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Dya trén co s& phén tich phén tir hitu han cta dudng cong mé ta bién dang
cam, phuong trinh mé t4 tdng hop cho viée thiét ké bién d dang cam ¢ d*fhlet

lap. Két hop véi phuong trinh Penalty, phuong trinh Lagrange va phu'cmg

trinh &n dinh d& x4c dinh bién dang cam mdt cach tong quat.

3. Tinh méi va sang tao:

D4 dé xuat mdt phuong phap méi cho vide tinh toan bién dang cam

" 4. Két qua nghién ciru:

1. Nghién ctru tbng quan vé co chu cam, cdc biét thiét ké co ciu cam;

2. Nghién ciru dp dyung Iy thuyét phan tir hitu han 4p dung tinh todn bién
dang cam dé de dang xay dung ducrc phu’O’ng trmh tong quat trong tmh
toén thiét ke, 7

3. Phuong phép Newton-Raphson va tich phan Gauss duoc 4p dung dé
giai bai toan phi tuyen;

4. Céc tham s thiét ké cfing dugc dua ra dé chi ra anh huong cia chiing

dén @b chinh x4c cia bién dang cam thiét ké;




5. San phim:
- — e —01-bét-bdetrong-danh-myc-SCIEQ2————— —-

Thi Thanh Nga Nguyen, Thang Xuan Duong, and Van Sy Nguyen, Design
~ General Cam Profile Based on Finite Element Mecthod, Appl. Sci. 2021, 11,
6052. https://doi.org/10.3390/app11136052.

. 6. Kha niing 4p dung va phwong thire chuyén giao két qua nghién ciiu:
o ' - Ap dung cho viéc ning cao chét luong gidng day va hoc tdp cdc hoc

—-- - phinNguyénlj méy chonganh K§ thust cokhi;——— ———— —— —————

- Diing lam t3i li¢u tham khéo cho sinh vién, cho thiét ké lién quan dén

tinh todn thiét ké co chu cam.
- Coquanchitri =~ Ngay théng nam2021
K.T. HIEU TRUONG Chii nhigm d2 tai
PHO HIEU TRUGNG
- /m?,./
PGS. TS. Vii Ngoc Pi | TS. Nguyén Thj Thanh Nga




INFORMATION ON RESEARCH RESULTS

1. General information: —

— - Title: Design General Cam-Profile Based-onFinite Element———— |
Method

- Code number: T2019-B39
- Group leader: Dr. Nguyen Thi Thanh Nga

— - Implementing institution: Thai Nguyen University of Technology
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2. Objective(s):

This project aims to desigh a cam profile using the finite element methed

— from given displacements of the follower. The arbitrarily complex cam - : —
profile is described by Lagrangian finite elements, which are formed by

the connectivity of nodes. In order to obtain the desired profile, a penalty-

type functional that enforces the prescribed displacement of the follower

ig proiposed.iAdditionalglin order to ensure convexity of the functional,
a numerical stabilization scheme is used. The nodal positions are then
— -~ ———— —obtained-bysolving -a-nonlinear- systemof equations- resulting from
minimizing the total functional. The geometrical accuracy of the cam
profile can be controlled by the number of finite clements.
3. Creativeness and innovativeness: |
This project proposed a new method to design cam profile in cam
follower systems.
4. Research results: |
1. Literature review for cam mechanisms in synthesis and design;
2. Based on finite element method, the general governing equation was
estabished with Penalty, Augmented Lagrange and stablized

functionals;




3. Newton — Raphson and Gauss intergral methods have been applied in

-—— ——-—-——thig-research-to-solve the-problem; —

4. Penalty, Augmented Lagrange paramecters were been evaluated in

order to describe their influence on cam proflie.
5. Products:
01 paper, SCIE Q2

Thi Thanh Nga Nguyen, Thang Xuan Duong, and Van Sy Nguyen,
—Design General Cam Profile Based on Finite Element Method, |

<= = - Appl-Sei: 20215 H; 6052+ https://dot-org/10:3390/app 1136052~




MO PAU _

1. Tinh cap thiét cia dé tai

Co ciu cam duge su dung rong rdi trong nhiéu loai may diic biét cic may ty -

dong, may cit, may dét, trong dong co dot trong, ... Trong thiét ké cam, véi

cée djc tinh linh hoat ciia co cAu cam béi céc hinh dang khéc nhau ciia cam

20 nén céc chuyén dong linh hoat clia cén. Vi vay cam dugc 4p dyng nhidn |
trong céc loai may. Trong qua trinh thiét ké co cdu cam bao gbm nhidu bude.

Budgc diu tién 13 lya chon loai co cu cam. Tiép theo d6 13 céu tric chuyén

dong clia can va lya chon phuong trinh toan hoc cho chuyén déng cia cin. - —

Céc kich thwdc ctia cam dugce dua ra dé di xdc dinh bién dang cia cam. Céc

kich thu6éc cam va dugce chi ra trén ban v& va dugce san xuit. Cudi cuing la hé

thong co cau cam dugc 1ip rap hoan chinh. Viéc tinh to4n bién dang cam d4
c6 nhiéu nghién ctru v& thiét ké cam a8 dugc dua ra, phuong phip v& d duge

thiét 14p v6i nhidu nghién ctru (Myszka, 2012; Rothbart, 2004; Shigley and

— ———Jr;1980). Dé tang d chinhxdc thi-phuong phap phan tich bing vide sirdung————
toa o dé céc va toa d¢ cyc béi (Myszka, 2012, Faxin and Xianzhang, 2011,
Shala and Likaj, 2013 and Qian, 2007). Viéc thiét ké bién dang cam clla cam
can ddy day con lin sir dung phuong phéap dudng bao (Y., 1982). Tuy nhién
cac phuong phap ndy chi dua ra tinh todn ctia mdt vai bién dang cam co ban.
Vi vdly, trong nghién clru ndy, tic gia mudn dua ra mot phuong phép tong
quat c6 thé xac dinh bién dang cam cho bién dang cam bét ky khi tinh toan

thiét ké.
2.  Muc tiéu nghién ciu

Dya trén co s phén tich phan tir hitu han cia dudng cong mo ta bién dang
cam, phuong trinh md t4 tdng hgp cho viéc thiét ké bién dang cam dugrc thiét
10




lap. Két hop véi phuong trinh Penalty, phwong trinh Lagrange va phuong

— ---——————tri-nh--ém—din—h—,—phtrfmg—tr}n-h—t-éng—quétchcﬂhiétké”b—ién dang cam hoan toan

duycxéc 14p mot cach nhanh chéng va hidu qua.

3. N@i dung nghién ciru

- Thiét l8p phuong trinh md ta bién dang cam dya vdo phuong trinh

Panalty, Lagrange va n dinh;

— —fPhu'cmgfphéijhén*t&*hﬁfmmmmmg

v CBBR o e o e i

4. Két qilﬁ nghién ciu

-~ Nghién ctru tbng quan v& co ciu cam, cac biét thiét ké co cdu cam;
- Nghién ciru dp dyng Iy thuyét phin tir hitu han dp dyng tinh toén bidn

dang cam dé d& diang x4y dyng dwoc phuong trinh tbng quét trong tinh

toan thiét ké;

~—— - Phuong phap Newton-Raphson va tich phan Gauss dugc 4p dungdé

gidi bai toan phi tuyén;

- Céc tham s0 thiét ké ciing dugc dwara d& chi ra anh huwong cia ching

dén d6 chinh x4c ctia bién dang cam thiét ké:
‘ r > A -
5. Cau tric ciia deé tai

CAu tric cia d& tai gbm: Chuong 1 trinh bay téng quan v& co ciu cam va
tinh toan thiét ké co chu cam: Chuong 2 14 tinh todn bién dang caim dya vao
phuong phép phén it hitu han. Trong chwong nay trinh bay phuong trinh
tdng quat cho bién dang cam duoc thiét ké, cac phuong trinh Penalty,
Lagrange va phuong trinh 6n dinh duge thiét 1ap dé thiét ké bién dang cam.
Tiép theo 14 chuong 3 trinh bay mot sb két qua cua thiét ké co ciu cam cin

ddy d4y bang. Trong chuong ndy céc tham sé dnh hudng dén do chinh xéc

11




clia cam ciing dugc d& cap dén. Cubi cung, chuong 4 s& ghi lai nhiing két

--—-——lufn-da-lam-dugc trong-dé taimay—— — i

12




CHUONG 1

1.1. Giéi thidu vé co cAu cam

Co céu cam dugce sit dung rdng rdi trong nhiéu loai may nhu sir dung cho

vige déng mé stip pap clia dong co d6t trong, six dyng trong nhiéu loai may

H A r 4 . A .. - - . x . .
— gia cong co khi. So sdnh véi co cau dang thanh, co ciu cam d& thiét ké khi

$0 vOi co cau dang thanh,

h] -~ l‘\ . ‘ 14 rFe - A L }\ .'{ r .
Chuong ndy s€ d€ cap dén cic khai niém co ban vé co ciu cam. Cic loai co

A. A A ] ~ A ;‘ A ! r N
.. cho yéu cau cu thé clia yéu ciu diu ra; tuy nhién co ciu cam khé chétaohon

- cAu cam va nhing co cdu cam thong dung thuong ding trong cac hé théng
co khi.

