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ABSTRACT

7KH� GHVLJQ� RI � D� YHKLFOH� VXVSHQVLRQ� V\VWHP� UHTXLUHV
VDWLVIDFWLRQ� RI � PDQ\� GHVLJQ� DVSHFWV� LQFOXGLQJ� JRRG� YLEUDWLRQ
LVRODWLRQ� WR� VHFXUH� WKH� RFFXSDQWV� FRPIRUW�� JRRG� URDG�YHKLFOH
KROGLQJ�DELOLW\�DQG�VDIHW\��6HYHUDO�YHKLFOH�VXVSHQVLRQ�PRGHOV�ZLWK
VWUXFWXUDO� RU� DFWLYHO\� FRQWUROOHG� FRQILJXUDWLRQV� KDYH� EHHQ
UHSRUWHG� LQ� WKH� RSHQ� OLWHUDWXUH�� 7KH� NH\� GHVLJQ� REMHFWLYHV� DUH
UHSUHVHQWHG�E\�WKH� DFFHOHUDWLRQ�RI � WKH�YHKLFOH�ERG\�DQG� UHODWLYH
GLVSODFHPHQW� EHWZHHQ� WKH� YHKLFOH� DQG� � YDULRXV� VXVSHQVLRQ
FRPSRQHQWV�� 2WKHU� FRQVWUDLQWV� VXFK� DV� WKH� RYHUDOO� V\VWHP
UREXVWQHVV�� SRZHU� DQG� FRVW� UHTXLUHPHQWV� DUH� DOVR� WDNHQ� LQWR
DFFRXQW�

,Q� WKLV� SDSHU�� WZR� ��'2)� PRGHOV� ZLWK� � D� 0D[ZHOO� W\SH
VXVSHQVLRQ�DQG�D�0D[ZHOO� W\SH�VXVSHQVLRQ�ZLWK�D�SDUDOOHO� VSULQJ
DUH� FRQVLGHUHG�� 0HDQ� VTXDUH� DFFHOHUDWLRQ� DQG� UHODWLYH
GLVSODFHPHQW� UHVSRQVHV� RI � WKHVH� PRGHOV� DUH� GHULYHG� IRU� D
UHDOLVWLF�UDQGRP�URDG�LQSXW�JLYHQ�LQ�WHUPV�RI �LWV�SRZHU�VSHFWUXP
GHQVLW\�IXQFWLRQ�

7KH�RSWLPL]DWLRQ�SUREOHP�RI � VXVSHQVLRQ� V\VWHPV� LV� XVXDOO\
VROYHG� E\� GHILQLQJ� D� VLQJOH� SHUIRUPDQFH� LQGH[� ZKLFK� LV� D
ZHLJKWHG� VXP� RI � PHDQ� VTXDUH� DFFHOHUDWLRQ� DQG� WKH� UHODWLYH
GLVSODFHPHQW�� +RZHYHU�� WKH� UHVXOWV� DUH� GHSHQGHQW� RQ� WKH
ZHLJKWLQJ�FRHIILFLHQW�ZKLFK�LV�DUELWUDU\��DQG�WKH�VROXWLRQ�FDQ�QRW
WHOO�XV�ZKLFK�GHVLJQ�LV�EHWWHU�

,QGHSHQGHQFH� $[LRP� RI � WKH� $[LRPDWLF� 'HVLJQ� FDQ� HDVLO\
GLVWLQJXLVK� EHWZHHQ� GLIIHUHQW� GHVLJQV� DQG� FDQ� SURYLGH� DQ� LQGH[
VKRZLQJ� ZKLFK� LV� EHWWHU�� ,Q� WKLV� SDSHU�� WKH� DERYH� GHULYHG
VXVSHQVLRQ� PRGHOV� DUH� H[DPLQHG� XVLQJ� WKLV� D[LRP�� DQG
VHPDQJXODULW\�DQG�UHDQJXODULW\� FRQFHSWV�� ,W�KDV�EHHQ� VKRZQ� WKDW
XQGHU� FHUWDLQ� FRQGLWLRQV� DQG� LQ� FHUWDLQ� UDQJH� RI � GHVLJQ
SDUDPHWHUV��LW�LV�SRVVLEOH�WR�REWDLQ�GHFRXSOHG�GHVLJQV��$[LRPDWLF
GHVLJQ� DSSURDFK� DQG� QHZ� UHODWLRQV� GHULYHG� GXULQJ� WKHVH
LQYHVWLJDWLRQV�PD\�SURYLGH�D�QHZ� ORRN�DW� WKH�YHKLFOH� VXVSHQVLRQ
V\VWHP�GHVLJQ�

