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Modern�Electronic�Technology

KWWS����RM����S��J�LQGH[�SKS�PHW

�57���(

6LPXODWHG��XUYHG�)LULQJ�(OHFWURPDJQHWLF��XQ�

-LX�LQ��RQJ� �XHFKDQJ�6KL 0LQJZHL��X��

6FKRRO�RI�,QIRUPDWLRQ�(QJLQHHULQJ��1RUWK��KLQD�8QLYHU�LW��RI�6FLHQFH�DQG�7HFKQRORJ���7DQJ�KDQ���HEHL�����������KLQD�

�57,�/(�,1)2 �%675��7

�UWLF�H�KL�WRU�

5HFHLYHG�����-DQXDU������

5HYL�HG�����-DQXDU������

�FFHSWHG�����SULO�����

3XEOL�KHG�2QOLQH������SULO������

7KH� GHYLFH�X�H�� D� �HOI�PDGH�HOHFWURPDJQHWLF� FDQQRQ�DQG�D�FRQWURO�

FKDUJLQJ�DQG�GL�FKDUJLQJ�FLUFXLW�WR�FRQ�WLWXWH�WKH�ODXQFKLQJ�GHYLFH�RI�WKH�

HOHFWURPDJQHWLF�FDQQRQ��7KH�WZR�GHJUHH�RI�IUHHGRP�FRQWURO�37=�FRQWURO��

WKH�DQJOH�DQG�GLUHFWLRQ�RI�WKH�HOHFWURPDJQHWLF�FDQQRQ��,W�X�H��GXDO�SRZHU�

�XSSOLH��WR�SRZHU�WKH�PDLQ�FRQWURO�ERDUG�DQG�HOHFWURPDJQHWLF�FDQQRQ�

GHYLFH��7KH�PLFURSURFH��RU�670��)����L��X�HG�D��WKH�FRQWURO�FRUH�RI�WKH�
HOHFWURPDJQHWLF�FDQQRQ��DQG�WKH�7�������,,��PDWUL[�NH�ERDUG�L��X�HG�

to�adjust� the�distance�and�angle.�The�OpenMV4�automatically� searches�

IRU�WKH�JXLGH�PDUN�DQG�FDSWXUH��WKH�LPDJH��KDSH�DQG�FRORU�EORFN��LQ�UHDO�

WLPH�WR�FRQWURO�WKH�HOHFWURPDJQHWLF�FDQQRQ�WR�KLW�WKH�URXQG�EXOO�H�H����,Q�

DGGLWLRQ��LW�DO�R�X�H��/LGDU�WR�PHD�XUH�WKH�GL�WDQFH�EHWZHHQ�WKH�FDOLEUD�

tion�point�and�the�ring�target,�and�uses�OpenMV4�to�realize�the�automatic�

�HDUFK�DQG�ODXQFK�RI�WKH�HOHFWURPDJQHWLF�FDQQRQ�

.H�ZRUG��

(OHFWURPDJQHWLF�FDQQRQ

OpenMV4

670��)���

6HUYR�KHDG

/D�HU�UDGDU��

��RUUH�SR�GL�J��XWKRU�

-LX�L��*R�J�

6FKRR��RI�,�IRUPDWLR����JL�HHUL�J��1RUWK��KL�D�8�LYHU�LW��RI�6FLH�FH�D�G�7HFK�R�RJ���7D�J�KD����HEHL�����������KL�D�

��PDL�������������TT�FRP��

���6�VWHP�6ROXWLRQV

7
KL�����WHP�L��PDLQO��FRPSR�HG�RI� ILYH�SDUW��� LQ�

FOXGLQJ�D�PDLQ�FRQWURO�PRGXOH��DQ�HOHFWURPDJQHWLF�

HPL��LRQ�GHYLFH�� D�FDPHUD�UHFRJQLWLRQ�PRGXOH��D�

SRZHU�PRGXOH��DQG�D�37=��7KH�IROORZLQJ� L�� WKH�GH�LJQ�

DQG�GHPRQ�WUDWLRQ�SURFH���RI�WKH����WHP��FKHPH�

����7HFKQLFDO�5RXWH

7KH����WHP�X�H��670��)����D��WKH�FRQWURO����WHP��DQG�

WKH��ZLWFKLQJ�SRZHU��XSSO��ZLWK�ZLGH�YROWDJH�LQSXW�DQG�

ZLGH�YROWDJH�RXWSXW�L��X�HG�D��WKH�SRZHU��XSSO�����WHP�

WR�FRQWURO�WKH�RXWSXW�YROWDJH��7KH�GH�LJQ�L��WR�UHDOL]H��WKH�

EDUUHO� L��DGMX�WDEOH�LQ�WKH�KRUL]RQWDO�DQG�YHUWLFDO�HOHYD�

WLRQ�GLUHFWLRQ���DQG�WKH�SURMHFWLOH�L��HMHFWHG�ZLWK�HOHFWUR�

PDJQHWLF�IRUFH� WR�KLW� WKH� WDUJHW�ULQJ�WDUJHW���W�WKH��DPH�

WLPH�� WKH�UHOHYDQW�SDUDPHWHU��DUH�GL�SOD�HG�RQ� WKH�/�'�

GL�SOD��

7KH�JHQHUDO�EORFN�GLDJUDP�RI�WKH����WHP�L���KRZQ�LQ�

the��gure:�

)LJXUH����JHQHUDO�EORFN�GLDJUDP�RI�WKH����WHP
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����0HFKDQLFDO�6ROXWLRQ