Bang 1. Cac ky hiéu

t Thai gian (s)

| 0 [Géc quay truc cam (° hogc rad)

Van t0c géc ctia truc cam (radls)

w
B | Goc quay & mdt giai doan cuia cam (di xa, ddng xa, v& gin hojc
dimg gin)

L | Hanh trinh clia can (chidu dai)

S(y) |Chuyén vi ciia can (chiéu dai)

V(y’) | Van td¢ ctia cn (chidu dai/rad)

v (7) | Van tde dai cuz can (chidu dai/s)

A (y”’) | Van tbc ctia cAn (chidu dairad?)

a(y) | Giatoc dii cia can (chiéu dai/s?)

I(y’") | Xung (chidu dai/rad®)

R, | Ban kinh vong trdn co sé& thye (chidu dai)

13




R, | Bén kinh vong tron co s 1y thuydt (chidu dai)

R; Bankinh-con lin (chiéudai)
£ Tam sai (chieu dai)

p Ban kinh cong ciia bé miit cam thye (chidu dai)

pp | Ban kinh cong ctia bé mit cam Iy thuyeét (chiéu dai)

r re L. > A
1.2, Céc khai niém co ban vé co ciu cam

-1.2.1. Khdi niém va phénleai — — - —— —

) »A ‘
Khdi nigm co cau cam

Co cau cam I3 mét co chu trong d6 khau bi din (duoc goi 13 can) nédi véi .
khéu dén (cam) bing khép cao va chuyén déng qua lai theo quy ludt do hinh

dang ctia bé mit tiép xdc trén khau din quyét dinh.

Co cau cam co thé duge phan loai theo nhidu cach nhu: theo chuyén déng cia

cin, theo hinh dang cuia cam, phén loai theo dang ddy cén, cam chinh tdm va

léch tam.

Phin logi theo ckuyézn,d‘_ﬁng,cﬁa,cén;,, S

Tuy thuge vao chuyén dong ciia cdn: cin chuyén déng tinh tién (Hinh 1.1a,
b, d; Hinh 1.2a, b), can chuyén dong quay hay lic (Hinh 1.1¢; Hinh 1.2¢, d).
Phin logi theo hinh dang cila cam
Tuy theo hinh dang ctia cam, trén Hinh 1.1 phén ra 4 loai cam nhu sau:

- Cam phing hay con goi I cam dia (Hinh 1.1a).

- Cam tjnh tién (Hinh 1.1b),

- Cam thung (Hinh 1.1¢).

- Cam mjt (Hinh 1.1d).
Trong céc loai cam néu trén hinh Hinh 1.1a thi cam cam dfa dwoc dung phd
bién nhét, cén cam tinh tién hiém khi duoc str dung béi vi diu vao thudmg
sir dung dang chuyén dong quay lién tuc.

14




Theo hinh dang ddy cin

- == = —————-—Trén-hinh-Hinh-1-2-chi-ra-cic-loai-hinh-dang-day-cAn-nhu-sau: —

= CAnmday nhon (Hinh 1.2a);

-Canday bang (Hinh 1.26).
- Cén d4y con ldn (Hinh 1.2¢).
- Cin déy cong (Hinh 1.2d).

Loai cam: Cam chinh tdm (Hinh 1.2b), cam 1éch tim (Hinh 1.2a).

—— ————Trong qué trinh- lammec clia co cAucamphii lubn dambdo ringcamvacdn |

—  — —-— luén tiép xée voi-nhau-Pidu niy e6-thé duge-thye hién boi phu thude vi-

trong lugng, hodc sir dung luc 16 Xo, hodc 1& duge rang budc bai két cu.

nhér vao két ciu ctia rinh cam, hoéc két cAu cua cin nhu Hinh 1.3c. Mot cach
khac d& luén giit tiép xtc gitta cam v can la st dung cam déu cit nhu Hinh
1.3a.

Chéng han nhu Hinh 1.1e sy tiép xtic lién tue ctia-cam va- cinduge thychiégn |

Cam
Cam

VAT LT A i A 7 A7)

(b}

15




B C R ) N

Hinh 1. (a) Cam dfa; (b) Cam tinh tién;
(c) Cam thung; (d) Cam miit.

(a) (b)

16




Hinh 2. Cam VAL

(a) Cam léch tdm va cin day nhon;
(b) Cam chinh tim v cin day bang;
(c) Cam cén lic day con lin;
—_(d) Camcén lic day cong.

A
Cén

(a)

(b)

17




—— Conl&n
\

Blén dang cam

ly thuyét ‘—\ e
) n

Bién dang cam

thyte \:'
]

__ Vongtroncoss

ly thuyét

Vong trén od s§

thure

Hinh 4. Co cau cam cin ddy, ddy con lin

~ 7 Gia sirxét co cau cam cén ddy, day con Iin nhu trén Hinh 1.4:

Bién dang cam thyc va bién dang cam 1y thuyét (quy dao dudng

tam con lan) duoc chira trén Hinh 1.4,

Vong tron co sé thyc (R,): vong tron nhé nhét tiép tuyén véi cung
Rpmin cuia bi€n dang cam thye.

Vong tron co s& 1y thuyét (Rp): vong tron nhé nhat tiép tuyén véi

cung Ry clia bién dang cam 1y thuyét,

M@t so giai doan chuyén dong clia cén:

- Giai -doan dﬁng (dwell) -1-.'?1 giéi doan ma khdng c6 chuyén dong ciia

dAu cdn hay cam quay nhung cin dimg yén. Néu giai doan ding &
gan tim cam goi 14 giai doan dimg gn (doan AB trén Hinh 1.4); con
néu giai doan dimg & xa tAm cam goi 1a giai doan ditng xa (doan CD
trén Hinh 1.4),
Giai doan di xa (rise): la giai doan cin chuyén dong din din xa tm
cam (doan CB trén Hinh 1.4).

18




- Giai doan vé gan (return or fall): 1 giai doan cin chuyén dong vé
géniémgam(daan_mtrén_ﬂinh_lé).

_ cothé mhaLgmﬂQanﬂLvaegan,mthac&bagxal demnhu dixa—vé¢ |
gin — dimg; hodic ¢6 bén giai doan nhu di xa — dimg xa — vé gn — dimg gin;
ho¥c c6 nhidu hon bdn giai doan 13 sy két hop cta cac giai doan trén tiy
thudc vao yéu cau thibt ké,

- Chuyén vi cila con (displacement diagram)

—_— == — —Théngﬂ‘tttbﬁghéﬂréngsﬁ "dmgcvcﬁu' CanT 66 Hidt bac tir do ""Thﬁ'b’_ng_dfafrf" o

déng cho truc cam quay véi van tdc goc khong ddi dé tao ra chuyén dong
—mgwwngjhmmsu@ch 18n mdt quy
dao 13 méi quan hé géc quay cia cam 8(t) va chuyén vi cia cin y va duge
goi 13 chuyén vi ctia cn. Trén Hinh 1.5 chira chuyén vi ciia ¢n cho co ciu
cam v6i can chuyén déng tinh tién gbm bén giai doan: di xa — dlng xa — v

- gin — dtmg ghn. Gié tri16n nhit cia chuyén vi eAntrong giai-doandixadugc
£0i 12 hanh trinh cia can (L) nhu chi ra trén Hinh 1.4 va Hinh 1.5,
— — —Cae ’géGfqu'a'Y*eﬁa”%&HEVé‘iféﬁg’iai*d@anfchuyénff('}n’gfﬁa*cﬁn"du(_)’@(_j'f’*’ T
1a cac goc dinh ky, ky hiéu 13 B;. Trén Hinh 1.5 cic goc dinh ky $;, [)‘2,
B '7,6‘3, B4 twong- u‘ng v6i 4 giai doan chuyén dong clia can: dl Xa, dimg xa, vé

gin va dimg ghn.