.H\ZRUGV��D[LRPDWLF�GHVLJQ��YHKLFOH�VXVSHQVLRQV

1  INTRODUCTION

7UDQVSRUWDWLRQ� LV� D� YHU\� LPSRUWDQW� VHUYLFH� IRU� WKH� KXPDQ
VRFLHW\��$GYDQFHG�UHVHDUFK�LV�XQGHUWDNHQ�IRU�GLIIHUHQW

HQJLQHHULQJ� DVSHFWV� RI � WUDQVSRUWDWLRQ� VXFK� DV� UHOLDELOLW\�� VDIHW\�
PDLQWHQDQFH�RI �YHKLFOH�VWUXFWXUHV��YLEUDWLRQ�DQG�VKRFN�HIIHFWV�LQ
WUDQVSRUWDWLRQ�� WR� PHHW� WKH� QHHGV� IRU� FRVW� HIILFLHQW�� IDVW� DQG
FRPIRUWDEOH�WUDYHO�

$�PDMRU� LQIOXHQFH� RQ� SDVVHQJHU� FRPIRUW�� DQG�PDLQWHQDQFH
DQG� UHSDLU� FRVW� RI � ERWK� YHKLFOHV� DQG� JXLGHZD\V� FRPHV� IURP
G\QDPLF�PRWLRQV��$�YHKLFOH�WUDYHOOLQJ�RQ�D�JLYHQ�URDG� VXUIDFH� LV
VXEMHFWHG� DW� HDFK� ZKHHO� WR� D� GLVWXUEDQFH� ZKLFK� LV� UDQGRP
IXQFWLRQ�RI � WLPH�� ,W� LV� DOVR� VXEMHFWHG� WR� DHURG\QDPLF� IRUFHV�� 7R
GHVLJQ�D�YHKLFOH�DQG�LWV�VXVSHQVLRQ�VR�WKDW�WKH�YHKLFOH�UHVSRQVH�WR
GLVWXUEDQFHV�LV�DW�DQ�DFFHSWDEOH�OHYHO�LV�RQH�RI �WKH�REMHFWLYHV�RI �D
YHKLFOH� GHVLJQ� HQJLQHHU�� $PRQJ� WKH� GHVLJQ� REMHFWLYHV� DUH
DFFHSWDEOH�SDVVHQJHU� FRPIRUW�� VPDOO� VXVSHQVLRQ�GHIOHFWLRQV�� DQG
JRRG�URDG�DQG�WUDFN�KROGLQJ�DELOLW\��$�JRRG�YLEUDWLRQ�LVRODWLRQ�LV
UHTXLUHG� IRU� EHWWHU� ULGH� FRPIRUW��ZKHUHDV� JRRG� URDG� KROGLQJ� LV
LPSRUWDQW�IRU�VDIHW\��)RU�VXVSHQVLRQ�GHVLJQ��DFFHOHUDWLRQ�OHYHO�RI
YHKLFOH�ERG\��PD[LPXP�DOORZDEOH� UHODWLYH�GLVSODFHPHQW� EHWZHHQ
WKH� YHKLFOH� DQG� WKH� YDULRXV� VXVSHQVLRQ� FRPSRQHQWV�� LQFOXGLQJ
ZKHHOV�� YHKLFOH� DQG� RWKHU� XQVSUXQJ� PDVVHV� DUH� WDNHQ� LQWR
DFFRXQW��$GGLWLRQDO�FRQVWUDLQWV�DUH�LPSRVHG�E\�WKH�RYHUDOO�V\VWHP
UREXVWQHVV��UHOLDELOLW\��SRZHU�DQG�FRVW�UHTXLUHPHQWV�

$V�VXVSHQVLRQ�EHFRPHV�VRIWHU��LW�WHQGV�WR�UHGXFH�WKH�HIIHFWV
RI � URDG� GLVWXUEDQFHV� DQG� DOVR� UHTXLUHV� LQFUHDVHG� YHKLFOH�URDG
G\QDPLF� FOHDUDQFH�� 7KH� HIIHFWV� RI � H[WHUQDO� IRUFHV� WHQG� WR� EH
UHGXFHG�DV�VXVSHQVLRQ�EHFRPHV�KDUGHU�DQG�UHTXLUHV�OHVV�YHKLFOH�
URDG� G\QDPLF� FOHDUDQFH�� 7KH� SUHVHQFH� RI � GLIIHUHQW� W\SHV� RI
H[WHUQDO� GLVWXUEDQFHV� DQG� WKH� SDVVHQJHU� FRPIRUW� UHVXOWV� LQ� D
QXPEHU�RI �FRPSHWLQJ�DSSURDFKHV�WR�YHKLFOH�VXVSHQVLRQ�GHVLJQ�

0RGHUQ�DSSURDFKHV�LQ�GHVLJQ�GHPDQG�RSWLPDO�SHUIRUPDQFH�
&RQVLGHUDEOH� UHVHDUFK� GHYRWHG� RYHU� ODVW� IRXU� GHFDGHV� WR
GHWHUPLQH�WKH�RSWLPXP�VXVSHQVLRQ�GHVLJQ�IRU�D�YHKLFOH�WUDYHOOLQJ
RYHU�UDQGRPO\�SURILOHG�WUDFNV�UHDOL]HG�WKDW�WKH�RSWLPXP�GHVLJQ�LV
D�FRPSURPLVH�EHWZHHQ�VHYHUDO�FRPSHWLQJ�UHTXLUHPHQWV�

&RQYHQWLRQDOO\�� URDG�YHKLFOH� VXVSHQVLRQ� V\VWHPV�DUH� SDVVLYH
GHYLFHV� FRQVLVWLQJ� RI � HQHUJ\� VWRUDJH� DQG� GLVVLSDWLYH� HOHPHQWV
WXQHG� WR� RQH� SDUWLFXODU� GHVLJQ� SRLQW� ZKLFK� LV� D� FRPSURPLVH
EHWZHHQ� VSUXQJ�PDVV� LVRODWLRQ�� VXVSHQVLRQ� WUDYHO�� DQG� WLUH�URDG
FRQWDFW� IRUFHV� >6HYLQ� DQG� 3LONH\� �������� +URYDW� DQG� +XEEDUG
��������7VHQJ�DQG�+URYDW�������@�
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SYSTEMS

$��.HULP�.$5
NDUD#DVPH�RUJ

0DUPDUD�8QLYHUVLW\��)DFXOW\�RI �(QJLQHHULQJ
*R]WHSH��������,VWDQEXO��785.(<

+��(UJL�0$57,1
KHPDUWLQ#PXWHN�RUJ�WU

0DUPDUD�8QLYHUVLW\��)DFXOW\�RI �(QJLQHHULQJ
*R]WHSH��������,VWDQEXO��785.(<



�$1�$;,20$7,&�'(6,*1�$3352$&+�72�21(�'2)�9(+,&/(�6863(16,21�6<67(06
)LUVW�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$[LRPDWLF�'HVLJQ