7KH�JLPEDO�L��X�HG�D��WKH�ED�H�� WKH�HOHFWURPDJQHWLF�FDQ�

non�is�used�as�the�launching�device,� and�the�OPENMV�

FDPHUD�L��X�HG�WR�ORFN�WKH�JXLGH�PDUN���W� WKH��DPH�WLPH��

WKH�PDLQ�FRQWURO�ERDUG�DQG�WKH�HOHFWURPDJQHWLF�JXQ�FRQ�

WURO�GHYLFH�DUH�SODFHG�RQ�WKH�ERWWRP�SODWH�

�����DUGZDUH�VROXWLRQ

7KH�KDUGZDUH�FRQ�L�W��RI�WKH�PDLQ�FRQWURO�PLFURFRQWURO�

ler�STM32F407,�OPENMV�H4�camera,�Lidar,�switching�

SRZHU��XSSO��PRGXOH��DQG�PDWUL[�NH�ERDUG�

������0DVWHU

670��0�8�L��ID�W���PDOO���WDEOH��ULFK�LQ�UH�RXUFH���DQG�

DIIRUGDEOH�

2SWLRQ����8�H�670LFURHOHFWURQLF���670���)��PLFUR�

FRQWUROOHU�

7KH�670���)��PLFURFRQWUROOHU�FORFN�IUHTXHQF��UHDFK�

H����0�]��ZKLFK�L��WKH�KLJKH�W�SHUIRUPDQFH�SURGXFW�LQ�LW��

FOD����WKH�ED�LF�FORFN�IUHTXHQF��L����0�]�����D�GHYHORS�

PHQW�ERDUG�IRU�EHJLQQHU���WKH�670��)����FDQ�PHHW�PR�W�

RI�RXU�IXQFWLRQDO�QHHG��

2SWLRQ����8�H�670LFURHOHFWURQLF���670���)��PLFUR�

FRQWUROOHU�

7KH� KLJKH�W� RSHUDWLQJ� IUHTXHQF�� RI� 670��)�� L��

���0K]��ZKLOH�670��)��L����0K]��670��)��KD���57�

DGDSWLYH�UHDO�WLPH�DFFHOHUDWRU��670��)��UHTXLUH��ZDLWLQJ�

SHULRG��670��)����)60��X�H��D����ELW�PXOWLSOH���%�

bus�matrix,�which�signi�cantly�improves�the�access�speed�

FRPSDUHG�WR�670��)��EX��

Finally,�from�the�perspective�of� the�pro�ciency�of� the�

FKLS�DQG� WKH�FORFN� IUHTXHQF���LW�ZD��GHFLGHG� WR�X�H�WKH�

670��)����PLFURFRQWUROOHU�LQ�WKH��HFRQG��FKHPH�

�������DPHUD

2SWLRn�1:�Use�OPENMV4

OpenMV�camera�is�a�compact,�low�power,�low�cost�cir�

FXLW�ERDUG�WKDW�FDQ�HD�LO��FRPSOHWH�PDFKLQH�YL�LRQ�DSSOLFD�

tions.�Via�high-level�Python�scripts�instead�of�C�/�C�++.

Option�2:�Digital�camera�MT9V032

The�driving�con�guration�chip�is�integrated�in�the�drill�

ZLQG�FDPHUD��DQG�WKH�G�QDPLF�WKUH�KROG�FDQ�EH�ELQDUL]HG�

ZLWK�WKH�DXWRPDWLF�H[SR�XUH�IXQFWLRQ�

7KH�WLWOH�UHTXLUH�� WKH�DELOLW��WR�DXWRPDWLFDOO���HDUFK�

IRU�D�WDUJHW�DQG�ERPEDUG�D�UHG�ULQJ�WDUJHW��,Q�FRQWUD�W��WKH�

0penMV�camera�can� recognize�color�images,�so�choose�

RSWLRQ�RQH�

����3RZHU��XSSO�

2SWLRQ����6ZLWFKLQJ�3RZHU�6XSSO��5<����

The�advantages�are�small�size,� light�weight,�high�ef��

FLHQF���JHQHUDOO�����a������ZKLOH�OLQHDU�SRZHU��XSSO��L��

RQO�����a��������WURQJ��HOI�LQWHUIHUHQFH�UH�L�WDQFH��ZLGH�

RXWSXW�YROWDJH�UDQJH��PRGXODULW��

7KH�PDLQ�GL�DGYDQWDJH�L��WKDW�WKH�'��YROWDJH�REWDLQHG�DIWHU�

recti�cation�usually�causes�a�voltage�change�of�20%�to�40%.