J?
Bl xa Bblng xa Ve gan Bing gan

¥

0 ﬁl Bl B B 0

360°

Hinh 5. Chuyén vi cia can

19




1.2. Téng quan vé thiét ké cam

1.2.1. Céc ham tofn hoc co ban mé ta chyvén ddng ciia cin

~———Phuong trinh chuyén vi cua can quyét dinh rat nhidu dén déng hoc va dong
Iye hoc ciia cam duge thiét ké. C6 nhidu nghidn ctu d3 dua ra cic phurong

trinh todn hoc co ban cho chuyén vi ¢ua cin nhu ham da thirc, ham diéu hoa,

ham cycloit [1-3]. Ham da thtrc dugc st dung rdng rai trong thiét ké. Nhidu

nghién etru st dyng ham da thire béic p=3, p="5 v p="7m6 14 chuyén déng

e —___cliacin[1,24,5). -Véi-he‘trn—da-thﬁrc—b&e%phé’rﬂﬁa—mﬁn-4--diéu"kiérrbién;véi'— S|
ham bic 5 thi 6 diéu ki¢ém bién va ham da thirc bic 7 théa man 8 didu kién |
bién. Hinh 6 mé ta d thi- ehuyen%va&to&gwtowawungcuarcmuﬂmrg—’

~ ham da thic bac 3,5 va béc 7. Nhleu nghién ciru sir dung ham da thirc dé |

thiét ké t8i wu dong th co cu cam [6-8]. Him lwong gidc ciing duoc sir

dung cho thiét ké cam [9-13]. Dbi véi ham didu hoa cé nhuge diém la dudng

-~ hd - A ~ oA ] L] K I‘\ h) M x ﬁ: . 14 b
cong md ta gia toc khéng lién tuc ¢ diém dau va diém cudi. Do dé, dudng
——— - —cong xung s& nhén gia tri v6 clng tai hai vi tri ndy. Didu ndy khéng mong —

muon trong thiét ké cam. Hinh 7 mé t& duong cong chuyén vi, van tée, gia

A i 3 X ” \ s A 3 N .
toc va xung cuia cn sit dyng ham diéu hoa va ham cycloit.
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==

Hinh 6. Ham da thirc bac 3, 5 va bic 7 mb ta chuyén dong cta cin giai
__ doan di xa: chuyén vi, vén téc, gia tdc va xung

e H

TJ

R D et

1.5

-t

18}

Hinh 7. Ham diéu hoa va cycloit md ta chuyén dong cua cin giai doan di

et
*
i
oA 0.6 LiX:]

xa: chuyén vi, van toc, gia toc va xung
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Ham picewise polynomial ciing dugc sir dung dé mé ta chuyén déng otia cin.

cam [ 4] Ham picewise polynomial bdc 3 dugc st dung dé thiét ké cam thao

man 5 diéu kién bién coa dudng cong chuyén vi (Hinh 8). Nhidu nghién ciru
trinh bay phuong phép téng hop co ciu cam sir dung ham piecewise

polynomial [15-20]. Dic diém ciia ham nay 13 c6 thé thoa mdn dwoc vé sb

diéu kién bién. Tuy nhién, trong tinh toan thiét ké cin a8 y dén giao diém

— = — — — —vintoe, gia-tbe-va xung trong qua trinh-thiétké —— — —— — - ———

giita ha1ﬂmmhmmm@onm;

=
[=]
T

o
@
T

\
\
|
|
|
Outplt mation, hormalized
o |
o
1

e
o
1

/

| | L. 1 1

0 0.2 04 66 068 1.0

Input motlon, normalized

=

Hinh 8. Ham piecewise polynomial thao m#n 5 diéu kién bién cia dudng

cong biéu thi chuyén vi clia cin

Ham splines ciing dugc st dung rong ri trong nhitng nim gin day nhu : ham
Bezier, ham B-spline va ham NURBS. Cho dén nay c6 mdt sb nghién ctru
tng dung ham ton hoc Bezier cho viée tdng hop co cAu cam [21-23]. Hinh
9 mé ta chuyén ddng clia cin sir dung ham Bezier v6i § didu kién bién cia

dudng cong chuyén vi,
22
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Hinh 9. Him Bezier mé t& chuyén dong cia cin [23]

Ngéyfnayfhéme-splrinefvféfN—URBSfduchsﬁkdungrfitnhi'éuiron’g*th'iét*ké

cam bdi tinh linh hoat ciia loai ham nay 13 khong han ché sb didu kién bién

ma van dém bio durge cac ham vén tdc, gia tde va xung lién tuc. Nhiéu nghién

ctru da ing dung cdc loai ham ndy dé tinh toan thiét ké, tinh toan tdi wu bién

dang cam [24-31].

1.2.2. Thiét ké bién dang cam

Thiét ké bién dang cam 13 mét trong nhiing buéc quan trong cho qua trinh

thiét k& co cAu cam. Bién dang cam khéng chi théa mén dic diém ddng hoc

ma con phai théa man dic diém luc hoc. Sau khi budc chon ham todn hoc

mb ta chuyen ddng ctia can va cac dudng cong van toc, gia tbe va xung phai

théa mén Ia lién tuc trong qua trinh chuyén déng cta cam. Viéc tinh todn
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bién dang cam dugc sir dung phwrong phép vé [1,2,32]. Phuong phép nay c6

giat-doanchuyénd6ng ciz cam trong qua trinh chuyén dong va phu thude

-~ vao khoang chia.
Dé tang d¢ chinh x4c cia bién dang cam thi phuong phdp gidi tich st dung
h¢ toa do dé cac dé biéu didn bién dang cam [33,34]. Phuong phép giai tich

van tiép tuc dduwcocj d& cdp dén nhung st dyng phuong trinh chudi dong
~— - kin dé tinh toén cho bién dang cia cam cin diy d4y con lin [1.35]_Shala.

R, Likaj vi dong nghiép [3,7,34] trinh-bay phirong phap-dudng baocho-
' thiét ké bién dang cam cho cam cin déy déy con lin. Mt sb nghién ciru khac
~ xfipxisbdéxac dinh bién dang ctia cam [5,36,37].
Nhu vay cé thé th.éy ring mbi phuong phép dugce trinh bay & trén cua cac

nghién ciru treée chi c6 thé ép dung cho mt loai cam va chua mang tinh

thong nhét. Chinh vi diéu nay, trong nghién ciru ndy tic gia dé cap dénmat

phuong phép c6 thé thiét ké bién dang cam d6 1a phuong phép phén tit hitu

— ———— — han. Véinghién clruniy chia dung nhitng tinh-méi-sau: - e

* Ham penalty duoc thiét 14p ¢é ddm bao didu kién ciia ham chuyén vi;

e Ham 6n dinh duoc dua vao nhim dam bao bién dang cam luén thdéa
mian ban kinh cong tai mbi thi diém trén bién dang ctia cam;

* Phuong phdp Newton — Raphson dugc st dung @& tim ra bién dang
clla cam;

* D0 chinh xdc bién dang ciia cam ting khi ting s6 phin tu.
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CHUONG 2.