&DPEULGJH��0$�²�-XQH������������

&RS\ULJKW��������E\�WKH�,QVWLWXWH�IRU�$[LRPDWLF�'HVLJQ ���

5HFHQW�GHYHORSPHQWV�LQ�DFWLYH�FRQWURO�PHDQV�RSHQ�D�QHZ�HUD
IRU� WKH� GHVLJQ� RI � HOHFWURQLFDOO\� FRQWUROOHG� YHKLFOH� VXVSHQVLRQ
V\VWHPV�� ZLWK� SRWHQWLDO� LQ� RYHUDOO� SHUIRUPDQFH�� 6XFK� DGYDQFHG
FRQFHSWV� LQFOXGH� DFWLYHO\� FRQWUROOHG� V\VWHPV� WKDW� XVH� VHQVLQJ
GHYLFHV� DQG� VHUYRPHFKDQLVPV� ><RXQJ� DQG� :RUPOH\� �������
+HGULFN� �������� .DUQRSS�������� 5HGILHOG� DQG� .DUQRSS� �������
+URYDW�������@��H[WHUQDOO\�FRQWUROOHG�SDVVLYH�V\VWHPV�FDOOHG�VHPL�
DFWLYH� VXVSHQVLRQV� >.DUQRSS� HW� DO�� �������� 0DUJROLV� ������@�
3DVVLYH� VXVSHQVLRQV� DUH� IRXQG� RQ� PRVW� RI � WKH� FRQYHQWLRQDO
YHKLFOHV�� 7KH\� GR� QRW� LQFOXGH� H[WHUQDO� SRZHU� VRXUFHV�� ZKHUHDV
DFWLYH� VXVSHQVLRQV� UHTXLUH� DGGLWLRQDO� HQHUJ\� VRXUFHV�� VXFK� DV
FRPSUHVVRUV� DQG� SXPSV� WR� DFKLHYH� VXSHULRU� ULGH� DQG�RU� URDG
KROGLQJ� SHUIRUPDQFH�� 7KH� VHPL�DFWLYH� VXVSHQVLRQV� ILOO� WKH� JDS
EHWZHHQ�SDVVLYH�DQG�DFWLYH�VXVSHQVLRQV�DQG�WKH\�RIIHU�VLJQLILFDQW
SHUIRUPDQFH� LPSURYHPHQWV� ZKLOH� UHTXLULQJ� UHODWLYHO\� VPDOO
H[WHUQDO�SRZHU�VRXUFHV�

0RGHUQ� RSWLPL]DWLRQ� WHFKQLTXHV� DUH� KHDYLO\� XVHG� LQ� WKH
GHVLJQ� RI � VXVSHQVLRQ� V\VWHPV�� %RWK� VLQJOH� REMHFWLYH� DQG� PXOWL�
REMHFWLYH� WHFKQLTXHV� DUH� XVHG� IRU� WKLV� SXUSRVH� >+HGULFN� �������
<RXQJ�DQG�:RUPOH\���������5DR�������@���7KHVH�WHFKQLTXHV�PD\
LQGLFDWH�ZKLFK�GHVLJQ�LV�RSWLPDO�ZLWK�UHVSHFW�WR�D�JLYHQ�REMHFWLYH
IXQFWLRQ��EXW�WKH\�FDQ�QRW�WHOO�LI �DQG�ZK\�WKDW�GHVLJQ�LV�EHWWHU�

$[LRPDWLF�GHVLJQ�LV�GHYHORSHG�ZLWK�WKHVH�TXHVWLRQV� LQ�PLQG
>6XK� ������@�� 'HVLJQ� D[LRPV� SURYLGH� SULQFLSOHV� WKDW� DLG� WKH
FUHDWLYH� SURFHVV� RI � GHVLJQ� E\� HQDEOLQJ� JRRG� GHVLJQV� WR� EH
GLVWLQJXLVKHG� DPRQJ� SODXVLEOH� GHVLJQV�� 6R� IDU� WKHVH� D[LRPV� DUH
VXFFHVVIXOO\� XVHG� E\� PDQ\� UHVHDUFKHUV� IRU� GHVLJQ� IRU
SURGXFLELOLW\>6XK� ������@�� LQIRUPDWLRQ�EDVHG� GHVLJQ� IRU
HQYLURQPHQWDO�SUREOHP�VROYLQJ�>:DOODFH�DQG�6XK�������@��GHVLJQ
GHFLVLRQ� PDNLQJ� VXSSRUW� SUREOHPV� >%UDV� DQG� 0LVWUHH� ������@�
GHVLJQ� RI � DUWLILFLDO� VNLQ� >*DEHOD� DQG� 6XK� ������@� DV� ZHOO� DV� IRU
RWKHU�GHVLJQ�UHODWHG�SUREOHPV�

,Q� WKLV� SDSHU�� WZR� ��'2)� PRGHOV� ZLWK� � D� 0D[ZHOO� W\SH
VXVSHQVLRQ�DQG�D�0D[ZHOO� W\SH�VXVSHQVLRQ�ZLWK�D�SDUDOOHO� VSULQJ
DUH� LQYHVWLJDWHG� XVLQJ� LQGHSHQGHQFH� D[LRP�� DQG� VHPDQJXODULW\
DQG�UHDQJXODULW\�FRQFHSWV�GHULYHG�IURP�WKLV�D[LRP��0HDQ�VTXDUH
DFFHOHUDWLRQ�DQG�UHODWLYH�GLVSODFHPHQW�UHVSRQVHV�RI �WKHVH�PRGHOV
DUH�GHULYHG�IRU�D�UHDOLVWLF�UDQGRP�URDG�LQSXW�JLYHQ�LQ�WHUPV�RI �LWV
SRZHU�VSHFWUXP�GHQVLW\�IXQFWLRQ�

2  MATHEMATICAL MODELS

,Q� WKLV� VHFWLRQ� VXVSHQVLRQ� DQG� LQSXW� PRGHOV� ZLOO� EH
SUHVHQWHG�� PHDQ� VTXDUH� DFFHOHUDWLRQ� DQG� UHODWLYH� GLVSODFHPHQW
UHVSRQVHV� ZLOO� EH� GHULYHG�� DQG� UHDQJXODULW\� DQG� VHPDQJXODULW\
UHODWLRQV�EDVHG�RQ�WKHVH�UHVSRQVHV�ZLOO�EH�REWDLQHG�

2.1 SUSPENSION MODELS

6HYHUDO�VXVSHQVLRQ�PRGHOV�ZHUH�XVHG� LQ�SUHYLRXV� VWXGLHV� WR
VWXG\�WKH�RSWLPDO�EHKDYLRU�RI �YHKLFOH�VXVSHQVLRQ�V\VWHPV��:KLOH
D� PXOWLGHJUHH�RI�IUHHGRP� VXVSHQVLRQ� PRGHO� LV� UHTXLUHG� WR
GHVFULEH�D�YHKLFOH�FRPSOHWHO\��FRQVLGHUDEOH�LQVLJKW�PD\�EH�JDLQHG
LQWR� WKH� EDVLF� EHKDYLRU� RI � D� VXVSHQVLRQ� V\VWHP� E\� IRFXVLQJ
DWWHQWLRQ�XSRQ�PRGHOV�RI � VPDOO�GHJUHH�RI � IUHHGRP�� VXFK�DV� WKH
VLQJOH� GHJUHH� RI � IUHHGRP�PRGHOV�� 7KH� VXVSHQVLRQ�PRGHOV� XVHG
LQ�WKLV�SDSHU�DUH�VKRZQ�LQ�)LJXUH����7KHVH�PRGHOV�FRQVLVWV�RI � D
YHKLFOH�PDVV�P�� DQG� DQ� HTXLYDOHQW� VXVSHQVLRQ� V\VWHP� LQYROYLQJ

VSULQJV� DQG� GDVKSRW�� 6XVSHQVLRQ� V\VWHP� VKRZQ� LQ� )LJXUH� ��D��
FDOOHG� 0D[ZHOO�W\SH� VXVSHQVLRQ�� SURYHQ� WR� EH� WKH� RSWLPXP
VXVSHQVLRQ�FRQILJXUDWLRQ�IRU�D�YHKLFOH�VXEMHFWHG�WR�UDQGRP�URDG
LQSXWV�><RXQJ�DQG�:RUPOH\���������+HGULFN�������@��$OWKRXJK�LW
FDQ� QRW� VXSSRUW� VWDWLF� ORDG�� LW� LV� XVHG� WR� FRPSDUH� RWKHU
VXVSHQVLRQV� ZLWK� LWV� SHUIRUPDQFH�� 0D[ZHOO�W\SH� VXVSHQVLRQ
V\VWHP�ZLWK�D�SDUDOOHO�VSULQJ�LV�VKRZQ�LQ�)LJXUH���E��GRHV�VXSSRUW
VWDWLF�ORDGV�
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Figure 1. One-DOF suspension systems
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2.2 ROAD DISTURBANCE INPUT

5HDO�URDG�IRUFH� LQSXW� LV�PRGHOOHG�XVLQJ� LWV�SRZHU� VSHFWUXP
GHQVLW\�IXQFWLRQ���$�JHQHUDO�IRUP�XVHG�IRU�URDG�SRZHU�VSHFWUXP
GHQVLW\�IXQFWLRQ�LV�JLYHQ�E\
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ZKHUH� $� LV� URXJKQHVV� IDFWRU� DQG� 9� LV� IRUZDUG� YHKLFOH
YHORFLW\>+HGULFN�HW�DO�� ������@��8VLQJ�WKH�YDOXH�RI �$�IRU�VPRRWK
KLJKZD\�IURP�7DEOH���><RXQJ�DQG�:RUPOH\� ������@� DQG�9 ���
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2.3 PERFORMANCE MEASURES