2SWLRQ����/LQHDU�YROWDJH�UHJXODWRU�/0����

7KH�/0����� L��D� �ZLWFKLQJ�YROWDJH� UHJXODWRU� IRU�D�

�WHS�GRZQ�SRZHU�PDQDJHPHQW�PRQROLWKLF� LQWHJUDWHG�

FLUFXLW��FDSDEOH�RI�RXWSXWWLQJ�D����GULYH�FXUUHQW��DQG�KD��

JRRG�OLQHDULW��DQG�ORDG�UHJXODWLRQ�FKDUDFWHUL�WLF��

�RQ�LGHULQJ� WKH��PDOO��L]H�DQG�KLJK�HIILFLHQF��RI�WKH�

switching�power�supply,�the��rst�option�is�selected.

����6WHHULQJ�JHDU

2SWLRQ����)XWDED��������HUYR

7KH�6������WHHULQJ�JHDU�L��D�IXOO�UH�LQ�JHDU���XLWDEOH�IRU�

X�H�LQ�SULPDU��HOHFWULF���RLO�SRZHUHG�FDU�PRGHO���HOHFWULF�

/�oil-powered�ship�models,�general��xed-wing�and�small�

�xed-wing�models,�and�medium-level�oil-powered�/�elec�

WULF����OHYHO�KHOLFRSWHU��

2SWLRQ����'*������WHHULQJ�JHDU

'LJLWDO��HUYR��KDYH�ID�W�UH�SRQ�H��DFFXUDWH�DQJOH���KLJK�

WRUTXH��GRXEOH�EHDULQJ����PDOO� LQWHUQDO�UH�L�WDQFH��QRQ�

�KDNH�UXGGHU���WDOO�SURWHFWLRQ�IXQFWLRQ��FRPSOHWHO��JHW�ULG�

RI�WKH�SKHQRPHQRQ�RI��HUYR��KDNH�� �WDOOHG�EXUQRXW�DQG�

RWKHU�SKHQRPHQD�

'XULQJ�WKH�GHEXJJLQJ�SURFH����WKH�)XWDED��������HUYR�

ZD���HOHFWHG�WR�ILQG�WKH�JXLGH�PDUN��DQG�WKH�JXQ�EDUUHO�

ZREEOHG�� UH�XOWLQJ� LQ�DQJXODU�GHYLDWLRQ��7KHUHIRUH�� WKH�

'*�����GLJLWDO��HUYR�ZLWK�GHERXQFH�IXQFWLRQ�ZD���HOHFWHG�

LQ�WKH��HFRQG��FKHPH�WR�LPSURYH�WKH��WDELOLW��

����NH�ERDUG

2SWLRQ����7�������PDWUL[�NH�ERDUG

7KH�7�������L��D�NH�ERDUG��FDQ�GHYLFH�ZLWK�LQWHJUDW�

HG�(6'�SURWHFWLRQ��,W�KD�����*3,2���ZKLFK�FDQ��XSSRUW�XS�

WR����NH���WKURXJK�WKH�,���LQWHUIDFH�

2SWLRQ����7UDGLWLRQDO�EXWWRQ�

7KH�LQGHSHQGHQW�EXWWRQ� W�SH�L��D��LQJOH�EXWWRQ�FLUFXLW�

FRPSR�HG�RI�,���2�SRUW�OLQH��GLUHFWO���7KH�DGYDQWDJH�L��WKDW�

WKH�ZRUN�RI�HDFK�EXWWRQ�ZLOO�QRW�DIIHFW�WKH��WDWH�RI�RWKHU�,���

2�SRUW�OLQH����OWKRXJK�WKH�SURJUDPPLQJ�L���LPSOH��WKH��LQ�

JOH�FKLS�,2�SRUW�L���HULRX�O��ZD�WHG��DQG�WKH�,2�UH�RXUFH��

RI�WKH��LQJOH�FKLS�PLFURFRPSXWHU����WHP�DUH�OLPLWHG�

7KH�7�������PDWUL[�NH�ERDUG�KD���WURQJ�RSHUDELOLW���

�KRUW�GHERXQFH�WLPH��DQG�FRQYHQLHQW�X�H���RQ�LGHULQJ�

2SWLRQ���FRPSUHKHQ�LYHO��

���7KHRUHWLFDO��QDO�VLV

�����QDO�VLV�RI�(OHFWURPDJQHWLF��XQ�0RGHO

7KH�FRLO� HOHFWURPDJQHWLF�JXQ� L��PDLQO��FRPSR�HG�RI�D�
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EDUUHO��DQ�H[FLWDWLRQ�HQHUJ���RXUFH��D�UHOD���DQG�D�EDUUHO��

���LQJOH��WDJH�RU�PXOWL��WDJH�H[FLWDWLRQ�FRLO� L�� FOR�H�

O��ZRXQG�RQ� WKH�EDUUHO�� DQG� WKH�H[FLWDWLRQ�HQHUJ�� L��D�

ODUJH�FDSDFLW��FDSDFLWRU��%D�HG�RQ�WKH�SULQFLSOH�RI�HOHFWUR�

PDJQHWLF� LQGXFWLRQ��WKH�FRQWURO�WULJJHU��D� FRQWURO��ZLWFK�

WR�GL�FKDUJH���R�WKDW�WKH�GL�FKDUJH�FLUFXLW�L��WXUQHG�RQ��DQG�

D�ODUJH�LQ�WDQWDQHRX��SXO�H�RI�FXUUHQW�SD��H��WKURXJK�WKH�

coil,�which�generates�a�magnetic��eld.�The�transient�mag�

QHWLF�ILHOG�JHQHUDWHG�E�� WKH�H[FLWLQJ�FRLO� FDX�H�� WKH�FRLO�

RU�IHUURPDJQHWLF�SURMHFWLOH�WR�JHQHUDWH�DQ�LQGXFHG�FXUUHQW�

RU�PDJQHWL]DWLRQ��DQG�WKHQ�IRUP��D�PDJQHWLF�IRUFH�WKDW�DW�

WUDFW��HDFK�RWKHU��WKHUHE��GULYLQJ�WKH�FRLO�RU�IHUURPDJQHWLF�

SURMHFWLOH�WR�PRYH�

�����RLO��RG��6WUHVV

7KH�HOD�WLF�ERG��D�L��ZRXQG�ZLWK�D�FHUWDLQ�QXPEHU�RI�

FRLO���D���KRZQ�LQ�)LJXUH����:KHQ�WKH��ROHQRLG�SD��H��D�

FXUUHQW� L��WKH� LQGXFHG�FXUUHQW�RI�WKH�HOD�WLF�ERG��FRLO� L��

L��)RU� WKH�FRQYHQLHQFH�RI�FDOFXODWLRQ��DW� WKH�PRPHQW�RI�

LQWHUDFWLRQ��LW�FDQ�EH�FRQ�LGHUHG�D��FRQ�WDQW���FFRUGLQJ�WR�

�PSHUH�IRUFH�DQG�6WRNH��IRUPXOD�

G� L G� �
ur ur
= ∗� � ���

Ñ∫ ∫∫
ur r ur ur
� G� � G6o o= ∇∗

6

� � � ���

ur r ur
� L G � � L= ∗ = ∇Ñ∫

�

� � ϕ � ���

7KH�IRUPXOD�IRU�WKH�WUDQ�ODWLRQDO�IRUFH�RI�WKH�FRLO�LQ�WKH�

magnetic��eld�can�be�deduced.�The�translational�force�at�

WKH�FHQWHU�RI� WKH�FRLO� L��]HUR��DQG�WKH�WUDQ�ODWLRQDO�WKUX�W�

DW�WKH�ERWWRP�RI�WKH�FRLO�L��WKH�ODUJH�W��7KHUHIRUH��WKH�FDQ�

QRQEDOO�L��SODFHG�DW�WKH�ERWWRP�ZKHQ�LW�L��ODXQFKHG�

)LJXUH����)RUFH�DQDO��L�

�����DOOLVWLF�.LQHPDWLFV��QDO�VLV

�FFRUGLQJ�WR�1HZWRQ����HFRQG�ODZ��WKH�GLIIHUHQWLDO�HTXD�

WLRQ�RI�NLQHPDWLF��RI�WKH�SDUDEROD�FDQ�EH�REWDLQHG�D��

P L
G�

GW �

�

= −
�

�
� G�

GW
� � ���

����(QHUJ���DOFXODWLRQ

6HW�WKH�IHUURPDJQHWLF�SURMHFWLOH�RXW�LGH�WKH��ROHQRLG�SRUW��

WKH�GL�WDQFH�L���������,QLWLDO�SR�LWLRQ�RI�WKH�SURMHFWLOH� ,I�

������0XFK��PDOOHU� WKDQ�WKH��ROHQRLG�OHQJWK� � 7KHQ�WKH�

PDJQHWLF� ILHOG� �WUHQJWK�DW� WKH�SURMHFWLOH�FDQ�EH�DSSUR[L�

PDWHG�D�

� �L=

_ _�

�

+
�

�
� ���

Magnetic��ux�through�the�cross�section�of� the�projec�

WLOH�

ϕ µP =

_ _�

�

+
�

� ��L6 � ���

According�to�the�continuous��ux�theorem�and�the�de��

QLWLRQ�RI�LQGXFWDQFH��WKH�LQGXFWDQFH�RI�WKH��ROHQRLG�L��

�� =
��ϕ

L
0 � ���

7KH�WRWDO����WHP�HQHUJ��L��

: LG � LP P �= =
φ

∫
�

P

φ
�

�
� � ���

���7KHRUHWLFDO�3DUDPHWHUV

����5HODWLRQVKLS�EHWZHHQ�(PLVVLRQ��LVWDQFH�DQG�

3:0

8�H�WKH�WUDQ�PL��LRQ�GL�WDQFH�D��WKH�LQGHSHQGHQW�YDULDEOH�

DQG�WKH�3:0�YDOXH�D��WKH�GHSHQGHQW�YDULDEOH�WR�H[SORUH�

WKH� UHODWLRQ�KLS���RZHYHU�� WKH�PDJQLWXGH�RI� WKH� �XSSO��

YROWDJH�DIIHFW��WKH�WUDQ�PL��LRQ�GL�WDQFH�� �R�ILU�W�GHWHU�

PLQH�WKH�RSWLPXP�YDOXH�RI�WKH��XSSO��YROWDJH�

�When�the�power�supply�voltage�is�21.81V

7DEOH����'L�WDQFH�DQG�3:0�YDOXH

'L�WDQFH�PHDQ 3:0�YDOXH

��� ����

��� ����

����� ����

��� ����

����� ����

The�function��t�is�shown�in�the��gure:

'2,��KWWS����GRL�RUJ����������PHW�Y�L������
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)LJXUH����5HODWLRQ�EHWZHHQ�WUDQ�PL��LRQ�GL�WDQFH�DQG�

3:0

7KH�UH�XOWLQJ�IXQFWLRQDO�UHODWLRQ�KLS�L��

� ;= +������ ������� � ���

�When�the�power�supply�voltage�is�24.84V

7DEOH����LVWDQFH�DQG�3:0�YDOXHV�

'L�WDQFH�PHDQ 3:0�YDOXH

��� ����

��� ����

��� ����

��� ����

����� ����

The�function��t�is�shown�in�the��gure:

������������������������������
�����������

����

����

����

����

����

����

����

� �� ��� ��� ��� ��� ��� ���

)LJXUH����7KH�UHODWLRQ�KLS�EHWZHHQ�WKH�WUDQ�PL��LRQ�GL��

WDQFH�DQG�WKH�3:0

7KH�UH�XOWLQJ�IXQFWLRQDO�UHODWLRQ�KLS�L��

� ; ;= − + +������ ������ ����� � ����

7KH�H[SHULPHQW�IRXQG�WKDW�ZKHQ�WKH�SRZHU��XSSO��YROW�

age�was�24.84V,� the��tted�degree�of�the�function�sought�

ZD��WKH�EH�W�DQG�WKH�GHYLDWLRQ�ZD��WKH��PDOOH�W�

����5HODWLRQVKLS�EHWZHHQ��QJOH�DQG�3:0

7KH�WLWOH�UHTXLUH�� WKDW�WKH�FLUFXODU� WDUJHW� L��SODFHG�KRUL�

]RQWDOO��RQ�WKH�JURXQG��DQG�WKH�SR�LWLRQ�RI�WKH�EXOO���H�H�

L��ZLWKLQ�WKH�UDQJH�RI�DQ�DQJOH“���GHJUHH�IURP�WKH�FHQWHU�

D[L���)RU� WKH�FRQYHQLHQFH�RI�FDOFXODWLRQ������� OHIW�RI�WKH�

FHQWUDO�D[L��L��X�HG�D��WKH�H[SHULPHQWDO�FDOLEUDWLRQ������DQG�

�����ULJKW�RI�WKH�FHQWUDO�D[L��L��X�HG�D��WKH�H[SHULPHQWDO�

FDOLEUDWLRQ�������7KH�IROORZLQJ�L��WKH�UHFRUGHG�H[SHULPHQ�

WDO�GDWD�

7DEOH�����QJOH�DQG�3:0�YDOXH��

�QJOH��;� 3:0�YDOXH��<�

� ����

�� ����

�� ����

�� ����

The�function��t�is�shown�in�the��gure:

�������������������������������
�����������

�

���

����

����

����

����

����

����

� �� �� �� ��

)LJXUH����5HODWLRQ�KLS�EHWZHHQ�DQJOH�DQG�3:0

7KH�UH�XOWLQJ�IXQFWLRQDO�UHODWLRQ�KLS�L��

� ; ;= − − +������ ����� ������� � ����

����LUFXLW�DQG�3URJUDPPLQJ

�����HVLJQ�RI�WKH��LUFXLW

�����RQWURO�6FKHPH

8�LQJ�3,'�FRQWURO�DOJRULWKP

2SWLRQ����3R�LWLRQ�W�SH�3,'�FRQWURO�

'2,��KWWS����GRL�RUJ����������PHW�Y�L������
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3R�LWLRQDO�3,'�L��WKH�DFWXDO�SR�LWLRQ�RI�WKH�FXUUHQW�����

WHP��WKH�GHYLDWLRQ�IURP�WKH�H[SHFWHG�SR�LWLRQ��RX�ZDQW�WR�

DFKLHYH��3,'�FRQWURO��:KHQ�WKH�SR�LWLRQ�W�SH�3,'�UHDFKH��

�DWXUDWLRQ��WKH�HUURU�ZLOO��WLOO�FRQWLQXH�WR�DFFXPXODWH�XQGHU�

WKH�DFWLRQ�RI�LQWHJUDWLRQ��2QFH�WKH�HUURU��WDUW��WR�FKDQJH�

LQ�UHYHU�H��WKH����WHP�QHHG��D�FHUWDLQ�WLPH�WR�H[LW�IURP�WKH�

�DWXUDWLRQ�UHJLRQ���R�ZKHQ�X��N��UHDFKH��WKH�PD[LPXP�DQG�

PLQLPXP��LW�PX�W��WRS�,QWHJUDO�HIIHFW��DQG�WKHUH�PX�W�EH�

LQWHJUDO�OLPLW�DQG�RXWSXW�OLPLW�

6R�ZKHQ�X�LQJ�SR�LWLRQDO�3,'��ZH�JHQHUDOO��X�H�3'�

FRQWURO�GLUHFWO��

2SWLRQ����,QFUHPHQWDO�3,'�FRQWURO�

,QFUHPHQWDO�3,'�L��WR�LQFUHPHQW�WKH�SR�LWLRQ�W�SH�3,'��

�W�WKL��WLPH�� WKH�FRQWUROOHU�RXWSXW��WKH�GLIIHUHQFH�EHWZHHQ�

WKH�SR�LWLRQ�YDOXH�� ��FDOFXODWHG�DW� WZR�DGMDFHQW��DPSOLQJ�

WLPH���DQG�WKH�UH�XOW�L��DQ�LQFUHPHQW�� WKDW�L��� WKH�YDOXH�RI�

WKH�OD�W�FRQWURO�DPRXQW��2Q�WKH�ED�L���WKH�DPRXQW�RI�FRQWURO�

QHHG��WR�EH�LQFUHD�HG��QHJDWLYH�YDOXH�PHDQ��GHFUHD�HG��

�FFXPXODWLRQ�L��QRW�UHTXLUHG�LQ�LQFUHPHQWDO�3,'��7KH�

determination�of�the�control�increment�Δu�(k)�is�only�re�

ODWHG� WR�WKH�OD�W����DPSOLQJ�YDOXH��� ,W�L�� HD��� WR�REWDLQ�D�

EHWWHU�FRQWURO�HIIHFW�WKURXJK�ZHLJKWLQJ�SURFH��LQJ��DQG�WKH�

LQFUHPHQWDO�RSHUDWLRQ�ZLOO�QRW��HULRX�O��DIIHFW�WKH�ZRUN�RI�

WKH����WHP�ZKHQ�D�SUREOHP�RFFXU��LQ�WKH����WHP��7R��XP�

XS��FKRR�H�WKH��HFRQG�LQFUHPHQWDO�3,'�

����3URJUDP��HVLJQ

����3URJUDP�)XQFWLRQ�'H�FULSWLRQ

7KH�KLJK�DQG�ORZ�OHYHO�RI�WKH�,R�SRUW�RI�WKH��LQJOH�FKLS�

PLFURFRPSXWHU�L��FRQWUROOHG�E��WKH�SURJUDP��WKHUHE��FRQ�

WUROOLQJ�WKH�RSHQLQJ�DQG�FOR�LQJ�RI�WKH�UHOD��WR�UHDOL]H�WKH�

FKDUJLQJ�DQG�GL�FKDUJLQJ�RI�WKH�FDSDFLWRU��WKHUHE��JHQHU�

DWLQJ�DQ�LQ�WDQWDQHRX��YROWDJH�FKDQJH��DQG� WKH�FKDQJHG�

voltage�generates�a�magnetic��eld�to�drive�the�small�iron�

URG�WR�EH�GULYHQ�RXWZDUG�E��WKH�HOHFWURPDJQHWLF�IRUFH�

����3DUWLDO�3URJUDP�([SODQDWLRQ�'L�SOD��3DUW

% � � F R Q W U R O O L Q J � W K H � ) 60� � / �' � W R � U H D O �

L]H� WKH � PRGH� � DQJ OH � DQG � G L�W DQFH � GL �SOD��� L W � L ��

PRUH � LQ WXL W LYH � WR � �HH � WKH � FKDQJH � R I� YDU LDE OH� ��

.H�ERDUG� SDUW�� 7�������PDWUL[� NH�ERDUG� DGRSW��

DQDORJ� ,,�� FRPPXQLFDWLRQ�� DQG� X�H�� D�PLQLPXP�

QXPEHU� RI� ,2� SRUW�� WR� FRQWURO�PRUH� NH���� ZKLFK�

JUHDWO�� �DYH�� WKH� UH�RXUFH�� RI� WKH�PLFURFRQWUROOHU��

/D�HU�UDQJLQJ��7KH�WDUJHW�GL�WDQFH�L�� WUDQ�PLWWHG�WR�WKH�

�LQJOH�FKLS�PLFURFRPSXWHU�E���HULDO�FRPPXQLFDWLRQ�

���6�VWHP�7HVW�5HVXOWV

�����SHULPHQWDO��HVLJQ

'H�LJQ� WKH�FLUFXLW�GLDJUDP��8�H�DQ�HQDPHOHG�ZLUH�ZLWK�

D�GLDPHWHU�RI����PP�WR�ZLQG�RQ�D�SOD�WLF��WUDZ�ZLWK�DQ�

LQQHU�GLDPHWHU�RI�DERXW��FP�DQG�D�OHQJWK�RI���FP��7KH�

HQDPHOHG�ZLUH�L��D��FP� ORQJ��ROHQRLG�� ,W� L��SRZHUHG�E��

24V�DC,�and�a�5V�DC�relay�is�used�to�control�the�charge�

DQG�GL�FKDUJH�RI�DQ�HOHFWURO�WLF�FDSDFLWRU��7KH�EXOOHW�ERG��

L��DQ�RUGLQDU��QDLO�KHDG��3XW�WKH�SURMHFWLOH�LQWR�WKH�ERWWRP�

RI�WKH��ROHQRLG�GXULQJ�WKH�H[SHULPHQW�

)LJXUH����6LPXODWLRQ�H[SHULPHQW�FLUFXLW�GLDJUDP

����3DUDPHWHU�0HDVXUHPHQW

�������FWXDO��LVWDQFH�9DOXH

When�the� supply�voltage�is�24.84V,�the� relationship�be�

WZHHQ�WKH�WUDQ�PL��LRQ�GL�WDQFH�DQG�WKH�3:0�L��

� ; ;= − + +������ ������ ����� � ����

�DOFXODWH� WKH�3:0�YDOXH�DFFRUGLQJ� WR�WKH�IRUPXOD��

LQSXW�WKH�G�YDOXH�ZLWK�GLIIHUHQW�GL�WDQFH�IURP�WKH�PDWUL[�

NH�ERDUG�� DQG� WKH�HOHFWURPDJQHWLF�FDQQRQ� ODXQFKH�� WKH�

SURMHFWLOH�WR�GLIIHUHQW�SR�LWLRQ��RI�WKH�WDUJHW��7KHQ�DFWXDOO��

PHD�XUH�WKH�GL�WDQFH�YDOXH�DQG�FDOFXODWH�WKH�GL�WDQFH�HUURU�

DW�WKH��DPH�WLPH��D���KRZQ�LQ�WKH�IROORZLQJ�WDEOH�

7DEOH����0HD�XUHG�GL�WDQFH�

'L�WDQFH��WDQ�

GDUG�YDOXH��FP�

3:0

FDOFXODWLRQ

'L�WDQFH�DFWXDO�YDOXH�

�FP�
'L�WDQFH�HUURU

��� ���� ��� �

��� ���� ��� ������

��� ���� ��� ������

��� ���� ��� ������

��� ���� ����� ������

)URP� WKH� WDEOH�� LW� FDQ�EH�DQDO�]HG� WKDW� WKH�GL�WDQFH�

HUURU�L���PDOO�DQG�PHHW��WKH�UHTXLUHPHQW�WKDW�WKH�DE�ROXWH�

YDOXH�RI�WKH�GL�WDQFH�GHYLDWLRQ�L��OH���WKDQ���FP��LQGLFDW�

LQJ� WKDW� WKH����WHP�FDQ�FRPSOHWH� WKH�ED�LF�UHTXLUHPHQW��

����

������5HODWLRQVKLS�EHWZHHQ��QJOH�DQG�3:0

7KH�WLWOH�UHTXLUH�� WKDW�WKH�FLUFXODU� WDUJHW� L��SODFHG�KRUL�

'2,��KWWS����GRL�RUJ����������PHW�Y�L������
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]RQWDOO��RQ�WKH�JURXQG��DQG�WKH�SR�LWLRQ�RI�WKH�EXOO���H�H�

L��ZLWKLQ�WKH�UDQJH�RI�DQ�DQJOH�D"���"IURP�WKH�FHQWHU�D[L���

)RU�WKH�FRQYHQLHQFH�RI�FDOFXODWLRQ�����"OHIW�RI�WKH�FHQWUDO�

D[L�� L��X�HG�D��WKH�H[SHULPHQWDO� FDOLEUDWLRQ���"�DQG����

"ULJKW�RI�WKH�FHQWUDO�D[L��L��X�HG�D��WKH�H[SHULPHQWDO�FDOL�

EUDWLRQ����"