~—— PHANTUHUUHAN ' — —

2.1. Phwong trinh toin hgec méb ta bién dang ciia cam

Trong phin nay, bién dang cam dugc biéu dién thong qua hé toa do

curvilinear [38]. BE mjt cia cam duge ky higu S (Hinh 10) duge dpdung |

cho moj bién dang ciia cam. Phuong trinh bidu din bién dang etia-cam duge— — |
biét dudi dang

x=x(), | (1)

X=X(E"

Hinh 10. Biéu dién bién dang cam théng qua hé toa d¢ curvilinear
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- ~-=—————Trong-phvongtrinh—(7); & (£-,£*) dwoc bidu didn cho h& toa 6

curvilinear. Véc to tiép tuyen a,, a® tai diém x trén bé mit cam S duoc

biéu dién nhu sau:

_ ox o Q) B
Ay = = 2
Va _ N o o
— — — —a""::-—a“ﬁuﬁ— — — (3) —
Vai '

- ————— la-thanh phan-ctia tensor trong hétoa d6-curvilinearr — — ~ — —

Agp:= Qg.Ag

a%f: = [aaﬁ]_1 (4) o

Véia=1, 2, 1a chi s6. Véc to phap tuyén n tai x dugce xac dinh nhu

sau:

a, xXa,
n= —————
lla; x asl|

lasxazll = [detay, (8

Bén kinh cong cia bién dang cam dugc bidu dién dudi dang [38]

(5)

Va cé thé bidu dién:

b= b,z a*®aP, (7)
Véi
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bagi= M. Gyp. o .

2.2, Phuong phap

Dé tinh toén bién dang cam mong mudn, hinh dang bét ky ban ddu cia cam

dugc dua ra. Bién dang cam ban déu duoc bién dang dé tao thanh bién dang -

cam mong mudn dudi cac didu kién dang budc. Sy sai khic giffa bién dang
cam ban dau va bién dang cam thiét ké dugc chi ra trén Hink 10, Céc bién

— dang ndy dugc bicu dién théng qua hé toa dd curvilinear. Véi cic ky hiéu

chit in hoa nhw: X, Ay, Agp, A* va N biéu dién cho bién dang tham

chiéu. Twong tu véi c4c ky hiéu chit thuomg nhur: x, Ay, Gaf ., A% vin

biéu di€n cho bién dang cam hién hanh. D& mé ta sy bin dang ciia
bién dang cam tham chiéu vi bién dang cam hién tao. mot phén tir

trén bién dang cam hién hanh S dwoc dua ra nhy sau:

o dx = a, d&* o _f9 |

Tuong tu dX = Aadd®. Vi vay cé thé vidt d&¢ = 4% - dX va dx ndm

trén bién dang cam hién hanh nhu sau:

dx = (a, ®A%)dX. (10)

O ddy, tensor F 14 tensor dic trung cho bién dang tit X — x

F=a,®A% (11)

Tuong tu, , F~1 cé thé viét: ' |
-1 _ a
F7' = A, ®a"“, (12)
Hay

a,=FA, A,=F"a,

a® = F_TAa, A% = FT a® (13)
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_ ]a = (Le_t_gaﬁ 77777 e ,(1_4.),g,,,,-, __ _
= da
"

2.3. Phlwng tl‘illh.téng‘.hq.’p_.bién.dgng;c.a.m.. o

Trong phan ndy, phuong trinh téng hop cho viéc thibt ké P : T n
dua ra. : dang cam dug

2.3.1. Pidu kién thiét ké cam

Phurong trinh tdng hop cho thiét ké bidn dang cam duoc viét nhu sau:

- == =0, YxES, (1§}

Véi céc didu kién:

x=X Vx € I, (16)

O day, s, v s md ta phwong trinh chuyén vi ctia cdn cho bién dang
cam tham chiéu va bién dang cam hién hanh. Tir phuong trinh (15),

Bién phén cia dg duoc viét dusi dang:

8g = 6s — &8sy, (17)
Vi
ads 05g
= — = — 18
8s ax.é‘x, 5s, Ix .6x (18)
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Phuong trinh (15) va (16) chwa du didu kién de hinh thanh bién dang cam boi

A A

van4;en4h1euﬂrewkte 6 dinh-d¢-hinhrthanh bi¢h dang cam. Vi vdy can

-4phm1hem—&rén—lr‘n on cho tinh foan bién dang cam va s& dlrorc thao luan '

ngphan 334, "

2.3.2, Phuong trinh Penalty

,,—'Ap dung phuong phéap Penalty, pnuonan_u_i)_chm:uuetdum dap"

sau.

thy =1 :.9‘ dAg; (19)
Véila € tham s6 Penalty. Bién phan ciia ham Penalty duge xac dinh |
- Sh= isgda,, o |
- 0 day B S
Ali=¢€g, (21)

A dugc hiéu 1a tham sb cudng birc ciia g.

C6 thé thiy ring phuong trinh '(19) thue thi chinh xac cho didu kién
trong phuong trinh (15) tai cac diém gi¢i han, ching han, € = oo, Tai
€ = 0, IT,, khdng anh hudéng dén hé théng.

2.3.3. Phuong trinh Augmented Lagrange

Dé dat dugc do éhinh xdc cua bién dang cam véi gia tri € 16n, phuong phap
Augmented Lagrange dugc st dung. Theo phuong trinh (21), tham s A dwgc

st dung cho qua trinh 1ip. Do d, ta cé:
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e — T, = J VL g+ 2 )dAo (22)

So

Véi A 1a mdt s6 ludn duong. Bién phén ciia ham niy dugc viét:

617, f (A + €g)dg dAO ' (23)
Sq _
M_LlpnumgjnnmﬂLJhams&mﬂl_dn%cap nhat -cho-phueng trinh
- CoOydota— —
Anew = €g+ Ao N (24)

2.3.4. Phuong trinh n dinh téng quat

_ Nhu d4 trinh bay & trén, hé théng khong én dinh va khong thé gidira

nghi¢m duy nhit bing phuong phép phén tir hitu han. Vi vy, cin
thiét phéi dwa thém yéu t6 én dinh vao hé théng, Phuong trinh dndinh — —
dugc biéu dién nhu sau [39]

I gpqp: f —(11—2ln])dA0 A = A% Aag » (25)
So

Vi p 13 tham sb da biét. Bién phan cta IT ¢, duoc xdc dinh nhir sau:

Bién phéan ctia IT g,

O i = f T Sagg dAq (26)

So

VéiT= A% — g8,
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2.3.5. Phuong trinh tong quat

Bién dang clia cam dugc xdc dinh khi cuc tidu hda ham sau:

[E= I, + Iy . | (27)

Le,,

SIE= 81T, + 8lfap. | (28)

Tuyén tinh phuong trinh tdng qué 14 rét cin thiét cho viéce tinh todn cic ma

trén tiép. Tuyén tinh phuong trinh (28) c6 th viét nhu sau:

ASIT, = fs e(Ag 6g + g Abg) dA, (29)
- _ _ i 1 _ I
O day A8g dugc biu didn dusi dang: -
Abg = ASs — Ads,. (30)

2.3.7. Tuyén tinh héa phuong trinh én dinh

Tur phuong trinh (26), tuyén tinh phuong trinh én dinh duoc xéc dinh nhu

sau.

Sg

ASIT g0 = U f (—h8a% §agg + TASaqg) dA,. (31)
2.4.  Ap dung phén ti hiru han

Phuong trinh (28) dugc giai bdi viée sit dung phwong phap phin tir hitu han.

Bién dang cam tham chiéu S0 dugc chia thinh nhidu phin tir Qe va duoc
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dinh nghia bdi céc nbt xe tuong Ung véi cac phdn tir Lagrangian dwoc bidu

———didntrén Hinh 11—

2.4.1. Céc thinh phén ciia bién dang cam bidu dién biing phin

tthitmhan = L

Phuong trinh biéu dién bién dang ctia cam bing phuong phap phin tir

hitu han dugc dinh nghia nhu sau: e

n
x ~at= ) Nx, (32)
e=1

O ddy, N=N (¢%) va n la ham dang va s nét. Bing viéc st dung ky

higu ngén, phuwong trinh (32) va (2) duoc viét lai: 7

x ~x"= Nux, (33

a, = N x, (34)

V6iNga = ON/OE5
Dé viét phuong trinh téng quét dudi dang phan tit hitu han, bién phan
cla cic véc to tiép tuyén aq, véc to vi tri ciia nét x va véc to phap

tuyén dugc n tinh nhw sau:
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Hinh 11. Chia phén tir trén bé miit cam.