6HYHUDO� FULWHULD� KDYH� EHHQ� XVHG� LQ� OLWHUDWXUH� WR� GHVFULEH� WKH
SHUIRUPDQFH�RI �D�VXVSHQVLRQ�V\VWHP�TXDQWLWDWLYHO\��,Q�WKLV�VWXG\�
D� FRPIRUW� FULWHULRQ� LQ� WHUPV� RI � 506� DFFHOHUDWLRQ� OHYHO� DQG� D
VL]LQJ�FULWHULRQ�LQ�WHUP�RI �506�UHODWLYH�VXVSHQVLRQ�GHIOHFWLRQ�DUH
XVHG� VHSDUDWHO\�� ,Q� OLWHUDWXUH�� WKHVH� WZR�PHDVXUHV� DUH� FRPELQHG
ZLWK�D�ZHLJKWLQJ�FRHIILFLHQW�DQG�RSWLPL]HG�WRJHWKHU��,Q�WKLV�VWXG\
WKHVH�WZR�ZLOO�EH�XVHG�DV�WKH�)XQFWLRQDO�5HTXLUHPHQWV��)5V��

2.4 DERIVATION OF EQUATIONS

8VLQJ� HTXDWLRQV� ������� PHDQ� VTXDUH� YDOXHV� RI � FDUERG\

DFFHOHUDWLRQ� 2
PD � DQG� UHODWLYH� VXVSHQVLRQ� WUDYHO� 2

PG � FDQ� EH

FDOFXODWHG�IRU�0D[ZHOO�W\SH�VXVSHQVLRQ�DV� >1HZWRQ�HW�DO�� �������
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)URP�D[LRPDWLF�GHVLJQ�SRLQW�RI �YLHZ��WKHUH�DUH�WZR�)5V��DP�
GP��� DQG� WZR� '3
V� �.�� %��� $[LRPDWLF� GHVLJQ� HTXDWLRQ� IRU
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6LQFH� IXQFWLRQDO� UHTXLUHPHQWV� DQG� GHVLJQ� SDUDPHWHUV� DUH
QRQOLQHDUO\� UHODWHG�� HOHPHQWV� $LM� RI � WKH� GHVLJQ� PDWUL[� PD\� EH
H[SUHVVHG�DV
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5HDQJXODULW\�DQG�VHPDQJXODULW\�FDQ�EH�FDOFXODWHG�DV�EHIRUH�

3  PERFORMANCE EVALUATIONS

3HUIRUPDQFH�RI � VXVSHQVLRQ� V\VWHPV�DUH� HYDOXDWHG� EDVHG� RQ
WKH� IXQFWLRQDO� UHTXLUHPHQWV�GHULYHG� LQ�6HFWLRQ� ��� )LUVWO\� DP� DQG
GP� HTXDWLRQV� DUH� H[DPLQHG�� 7KHQ� FRQWRXUV� RI � FRQVWDQW� UPV
DFFHOHUDWLRQ� DQG� UHODWLYH� GLVSODFHPHQW� DUH� SORWWHG� DJDLQVW� '3V�
5HDQJXODULW\� DQG� VHPDQJXODULW\� FRQWRXUV� DUH� DOVR� SORWWHG� DQG
H[DPLQHG�LQ�FRQMXQFWLRQ�ZLWK�DP�DQG�GP�

3.1 MAXWELL-TYPE SUSPENSIONS

�7R� LQYHVWLJDWH�WKH� OLPLWV�RQ�%�DQG�.��EDVHG�RQ�JLYHQ� OHYHOV
RI � UPV�DFFHOHUDWLRQ�DD� DQG� UHODWLYH� GLVSODFHPHQW� GP�� � VROYLQJ�.
IURP�(TXDWLRQ�����ZH�JHW