7KH�UHODWLRQ�KLS�EHWZHHQ�DQJOH�DQG�3:0�L��

� ; ;= − − +������ ����� ������� � ����

�DOFXODWH� WKH�3:0�YDOXH�DFFRUGLQJ� WR�WKH�IRUPXOD��

8�H�WKH�NH�ERDUG�WR�LQSXW�WKH�GL�WDQFH�G�EHWZHHQ�WKH�FHQ�

WHU�RI�WKH�ULQJ�WDUJHW�DQG�WKH�FDOLEUDWLRQ�SRLQW�DQG�WKH�GH�

viation�angle�α�from�the�center�axis�to�the�electromagnetic�

JXQ��7KH�DFWXDO�PHD�XUHPHQW� UH�XOW�� LQ�DQ�DQJOH�YDOXH��

DQG�WKH�DQJOH�HUURU�L��FDOFXODWHG�DW�WKH��DPH�WLPH��7KH�IRO�

ORZLQJ�L��WKH�UHFRUGHG�H[SHULPHQWDO�GDWD�

7DEOH����0HD�XUHG�DQJOH�

6WDQGDUG�YDOXH�RI�

DQJOH��GHJUHH��
3:0�YDOXH �FWXDO�DQJOH��GHJUHH�� HUURU

� ���� � ����

�� ���� �� ���

�� ���� �� ����

�� ���� �� ����

)URP�WKH�WDEOH��LW�FDQ�EH�DQDO�]HG�WKDW�WKH�GL�WDQFH�HU�

URU�L���PDOO��DQG�WKH�PHD�XUHG�GL�WDQFH�L��FRPELQHG�ZLWK�

WKH�DFWXDO�YDOXH��,W�PHHW��WKH�UHTXLUHPHQW��IRU�DXWRPDWLF�

DLPLQJ�DQG��KRRWLQJ�RI�WKH�HOHFWURPDJQHWLF�JXQ�DIWHU�RQH�

key�startup,�indicating�that�the�system�can�ful�ll�the�basic�

UHTXLUHPHQW������

������3OD��SDUW

Part�of�the�task� is�combined�with�the�OpenMV4�camera�

DQG�WKH� UHODWLRQ�KLS�EHWZHHQ�GL�WDQFH�� DQJOH�DQG�3:0��

ZKLFK�FDQ�DFKLHYH�WKH�SR�LWLRQLQJ�RI�GL�WDQFH�DQG�DQJOH�

���6XPPDU��DQG�3HUFHSWLRQ

7KH�FRQ�WUXFWLRQ�RI�WKH�PHFKDQLFDO� �WUXFWXUH�L��YHU��LP�

SRUWDQW��7KH��WUXFWXUH�L��FRQ�WDQWO��DGMX�WHG�DQG�WKH�FKLS�

L��UHSODFHG��7KHUH�ZHUH�PDQ��SUREOHP��LQ�WKH�PLGGOH��EXW�

they�were��nally� resolved.�From�writing�the�code�to�the�

�nal�success�display�and�completing� the� test,�I�have�ex�

SHULHQFHG�FRXQWOH���GHEXJJLQJ�DQG�LPSURYHPHQW��LQ�WKH�

PLGGOH��)DLO�� WKLQN��GL�FX����DGDSW��WH�W��DQG��ROYH�WKH�XQ�

expected�dif�culties�you�face�again�and�again.�It�is�also�a�

FKDOOHQJH�IRU�X���EXW�SHU�L�WHQFH�L��RXU�XQDQLPRX��EHOLHI��

1RZ�WKDW��RX�FDQ�FKRR�H�D�FKDOOHQJH���RX�PX�W�GR�LW�ZLWK�

DOO��RXU�KHDUW���W�WKH��DPH�WLPH��FRPPXQLFDWH�ZLWK��RXU�

RZQ� WHDP�PHPEHU��DQG�RWKHU� WHDP�PHPEHU���7KL��ZLOO�

QRW�RQO��SURPRWH�WKH�OHDUQLQJ�RI�RXU�WHDP�PHPEHU���EXW�

also��nd�and�deal�with�problems�in�time.

5HIHUHQFHV

>���/LX��XROLDQJ�DQG�<DQJ�6HQ��670���/LEUDU��'HYHO�

RSPHQW�3UDFWLFDO�*XLGH��%HLMLQJ��0DFKLQHU��,QGX�WU��

3UH����������

>���7DQ��DRTLDQJ���� ODQJXDJH�SURJUDPPLQJ� >0���%HL�

MLQJ��7�LQJKXD�8QLYHU�LW��3UH���������

>����XDQJ�<LQJ��7ZR��HOI�PDGH�FRQWUROODEOH�HOHFWURPDJ�

QHWLF�JXQ�PRGHO��DUH�X�HG�WR�GHPRQ�WUDWH�WKH�ODZ�RI�

HOHFWURPDJQHWLF�LQGXFWLRQ�LQ�XQLYHU�LW��SK��LF���>'���

-RXUQDO�RI��HQWUDO��KLQD�1RUPDO�8QLYHU�LW���1DWXUDO�

6FLHQFH�(GLWLRQ����������������������

>����X�'H]KL��/L��DLMXQ��:DQJ�<X[LQ��HW�DO��'H�LJQ�DQG�

SURGXFWLRQ�RI�WKUHH��WDJH�FRD[LDO�FRLO�HOHFWURPDJQHW�

LF�JXQ�PRGHO�>'���-RXUQDO�RI�1RUWK��KLQD�,Q�WLWXWH�RI�

6FLHQFH�DQG�7HFKQRORJ����������������������
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