77 Bién phancua véc to tiep tuyén va véc tovi iz .

fa; = N o bx; (35)
’ 5x = N b6x,. (36) -
_Bién phén ciia véc to phap tuyén duoc tinh theo [40] i B
S 76717: R‘T(Siadif S 7(37) T
Véi '
RA = —(a“ @n). (38)
Tuyén tinh héa véc to phap tuyén n, ta duoc:
Adn = (—Aa® ®n) Sa, — (a® ®4n) a,, , (39)

O day, Aa% duge xéc dinh nhu sau [3 9]

Aa®* = B Aa,,

(40)
V6iB= a® n®n) — a? ®a“,

Aal dugce tinh tu’ong tu dalttr phuong trinh (35). Bién phan cva J duge xac
dinh theo [38]
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Bifn phan va tuyén tinh-héa-ctia aofvia® dugctinlbatiesan = — — —
0aep =0y .6 ap + Sa,.ap , (42)

§a*f = a% .6af + Sa*.af, | (43) ~ —

Asayp = Aa, .8 ag + Sa, .Aag. (49)

- 242 Phuongtrinh tong quit dwéi dang phin tirhitu han

Phuong trinh (20) dugc biéu dién bing phin tir hitu han nhu sau:

Mej
e o~ L
= 6171’,"= 6xT Z‘fg, (45)
el=1
Véi - I
for= [ dA (46)
P JQ& gp e
Tuyén tinh phuong trinh (45) duogec:
ASITG = 8x% kyAx,, (47)

Véi kp 12 ma trén tiép. N6 dugc biéu didn duéi dang:

k= ) k5. (48
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2.4.3. Phuong trinh 6n dinh bidu difn bing phin tir hiru han

Mt cach trong tu, phuong trinh (26) dugc biéu dién bing phin tir hity han

. phwsew ]
: Net
Oy = 60y = x5 D fly, (49~
‘ el=1
Dit
- e e m T m i T T e /" ._;._.. e —— _r_ p—— — s — P ——— T - - Pa—— B
fsta.b: = JQE Gstab dAe ’ (50)
0
Tuyén tinh héa phwong trinh (49), ta dugc:
A617:;1’.“(1]3 = 6.?65 kstabee ’ {51) -
O ddy, ma trén tip duoc viét nhy sau: -
Nel
Kstap += Zkgtab {52)
el=1

3.5. Phuong phap gidi
3.5.1. Qua trinh giai bai todn
Tir phirong trinh (45) va (49), phuong trinh tdng quat c6 thé viét lai

nhtr sau;

SXL| fp + fstan] = 0 Vox,, (53)

Véi
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Neyg Neg

foi= D f5i fotan= D fian. (54)

el=1 el=1

- Phuong trinh (53) Ia phuong trinh phi tuyén va dugc g1a1 bang phuong phap

s6. Phuong phap Newton-Raphson duge ap dung dé g1a1 phu'ong trinh nay.
Phuong trinh (53) c6 thé bleu dién dudi dang;

Y T

— f)= ot faap =0, S 1/ I

Tal—mot—vong—lapa—nghtemrxapﬂretta%wu dang canr dat dugc va ky

hiéu 13 x’. Phuong phap Newton-Raphson dugc mé t3 bdi Gouri Dhatt

va ddng ngmf;p [41 _|

Thuft toédn duge xay dyng dya trén chudi Taylor nhu sau:

fe s ax) = () + [ a0, ()

x= xz—l

xt= x4+ Axt, (58)
B qua céc thanh phén rét bé, ta co:

K Axf = —f(xiD), (59)
V6i K 12 ma tran tiép va duogc xac dinh:
of
Ki=—= kp -+ kstab (60)

Ox
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3.5.2. Phwong phap s6 ding Gaussian

Tinh todn bing phuong phap phan tir hitu han, c4c phwong trinh, c4c ma trgn

cin phai dugc dénh gi4, Nhimg phuong trinh tinh phan ndy duge gidibing . |

phuong phap phan tit hitu han. Hé toa do tham sé &€ [-1, +1] dugc st dung

x 1 . .3 4 I‘\ L L] A - l': 1 bl r k]
de chuyén doi gifta cac phan tir ciia bién dang tham chiéu va va cdc phdntd . . _

ctrabiem dang canm hién hanh (Hinkh 12);

Hinh 12. Phép chuyén ddi tinh tich phan Gaussian gitta cac phin tir

clia bién dang tham chiéu QF va cac phin ti cua bién dang cam
hién hanh Q€ théng qua hé toa do tham sé £%€ [-1, +1]

Jacobian duogc xac dinh nhu sau:

X aN,
Je= == ZXA®_

28~ L7 g
o ox ix LY (61)
]B ag 4 ¥ 65

Fe=je];1

Nhu @i trinh bdy & trén, cic phwong trinh tich phan duwgce tinh theo

phuong phap Gaussian dira trén hé toa d6 tham sb. Céc tich phan nay
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———— trinh téng quét cho-mbi phin tir duoe xhe dinhnit-sau-

duge mod ta by P. Wriggers [40]. T phuong trinh (46) va (50), phuong

e —— j gda, = gpdA, +Af‘gstab dA, (62)
Qg Qe Qc
Phuong trinh (62) dirge tinh nhir say _ —
. ——g-dA=—=——0qg=(EdetI-d74 [ det ], drr—
— Iz g-adAz= _ypkg tetyediiTr J gstab(-g etfe
- y +1 41 =
f 9(E) det], dédé (63)

-4.1 +

- j j1gsmb(¢“)derfe agagt

Céc tich phin nay dugc tinh theo phuong phap 50, . Tgy la 56 dle Gauss Vi
vy, phuong trinh (63) c6 thé viét nhu sau:

f g dA, ~ Z gy (.ggp)detjewp .
{2

£ Gorar () det ], W

gp=1

Véi, Wp 1a trong s6; & gp 18 toa do cia cdc diém dénh gié trong hé toa dd

tham s6. Tich phan trong phuong trinh (64) duoc viét lai cho toan bd hé
théng nhur sau:
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— el=i - - - T e
Ngy Ngp

T T T W > 0.(e,)detr o, (63)

el=1 gp=1
Nep TMgp N . . —

4

D) Tty

el=1gp=1

Phén nay trinh bay thuft toan cho viéc tim bién dang cam mong mudn.

Céc budce cua thuit toan duge dugc chi ra trong Bang 2

Bang 2. Thuit toan

1. Dinh nghfa bién dang cam ban diu

2. Vong l;,‘ip

SR - D—Thamfsé:ﬂu,—e;ﬁ&f— )

2.1. Cac bude 13p:

o Tinh f,, K, fotaps Kstap

e Céc didu kién bién

* Buoéc 1: Tinh todn bude tai phuong phap Penalty

¢ Buodc: Gidm u

e Budc 3: Cap nhat tham sb A clia phuong phép Augmented

Lagrangian
Anew =€ g + lold

e Gidi phuong trinh K Ax' = —f(x1™1) va cdp nhat x' =
x4+ Ax!

o Thay dbi lai bién dang cam tham chiéu
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CHUONG 3.

KET QUA VA THAQ LUAN -

4.1. Biéh—(_izjmg cam

Trong chuong nay @& cap dén viée tinh todn cam cén-ddy day bang. -

Phuong trinh chuyén vi cia cam duwoc biéu didn boi:

Véi1 ¢ la goc quay cia cam. . -

Véi cam phing, chi sb cia véc to phip tuybn a = 1va g=1. T

-~ phuong trinh (26), f¢,,, dugc tinh nhy sau: -~

0

Tuong tyr, ma tran tiép dugc xéc dinh:

kgtab = (kf‘tabl + kimbz); (67)
Véi

gtabl = _[Qe 2[.!. all NZ: a1®a1N£: dAe (68)
0

Kitabz = [p (™ — a") NN - dA, .
Céc tham s tinh toén clia cam dwoc chi ra trén Hinh 13. Chuyén vi ctia cin

duoc xac dinh:

5= xX.mn— 1. (69)

Bién phéan clia s:
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0s = 8x.n+x.5n (70)
- Gobc quay clia cam-duoe viét nhusau-(Hinh- 13) — — ——— — — — —
@ = arccos(n.e,) (71)
_ e L m e
— Bienphin géc quay cla cam

Hinh 13. Tham sb tirh toin -
Tir tinh toan trén, [3 duoc xac dinh:
fe= f AMN"n+ NLRTb)dA4,. (73)
) 2%
Ma trén tiép:
kj = Iepy + ko (74)
Vi
b1 = J- e(n EnN+n®bR, le)dAe {75)
%
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+ L eENZRi(b®nN+ b ®bR, N, )dA,

