\LbVIMNUNgL]NN�	INTV\\Ve[[N]NJ^MVHISNHJYJ^H	�J���X�

RTJSJgh_fMLMdIV_hKJ^d^LUVYJ_NTJSYJK^V(TVThYNTMVW
TNTMJUdP\VMVSLZIVTMSVJ^L^LVT^VHJUVYJ_JW T TVTSJYVMV(
KJ^^dUNILSLUJMSLUNPHTVTMVZ^NNTJSYJK^VW^JYVTMLMVK^V(
TMNPL^L_VaNK^VWVINTL^^VWHm�n�oVMVS^dW^LTVTIVY\_cKL_(
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TZ\_JHVUh`J_hYVK\hTJSY]LNLVSMJP[h^\]NV^NShZISNKLT(
MVMJTJSYJK^dbTV\SLiJ^NW>�hY/UN^�

���������


uXiNWHNYYN^LUNKJT\NbSLTbVY^V(^LIVS^dbbLSL\MJSN(
TMN\PIV_hKJ^^db^LUVYJ_NTJSYJK^V(TVThYNTMVWTNTMJUdPN
TVVMHJMTMHhciNJ]N\_NKJT\NJgLHNTNUVTMNYLH_J^NZVMVXvJ(
UL_JHVaV`J_hYVK\LISJYTMLH_J^d^L�����Y�wVSULIV_hKJ^(
^dbbLSL\MJSNTMN\ TVa_LThJMTZ TIJM_JVXSLg^VW[VSUVWSL(
^JJVIhX_N\VHL^^dbYN^LUNKJT\Nbo��m�n(m>n�

�ghSLH^J^NZ���Xd_NIV_hKJ^dISVNgHVY^dJY_ZV]J^\N
YN^LUN\NMJKJ^NZ\SVHNKJSJg^LTVT-9W/9#P9�W/9#�N9�W/9#��
xTML^VH_J^VPKMV\L`YLZISVNgHVY^LZbLSL\MJSNghJMTZVISJ(
YJ_J^^VWYN^LUN\VWgLHSJUZVY^VaVTJSYJK^VaV]N\_LrISN
eMVUNgUJ^J^NJT\VSVTMNo�
ISNHVYNM\NgUJ^J^NZUHYN^L(
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UN\JISVNgHVY^VWP\VMVSdJ\VSSJ_NShcMTSJ`NULUNSLXVMd
^LTVTL�

�_Ẑ La_ZY^VaVVINTL^NZIVYVX^dbNgUJ^J^NWXd_NHHJ(
YJ^dN^YJ\TdISVNgHVY^dbP\VMVSdJISNHJYJ^dH	�J��� Y�
uXVg^LKJ^NZ,��N,��TVVMHJMTMHhcMUL\TNUL_f^VUhNUN(
^NUL_f^VUh g^LKJ^NZU ISVNgHVY^VW gL HSJUZ TJSYJK^VaV
]N\_L��L\P N^YJ\T%*7 ^L VT^VHJ 9

�W/9#� NTIV_fghJMTZ Y_Z
VISJYJ_J^NZSJ`NUVHKLTMNK^VWNIV_^VWSLgaShg\N`J_h(
YVK\L�


L\HNY^VNg�����ZPhHJ_NKJ^NJT\VSVTMN^LTVTLISNHVYNM
\VISJYJ_J^^VWYN^LUN\J\L`YVaVN^YJ\TL��gUJ^J^NJHYN(
^LUN\JN^YJ\TLPTVVMHJMTMHhciJJ_V\L_f^VUhUL\TNUhUhN_N
UN^NUhUhN^YJ\TLHVISJYJ_J^^VUYNLILgV^JT\VSVTMJWPSLT(
TULMSNHLJMTZ\L\IJSJbVYNgVY^VaVSJ`NULSLXVMdHYShaVW�
lhTMdUNULS\JSLUNVMUJKJ^dIJSJbVYdUJ`YhSJ`NULUNSL(
XVMdP\VMVSdJXd_NVISJYJ_J^dNg aJUVYN^LUNKJT\Nb gLHN(
TNUVTMJW-Y_Z,,*N,�*peMVIVMV\KJSJgLVSML_f^dW\_L(
IL^��
�PY_Z,72phUJ^fyJ^NJ\V^JK^V(TNTMV_NKJT\VaVVXvJ(
UL_JHVaV`J_hYVK\LYVg^LKJ^NZPTVVMHJMTMHhciJaV^h_JHV(
UhYLH_J^NcH`J_hYVK\J����U_�PY_Z�72pVMSN]LMJ_f^VJ
YLH_J^NJgL\_N^NHL^NZH_JaVK^db\LIN__ZSLb�

�L\PKLTMNK^VWSLgaShg\J`J_hYVK\LTVVMHJMTMHhJMhHJ_N(
KJ^NJ%*7HI_VMfYV\HLYSLM^VaVULS\JSL��^L_VaNK^dUVX(
SLgVUhHJ_NKJ^NJN^YJ\TL%,72 TVVMHJMTMHhJMSJ`NUh,72P
_V\L_f^dWUL\TNUhUN^YJ\TL^LYNLaSLUUJ%�72 TKNMLJMTZ
THZgL^^dUTIJSJbVYVUHSJ`NU�72�

6 �/% !��0� 7�!����

d2Q/dt2 = (a + dω + 2eQ + 3fQ2) / L SAV = min d2Q/dt2 (max d2Q/dt2 – min d2Q/dt2) 

d3Q/dt3 = (2e + 6fQ) / L SPVC = min d3Q/dt3 

dQ/dt = (aQ + bH + cω2 + dQω + eQ2 + fQ3) / L SFVC = min dQ/dt (max dQ/dt – min dQ/dt) 

�

C�J��H��Y
����	����	���	��
����������	������	������������� ��	����!	�
����	��

��������7/��������# � ������/���� ��'��������(��# � ������/�� ���8�$+����#���'����������(��� ���� "���� ������ * � 12���

��% * �3��&! ������!.��'�������(��!�%����0�/������%���0�%���* ��$����#���0���')94:�����������(�����!��� %���������������

#��&%�����������  ������� ��� ��

���! ������ 1����

RVgUV`^VTMfV]J^\NSLTbVYLNVISJYJ_J^NZSJ`NUVHSL(
XVMdo�
IVgHV_ZJMSJL_NgVHLMfTMSLMJaNchISLH_J^NZP^L(
]J_J^^hĉ LIVYYJS`L^NJVISJYJ_J^^VaVhSVH^ZSLTbVYL_NXV
SJ`NULSLXVMd^LTVTL�lSNUJShISLH_J^NZT\VSVTMfc^LTV(
TLP^L]J_J^^dW^LYVTMN`J^NJhSVH^ZSLTbVYLH�P�_/UN^ISN
NgUJ^J^NNKLTMVMd TJSYJK^db TV\SLiJ^NWP ISJYTMLH_J^^L
����� [�RSJUJ^^VWN^MJSHL_UJ`YhMVK\LUNSLHJ^�� TJSYJK(
^dU]N\_LU^JgLHNTNUVVMKLTMVMdTJSYJK^db TV\SLiJ^NW�
RSJUJ^^LZYNLaSLUULN^YJ\TL%*7 NTIV_fghJMTZY_ZVISJYJ(
_J^NZSJ`NUVH,,*N,�*��T_NV]J^VK^dWSLTbVYW,VM_N(
KLJMTZVMMSJXhJUVaVhSVH^ZSLTbVYLPMVT\VSVTMfo�
hHJ_N(
KNHLJMTZN_NhUJ^fyLJMTZ TyLaVUH���VX/UN^YVMJbIVSP
IV\L^JXhYJMhTML^VH_J^VTVVMHJMTMHNJ�


L\HNY^VNg����� [P \L`YVJhUJ^fyJ^NJT\VSVTMNTVISV(
HV`YLJMTZNgUJ^J^NJUN^YJ\TL%*7NVMUJKJ^VULS\JSVUVI(
SJYJ_J^^VW[VSUd��L\PhUJ^fyJ^NJT\VSVTMNTVY^VHSJUJ^(
^dUhHJ_NKJ^NJU eMVaVN^YJ\TL TVVMHJMTMHhJMSJ`NUh,�*
�VMUJKJ^V\HLYSLM^dUNULS\JSLUN�T^h_JHdUIVMV\VUKJSJg
LVSML_f^dW \_LIL^P IVT_JYhciJJ hUJ^fyJ^NJ T\VSVTMN T
hUJ^fyJ^NJU%*7TVVMHJMTMHhJMSJ`NUhKLTMNK^VWSLgaShg\N
`J_hYVK\L�VMUJKJ^VSVUXVHNY^dUNULS\JSLUN�N^J^h_JHV(
UhIVMV\hKJSJg�
�

����"����

RSLTTULMSNHLJUVWSLXVMJXd_LISVHJYJ^LHJSN[N\L]NZ
SL^JJISJY_V`J^^VaVIVYbVYL\V]J^\JNgUJ^J^NWHYN^LUN\J
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MJKJ^NZ\SVHNKJSJgSVMVS^dW^LTVTT]J_fcVISJYJ_J^NZSJ(
`NUVHJaVSLXVMd�zLVT^VHhXd_NHgZMdTMLMNKJT\NJSLTbVY(
^V(^LIVS^dJbLSL\MJSNTMN\N�R
j	IhM^N\kPIV_hKJ^^dJ^L
aNYSVYN^LUNKJT\VUTMJ^YJ�
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