&G%

%&
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ZKLFK�PHDQV�WKDW�IRU�D�SRVLWLYH�.��ZH�PXVW�KDYH

2
PG ! %& / �������������

6ROYLQJ�(TXDWLRQ�����IRU�.�DQG�VXEVWLWXWLQJ�LQWR�(TXDWLRQ������ZH
REWDLQ

2/1)2/(.%  �������������

LV�REWDLQHG�IRU�WKH�RSWLPXP�FDVH�ZKHUH

462 )4/27( &GD PP  � �������������

%XW�WKH�OLPLWLQJ�SHUIRUPDQFH�LV

462 )4/27( &GD PP t� �������������

RWKHUZLVH� WKHUH� LV� QR� IHDVLEOH� VROXWLRQ� >0DUWLQ� ������@�� 7KLV� LV
VLPLODU� WR� WKH� ILQGLQJV� RI � HDUOLHU� UHVHDUFKHUV� UHDFKHG� WKURXJK� D
VLQJOH�REMHFWLYH�RSWLPL]DWLRQ�>+HGULFN�������@�
3ORW�LQ�)LJXUH���VKRZV�WKH�FRQVWDQW�UPV�DFFHOHUDWLRQ�DQG�UHODWLYH
GLVSODFHPHQW� FRQWRXUV� RQ� .� DQG� %�D[HV�� 7KLV� ILJXUH� FOHDUO\
VKRZV� WKDW� � LW� LV� D� FRXSOHG� GHVLJQ�� EHFDXVH� LVRJUDPV� IRU� UPV
DFFHOHUDWLRQ� DQG� UHODWLYH� GLVSODFHPHQWV� DUH� QRW� RUWKRJRQDO� WR
HDFK�RWKHU��DQG�WKH\�DUH�QRW�SDUDOOHO� WR�'3�D[HV�� �+RZHYHU�� � IRU
ORZ�YDOXHV�RI �%� DQG� KLJK� YDOXHV� RI �.� RU� ORZ� YDOXHV� RI �.� DQG
KLJK�YDOXHV�RI �%��LW�DSSURDFKHV�WR�XQFRXSOHG�GHVLJQ�

7R� LQYHVWLJDWH� WKLV� SUHPLVH� IXUWKHU�� UHDQJXODULW\� DQG
VHPDQJXODULW\� FRQWRXUV� DUH� SORWWHG� LQ� )LJXUHV� �� DQG� ��� ,Q� WKHVH
ILJXUHV�ZH�FDQ�FOHDUO\�YHULI\�DERYH�PHQWLRQHG�SUHPLVH��)RU�KLJK
YDOXHV� RI �%�� WKHUH� LV� D� YDOXH� RI �.� DURXQG� �� WKDW� FDQ�PDNH� WKH
VXVSHQVLRQ� GHFRXSOHG�� ,I � ZH� H[DPLQH� WKH� GHVLJQ� PDWUL[� LQ
(TXDWLRQ������LQ�OLJKW�RI �(TXDWLRQ�����DSSUR[LPDWHO\�ZH�JHW

����BB�DP�����������GP

Figure 2. Contours of constant rms acceleration and rms
relative displacement

Figure 3. Contours of reangularity

Figure 4. Contours of semangularity
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ZKLFK� VKRZV� WKH� GHFRXSOLQJ� QDWXUH� RI � WKH� GHVLJQ� XQGHU� WKHVH
FRQGLWLRQV�ZKHUH�;V� DUH� QRQ]HUR� WHUPV� DV� FRPSDUHG� WR� DOPRVW
]HUR� WHUPV�� $JDLQ� IRU� ORZ� YDOXHV� RI � %� DQG� KLJK� YDOXHV� RI � .
(TXDWLRQ������DSSUR[LPDWHO\�EHFRPHV
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ZKLFK�DJDLQ�FOHDUO\�LQGLFDWHV�D�GHFRXSOHG�V\VWHP�

3.2 MAXWELL-TYPE SUSPENSIONS WITH A PARALLEL

SPRING

)RU� VPDOO� YDOXHV� RI � WKH� SDUDOOHO� VSULQJ�� ZH� REWDLQ� WKH
EHKDYLRU�RI �WKH�0D[ZHOO�W\SH�VXVSHQVLRQV�

)RU�PHGLXP�YDOXHV�RI �.���EHKDYLRU�RI �DP�DQG�GP�EHJLQV� WR
FKDQJH��+RZHYHU� �� LW� FDQ�EH� VHHQ� IURP�)LJXUH��� WKDW� LW� LV� VWLOO� D
FRXSOHG�GHVLJQ��EXW� � IRU� VPDOO� YDOXHV�RI �%�� DQG� ODUJH� YDOXHV� RI
.���LVRJUDPV�RI �DP�DQG�GP�DUH�SDUDOOHO�WR�.��D[HV��)RU�ORZ�YDOXHV
RI �.�� DQG� ODUJH� YDOXHV� RI �%��� LVRJUDPV� RI � DP� DQG� GP� EHFRPHV
DSSUR[LPDWHO\� SDUDOOHO� WR� %�� D[HV�� ,W� VHHPV� LW� LV� EHFRPLQJ
GHFRXSOHG�GHVLJQ�LQ�WKHVH�UHJLRQV�

����BB�DP�����������GP

Figure 5. Contours of constant rms acceleration and rms
relative displacement for K1=1

7KLV�FRXSOLQJ�EHKDYLRU�FDQ�EH�VHHQ�FOHDUO\�IURP�UHDQJXODULW\
DQG� VHPDQJXODULW\� SORWV� LQ� )LJXUHV� �� DQG� ��� +RZHYHU� LI � ZH
H[DPLQH�GHVLJQ�PDWUL[�HOHPHQWV�IRU�ODUJH�YDOXHV�RI �.��DQG�VPDOO
YDOXHV�RI �%��XVLQJ�(TXDWLRQ�������DSSUR[LPDWHO\�ZH�JHW
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ZKLFK� DJDLQ� LQGLFDWHV� GHFRXSOHG� EHKDYLRU� LQ� D� FHUWDLQ� UHJLRQ�
$OWKRXJK� WKH� UHDQJXODULW\� SORW� LQ� )LJXUH� �� VKRZV� RUWKRJRQDO
EHKDYLRU� DPRQJ� '3V�� VHPDQJXODULW\� SORW� LQ� )LJXUH� �� GRHV� QRW

LQGLFDWH�D�VLPLODU�UHODWLRQVKLS�DPRQJ�SDLUV�RI �'3V�DQG�)5V��7KLV
LV� WKH� HIIHFW� RI � .��� $OWKRXJK� .�� SURYLGHG� ORDG� FDUU\LQJ
FDSDELOLW\� XQGHU� VWDWLF� ORDG�� LW� UHGXFHG� WKH� UDQJHV� ZKHUH
LQGHSHQGHQFH�RI �)5V�FDQ�EH�VDWLVILHG�

$V� .�� LV� LQFUHDVHG�� WKH� EHKDYLRU� RI � WKH� V\VWHP� GLG� QRW
FKDQJH�DSSUHFLDEO\��H[FHSW�WKH�UHJLRQ�ZKHUH�GHFRXSOHG�EHKDYLRU
LV�REVHUYHG�EHIRUH�EHFDPH�PRUH� UHVWULFWLYH�� DV� LW� FDQ�EH� VHHQ� LQ
UHDQJXODULW\�DQG�VHPDQJXODULW\�SORWV�LQ�)LJXUHV���DQG���IRU�.�� 
��

4  CONCLUSIONS

,Q� WKLV� SDSHU� DQ� D[LRPDWLF� GHVLJQ� DSSURDFK� LV� SUHVHQWHG� WR
LQYHVWLJDWLRQ�RI �RQH�'2)�YHKLFOH�VXVSHQVLRQ�V\VWHPV��7ZR

Figure 6. Contours of reangularity for K1=1

Figure 7. Contours of semangularity for K1=1
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Figure 8. Contours of reangularity for K1=5

V\VWHPV�ZHUH�LQYHVWLJDWHG�XVLQJ�UPV�DFFHOHUDWLRQ�DQG�UPV�UHODWLYH
GLVSODFHPHQW� RI � YHKLFOH� ERG\� DV� IXQFWLRQDO� UHTXLUHPHQWV�� ,W� LV
VKRZQ� WKDW� LQYHVWLJDWLQJ� WKH� EHKDYLRU� RI � VXVSHQVLRQV� XVLQJ
UHDQJXODULW\� DQG� VHPDQJXODULW\� FRQFHSWV� IURP� D[LRPDWLF� GHVLJQ
SURYLGH� EHWWHU� DQVZHUV� FOHDUO\�� WKLV� DSSURDFK� DOVR� SUHVHQWV
DQRWKHU�DSSURDFK�WR�WKH�GHVLJQ�RI �YHKLFOH�VXVSHQVLRQ�V\VWHPV�

Figure 9. Contours of semangularity for K1=5
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