I

I ) ;ff AN'RyN;+ NyRyG,— NGG,N,)dA,.  (76)
0

Trong phuong tﬂﬂh_aﬂla_@lé),_vec_m_b_va_temex_g_eg_atw‘ 3 3 3 ; e-XA

dinh nhu sau:
————— —— —pb=xfder - S (77.) .
Gl =N+ dclAe]_@elRA N:E’ (78)
— 0 G2 =(n® b)Bﬂf+ (b - al)Rg - - — = (79) - - - —
Vai
I de= focs,  ~ G/
Va -
 da = feecd+ fycsingeosg. (81)
- 1
Cs (82)

T - Gose)))

Trong vi du ndy thi ham cycloit dwgc siv dung cho tinh toan thiét ké

cam. Cam thiét ké gdm c6 ba giai doan: di xa, vé gin va dlmg gin, M5i giai
doan twong (g voi goc dinh ky B = B, = B3 = 120° va chiéu cao nang L=135
[don vi chiéu dai]. Bing viéc st duy ng thudt todn trong phén 3.5.3, bién dang
cam dugc va dic diém d6ng hoc ciia cam (chuyén vi, van tdc, gia tdc) duge
chi ra trén Hinh 14. Két qua ctia hitn dang cam str dung phwong phap phén

tir hitu han d3 duge so sénh voi kit qua bién dan g cam st dung phuong phép
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- ——phimtirhito e varphwong phap gt

gidi tich. Tiy Hinh 14 thiy ring sy sai khc bién dang cam gitta phuong phip

Trong vi dunay, 128 phin ti dugc sirdyng dé tinh toan cho bién dang cam.

Vi bube Penalty, su sai khac 16n nhat ctia chuyén vi giita phuong phap phan

tir hitu han va chuyén vi ¢4 cho 13 & = 1.9x10-3. G budc thir 2, tham sé p

gidm tir 100 xubng 25, d9 chinh x4c dat e =2.6133x10-5.

Trong vi du nay, kich thudc cam cling duge cin nhic trong qua trinh thiét ké

— _ b&inblamdttrong nhimg véu td quyét dink gis thinh cla cam. Kich thudc—

cua cam thuong dugc danh gia béi vong tron co' s4 1,. Ban Kinh nhé nhit ciia

vong tron co s¢ duge xac dinh nhu sau:

- V6i- Pmin> Amins S@,, 140 Iwot 13 ban kinh cong, gia téc nho nhit va

Tomin = Pmin ~ S@qmin ~ Amin > (@3)

gid tri chuyén vi tai diém ma gia t5c nho nhét.

“Pé x4ac dinh ban kinh nhd nhéit ciia vong trén co s, cic Zid Pmin,

Amins S@.my, 1 can duge xac dinh. Ban kinh cong pyn  duge xac

dinh tix phuong trinh (7). GiA tri S, VA amip dugc xéc dinh tirham

chuyén vi va gia tde. Tir phuong trinh(78)-d& dang xac dinh duoc
ban kinh nho nhét ctia vong tron co sd 13 3.9878 [don vi chiéu dai].
Hon nita, ddi véi loai cam cdn diy day bang nay thi cin phai thda min
didu kién ban kinh cong ciia bién dang cam luén 12 duong cong 15i dé
dam bao cam va cin ubn luén tiép xic nhau trong qua trinh chuyén

dong.
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~ -~ dago crcle
==+ Analylical solullen
——FEM sglulion

r

—Givon displacaman) |
——Gauss poinls

Hinh 14. Bién dang cam va dc diém dong hoc

Tiép theo, chiing ta xét anh hirdng clia s phan tir dén d6 chinh x4c bién dang

d -
- al ] R I
B |3 — 7
)
gz I
ol 11
ik
: . b- .1 . —
] : i n i H T N
-10 0 5 0 1 2 3 4 6 ] 7
. x [Rb) Angle of camshaft (rad)
Vi [=—anetytioat vetoaly| 8 Py "
b Y \ | ——Geuss pofnls 1 s FAY :
T 3f /— -:-\— = = Ry Rl ER i
al
— 4 1 =
1] E
1, 1 &2
g / g
] 1 % al
§4 | § |
2 2.2t
] p— 18
gt , . 4t _ .11
.Y N B ——
-5 i 1 8 i .
0 1 2 7 0 2 3 4 B [ 7
Angle of camzhafl (rad} Angle of camshafl (rad)

cam. Hinh 15 trinh bay bién dang cam v& chuyén vi clia cam vé6i hai gian

. ‘ A A ’r r A A A » 2 = A .
doan di xa va vé gan vai sy khac nhau vé so lugng phan t. Ham diéu hoa

> ALcA X A » 7 A 3 X X s A
dugce st dung d€ bic€u dien cho chuyén vi cila can. Hinh 15-a biéu dién bién

dang cam va chuyén vi ciia can véi 16 phén tir véi sai sb 13 £ = 6.3506x10-

4;
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¥
A

Hinh 15-b v&i 100 phén tit va d9 chinh x4c ctia cam d3 ting 1én dang ké voi

= A g NV - | n 1 K 2 3 1+ A~ PO I £ 5
sal 50 [a €= £,2U>50X1U-7, NNU vay 1ir K€l qua nay tna rang, d¢ chinh Xac cua

bién dang cam tang khi ting s phan tr. ~

_ CAMprofils

Hinh 15. Anh hurdng ciia s6 phan tir dén ¢6 chinh Xéc cira bién dang
cam: (a) 16 phén tir; (b) 100 phén tir

4.2. Anh hwong ciia cic tham s6 € va p dén @ chinh xdc ciia bién dang

cam

Anh hudng ctia tham sb Penalty € dugc chi ra trén Hinh 16. T hinh v& c6
thé thz‘iy rﬁng d6 chinh x4c ciia bién dang cam dat duge khi tham s6 € du 16n.
Diéu nay c6 thé thyc hién dugc thém bubc 1ip clia tham sé p. Hinh 17 chira
anh hudng cla tham sé p t6i d6 chinh xac bién dang cam. Tir Hinh 17 ta

thdy, véi gid tri ciia p d nhé thi do chinh x4c clia cam dat duoc.
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11685}

mm}

1.1675

.Eror of the FE solution

—
H
E

2

1,1665 -

Pehally parameter ¢

Hinh 16. Anh ctia ctia tham s6 Penalty € dén d6 chinh xac cia bién dang

) B cam ) ) o
107 T T - o
—e—,umm=50:
S _ SR T 3 I
— =10
E
€ 103} 1
5
=3
]
4 -
=10 .
[T
[1}]
£
5
IE 109}
10-6 i . : . . : ‘ i

101 102
Number of elernents

Hinh 17. Anh hudng ciia tham s& p dn d6 chinh xé4c ciia bién dang cam
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4.1. Két ludn

D& tai da trinh by céch x4y dung bién dang cam dyatrén phuong phép phin -—

tir hitu han. Céc cong viée ciia d8 tai di thyc hién dugc bao gbm:

e P A A A . r - AL R A
o Nghién clru-tong quan-vé co-cau-cam. Cac ham bigu dién cho chuyén

LA . 7 . A . AL r y gt A

ham todn hoc d& mé ta chuyén ddng ciia cin. Mbi mdt loai ham déu

c6 tinh chit khac nhau va cho cic két qua v& dong hoc vadonglyge |

~ ndy ciing dé cdp ¢én cac phuong phép thiéi ké bién dang cam. Mdi

~e__Bién dang cam dugc xay dung dwa vao hé toa d§ curvilinear dugc bifu

hoc khic nhau: Chinh vi vy, trong qué trinh thiét ké cam viée lwa - -

cﬁoﬁ-hém 1a mdt trong nhiing bude quan trqmg Ngo_z‘l.i ra, ﬁghién ctru
phuong phép cling 6 nhing uu nhuge diém nhét dinh.

dién théng qua véc to vi tri trén bién dang cta cam va duge xac dinh

théng qua cac thanh phén véc to trong hé toa ¢d nay.
e Phuong trinh tdng quat d3 duoc thiét 14p nhim dya vao chuyén vi ciia
cin. Tir d6 thiét 18p dugc cac phuong trinh Penalty, phuong trinh
Augmented Lagrange va phwong trinh 4n dinh cho qué trinh thiét ké bién
dang cam. Céc phwong trinh ndy thiét 14p dya trén phuong phap phén tr

hitu han.

o D& giai duge phuong trinh tong quat, phuong phap Newton — Raphson
dugc dp dung dé tim ra bién dang clia cam mong mudn.

o K&t qua dat dugc d chi ra réng, sit dung phuong phép phén tir hitu
han cho két qua véi d6 chinh xéc cao, hidu qua. Hon nita, kich thude

ctia cam ciing dwoc can nhac dé t6i uu hoa kich thudce cta co cau cam.
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4.2, Hwéng nghién ciu tiép theo

Thiét k& bién dang cam cita co cdu cam khong gian 14 mot trong nhitng vén

42 kho. Vi vay, bing vie sir dung hé toa 9 curvilinear c6 thé d& dang biéu

dién bién dang cam khéng gian. Chinh vi vay, nghién ctru tiép theo cho tng

dung phuong phép phén tir hitu han s& dugc 4p dung cho viée tinh todn bién

1. LR | TR - S S
dang cua cant KITong giatr
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8. PON VI PHOI HOP CHINH

Tén don vi N&i dung phbi hqp nghién Ho va tén ngudi dai

trong va ngoai nudc cuu , dién don vi

_ _Q_WIO.N_G_Q_UAN_[ IBH H NH NGHIEN cuu THUOC LINH VUC CUA DE TAI

3 TRONG VA NGOAI NUGC

LAt \Y!a Iinh 111:’(“ nohmn M}‘u\

9.1. Téng quan tinh hinh nghlen ctru thude linh vuc coa de tai: (Mike do day i, hop Iy trong
vige danh gid finh- hink rzghzen - CHH- trong va- ngoaz mmc,_thgnh cong va han ché cia cong |

frinkt lien quan, muc dochpmhdtthongtin e

Co chu cam dugce sur dung rong réi trong nhidu loai may dc biét cac méy tu dong, may cht,

TImay det; Ul_lTE)ng" =Frong- thlet ke eam;val-cacrdac;tmh [inh hoat clia cg.

chu cam boi cac hinh dang khac nhau ciia cam tao nén cac chuyen d6ng linlt hoatcua carr

Vi vay cam duge dp dung nhiéu trong cac loai may. T1 ong qué trinh thiét k& co cdu cam bao

gom nhleu budce. Budc dau uen 1a lua chon loai co cau cam. 11ep theo d& achutrac a,uuyf:u

[-ddéng-cva edn va lya ehonphuong trinh toan hoc cho chuyen dong ¢ cua can Cac kich thu:oc

Viée tinh todn bién dang cam 4 c6 nhidu nghién ciru vc, th1et ké cam d& duogc dua ra, phuong:

1 Jr., 1980) Dé 1'1ng do chinh ;\ac thi phuong phap phan t1ch b'mg viéc st dung toa do dé cac

Qian, 2007). Viéc thiét ké bién dang cam cia cam cin day day con ldn st dung phuong phap
duodng bao (Y., 1982). Tuy nhién cac phuong phap de ct 11 dua ra tinh toan clia mot vai blen
dang cam co ban. Vi viy, trong nghién citu nay, tac g!d muon dua ra mot phuong phap téng

quét cd thé xac dinh bién dang cam cho bién dang cam bat ky khi tinh toan thiét ké.

9.2. Danh muc céac cong trinh dd cong b6 thude link vige cla dé tal cia chu nhiém va nhiing
thanh vién tham gia nghién ciru (ko va tén tdc gia; bai bao an phdm; cdc yéu ro vé xudt

ban)

2) Ctta chi nhiém dé tai
Chen H., Nguyen T. T. N. , Muller M., Kurtenbach S.. Pan C., Hising M., Corves B

Application of a Cam Workbench for Educatlon in Mechamcal Engineering, New Advances
in Mechanisms, Mechanical Transmissions and Robot1cs Vol 46, ISBN 978-3-3 19 45449—

8, pp 177-186, Springer, 2016.

ctla cam duoe dua ra dé di xac dinh bién dang cha cam. Cac 1<1ch thudc cam va duge chi ra |

| t7én ban v& va duge san xuat. Cudi cing 1a hé théng cor céu cam dugc lEp rap hoan chinh. |
phap vé da du’crc thiét 1ap v6i nhiéu nghién ctru (Myszka 201? Rothbart, 2004; Shigley-and-- -

va toa d6 cuc bai (Myszka, 2012, Faxin and an?hang, 201 1, Shala and leaj, 2013 andm




Nguyen T.T.N., Kurtenbach S., Hiising M., Corves B., 'Ei/zaluating the Knot Vector to:
Synthesize the Cam Motion Using NURBS. In: Zeghloul S., Romdhane L., Laribi M. (eds.)
Computational Kinematics, Mechanisms and Machine Science, Vol. 50, Springer, 2017.

<o M._Corves B.. Improving the Kinematics of Motion

Nguyen T.T.N,, Kurtenbach S, Hilstng- M orves \
chanisms Using NURBS. In: Dede M., itik M., Lovasz EC., Kiper G.

| (eds.) Mechanisms, Transmissions and KPMOESﬂWeﬁmde*Machmefﬁeienee—,i—

Vol. 52, Springer, 2017. T
Nguyen T.T.N., Kurtenbach S, Hiising M. and Corves B., A General Framework for Motion

Design-of the Follower in Cam ‘Mechanisms by _gs_i_l_}g__Non—Uniform Rational B-Spline,

d Machine Theary, pp 374-385, 2019.
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b) Ctia cac thanh vién tham gia nghién clru

f

' *V:f-j—Thi—Lri-én,TQh@,p%(_lhagg,A.___Che_r_l, Chia=Chen Lee; and_Chia-Wei_ Yu, Compensating

additional optical power in the central zone. of multifocal contact lens for minimization-of-

Itk

shrinkage error of shell mold in injection molding process, Applicd Optics, Vol 5HI2) PP
2981-2991; ISSN:1559-128X (print); [SSN:2155-3165, 2018:
vii Thi Lién, Chao-Chang - Chen, and Chia-Wei Yu, Optical design of soft multifocal

7

1optics Express, Vol 26(3), pp-3544-3556; ISSN: 1094-4087,2018.

(Nhiing cong trinh tiéu bibu duwoc cong bo trong 3 ndm gan nhat)
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Book Company. R -
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Shala, A. and Likaj, R. (2013). Analytical method for 'synthesis of cam mechanism.
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Qian, Z. (2007). Research on constant diameter cam mechanism with a planar motion

follower. .
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10. TINH CAP THIET CUA DL TAI

Tir viée phéan tich tbng quan cée nghién ciru da duoc ra viée tmh to4n bién dang cam thiy:

réng trong viée tinh todn thiét ké hé thdng co khi bao gom co. cau cam, viéc tinh toan bién

dang cam khi b1et chuyen vi cha cin vin con han ché trong viéc tinh todn cho tit ca cac loai

cam bat Ky

hién dang cam. Tuy nhién cac phuorng phap nay chi dua ra tinh toan ciia mot vai bién dang |

cam ¢o ban. Vi v:’iy, trong nghién cru nay, tac gia mubn dua ra mét phuong phap. tong quat

bang viéc st dung phuong phap phan tir hitu han de xac dlnh blen dang cam cho bién dang;

m 1"nmL r'm‘h ]mh hn.‘—)f

va hiéu qua.

1L MUCTIEU PE TAT

- X4c dinh dang chuycn vi cia can;

- Viét phuong trinh chuyén vi clia cén;

- X4y dung Iy thuyét tinh toan bién dang cam;
" - Tinh toan céac vi du ap dung. e

12. pOI TUONG, PHAM VI NGHIEN CUU
[12.1..Dbi twong nghién clru

Nghién ciru bién dang clia cam

' 12.2. Pham vi nghién ctru

WNghlen ciru cac blen dang cam phang

13. CACH TIEP (“A"J PHU ONG PHAP NGHIEN CUU -
13.1. Céch tiép cén

Phuong phép phén t hitu han dwece dp dung cho viée tinh toan ly thuyét bién dang cam
13.2. Phuong phap nghién ciu

-~ Nghién ctru cdc théng 56 anh hudng dén bién dang cam

- Lap trinh tinh todn bién dgug cam duge thiét lap

14, NOI DUNG NGHIEN CUU VA TIEN PQ THYC HIEN

14.1. Noi dung nghién ciu (Mo tG chi tiét nhitng ngi dung nghién cieu phiz hop véi muc tiéu
cia dé tai) .

- Xay dyng ly thuyét bién dang cam dya trén phuong phap phan tr hitu han;
- Lép trinh tinh toén, thiét ké bién dang cam; |

- Tinh to4n céc vi du 4p dung.




14.2. Tién do thye hién
Y n A San Thoi gian
S_l_T tfli‘:;‘i%'l-ld““g’ CONgVIFC | phdm | (bit cigéu- Ngwdi thyc hién
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- 1 E::y dung thuyét minh 6¢ ;51}113[)11 é’-c ﬁ{}igg 7 TS Nguyén Thi Thanh Nga: .7-
2 | Tim h1eu théng tin téng | 7 e TS Vi1 Thi Lién
| quan v& cu chucam va bién | g e | 07/2019- ThS. Vil Nhu Nguyét
‘dang cam B ST ) (A i e
TS. Nguyén Thi Thanh Nga
e __Xa,}Ldungly_Ihuyﬁth_h___ Béag cao |0 19/2019-—| TS Trin Ngoc Giang
' todn bién dang cam 1072019~ | ThS. Nguyén Phuong Van |
Ths. L& Thi Phuong Thao
- TS. Nguyén Thi Thanh Nga
o ‘ IS, 'V'uThiLién
| S| s g g i
ThS. I.& Thi Phuong Thao
ThS. Vi Nhu Nguyét
022020 | ThS. Vii Nhu Nguyét
,,,,,,, 5 | Lap trinh Matlab Béo o | 932920 1S Vi Thi Lién
| TS. Trin Ngoc Giang
I - - R ThS I.& Thi Phwong Théo
| ThS. Nguyén Phuong Van 1
6 | Vittbdo | Bao cdo | 04/2020- TS. Nguyén Thi Thanh Nga
05/2620 ThS. Vit Nhu Nguyét
7 TB#o cao bai bao tai don vi | Bao cdo  05/2020- TS. Nguyén Thi Thanh Nga
L 06/2020 . | ThS. L& Thi Phuong Thao
8 Xay dung béo céo khoa hoc | Béo cao | 07/2020 TS. Tran Ngoc Giang
tdng két de tai | TS. Nguyén Thi Thanh Nga
15. SAN PHAM | |
Yeu cau chét luong san pham
ST Tén san phim $é luong (mo 16 chi tiét chdt luong san phdm
T ' dat dwgc nhw noz dung, hinh thitc, cdc
chi tiéu, thong sé | kp thudt,...)
T | San pham khoa hoc (Céc cong trinh khoa hoc sé& dugc cdng bd: séch, bai bao khoa hoc, . )
111 Ol Tap chi quic t& ISI (Q1) 01
II |San phém dao tao (clr nhin, thac si, tién si,..): 0
I | San pham ung dung: 0 |




16 PIIUONG THUC CHUYEN GIAO KT QUA NGHIEN CUU VA DIA CHI UNG DUNG
16.1. Phuong thirc chuyén giao |
16.2. bia chi ung dung

17. TAC BONG VA LOI iCH MANG LAI CUA KET QUA NGHIEN cUU

17.1. Ddl v6i linh vuc giao duc va dao tao

- 117.2. Dbi véi linh vuc khoa hoc va céng nghé cg liénuquan' :

17.3. D6i voi phat trién kinh té-xa hoi

 17.4_Dbi vai tb chite chi tri va cac co s& ung dung két c qua A nghién clru

| 'Téng kinh phiz_70- 000006

17. KINH PHI THUC HIEN DE TAI
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Ten dé tai: Tinh toan bién dang cam dya vao phuong phap phan tir hitu han

Cht nhiém d@ tai: TS. Nguyén Thj Thanh Nga
Thanh vién chinh: TS. Vii Thi Lién, ThS. Vi Nhu Nguyét, TS. Tran Ngoc Giang, ThS. Nguyén Phwrong

Van ThS Le Thi Phu'orng Thao

——————— _ DVT: VND
STT Njidung Du toan
QA s Hé s tién
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-~ characteristics of polynomial cam curves. In order to-achieve motion curves with good . _

resulting from minimizing the total functional. The geometrical accuracy of the cam profile can be

controlled by the number of finite elements. A case study is considered to illustrate the flexibility,
" accuracy, and robustness of theproposed approach.™ T T T B

Keywords: cam profile; cam design; finite element; curvilinear coordinate

1. Introduction
Cam mechanisms are widely used in various mechanical machines, such as machine
tools, sewing machines, and engines.due to their-unlimited motions, operation speed,.
motion accuracy, and structural rigidity. In cam design, the follower motion affects the
‘kinematic and dynamic characteristics of cam systems. Various traditional functions
can be used to describe the follower motion such as harmonic, cycloidal, trapezoidal,
polynomial, and piecewise polynomial [1,2]. So far, spline functions have also been used
to develop the cam curves, for example, the Bezier curve [3], the B-spline curve [4-6],
and the NURBS curve [7-10]. Besides, kinematics and dynamics have been considered to
optimize the peak values of the displacement, velocity, acceleration, and jerk with referring
to several functions, e.g., harmonic, cycloidal, and polynomial [11]. Qin and Chen [12] also
proposed the kinematic optimization of cam motions for engine valve trains regarding the

dynamic characteristics under arbitrary design conditions, the parameters of the motion
model were obtained by optimizing the dynamic performance [13,14]. Related to the cam
design process, the cam size optimization has been also investigated [15-17]. This plays an
important role due to affect the cost of cam systems.

The design of the cam profile is one of the main tasks in designing a cam mechanism.
The profile of the cam must be designed correctly to ensure the characteristics of kinematics
and dynamics of cam mechanisms. However, when a priori displacement of the follower is
given, obtaining the corresponding curve equations for cam profiles is nontrivial in general.
Many approaches to design the profile of a cam have been proposed. The graphical method
has been established by several studies for disk cams [1,18,19]. In this method, kinematic
inversion is used. To increase the accuracy, the analytical method using a Cartesian
coordinate system is presented by [20-22]. Since then, the analytical method has been
continuously advanced, among others by Shigley and Jr. [1] and Norton [23]. In these
studies, the equations of cam profile have been formulated by the loop-closure equation

_ Appl. Sci, 2021, 11, 6052. hitps:/ /doi.arg /10.3390/ app11136052
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-and-using-complex polar netation—Wu-et-al-[24] presented-a-cam-profile of a-translating————————
cam driven. In this approach, the follower motion can be arbitrarily chosen for only the

— — - - — forward-orthe return-stroke: The desired cam-profile-is-obtained by using-the theory — —

_of envelopes [25]. To this end, the envelopes are given by fitting a tangent curve to the

successive follower positions, and the cam profile is achieved by the boundary of the family.
Biswas et al. {26] presented two approximate analytical methods for determining disk cam
profiles of roller followers. In the first method, the average location is defined by two lines
tangent of three roller positions. The cam profile is obtained by the interpolation of the

roller positions. In the second methad of this research, the cam profile is achieved by the

intersection of the curvature center and the roller center. A systematic method for the design
and analysis of cams with three circular-arc profiles is presented by Jung-Fa Hsieh [27]. This
study is based on constructing a generlc geometnc model of cam profile-and deriving the

_corresponding eguati a coordinate transformation, —
- Moreover, using coordinate transformation, the cam profile is obtained by [28). This study “

proposes a simple yet comprehensive method for the design and analysis of an indexing
cam mechanism with paralle] axes.

In this paper, we propose a finite element method to design a cam profile from a given
displacement of the follower. To the best of our knowledge, this is the first time a finite

element description is used directly for obtaining the cam profile. Compared to earlier

—— — —-———— — —— —— works; the presented-method-contains the following merits-and-noveltiest—— —— —— ————}

- o —A-penalty-type-functional-to-enforce-the-prescribed-displacement-ef the follower-— ——
is proposed;
e A stabilization scheme is added to guarantee convexity of the functional;
For the Newton—Raphson solution method, the consistent linearization of the weak
form is presented; 7 o
»  The arbitrary desired accuracy of the cam profile can be achieved by increasing the
number of finite elements;

— —— — —e "~ Theresulting profile represented by finite elements can be used for-cam manufacturing. - —

“The remainder of the paper is structured as follows. In Section 2, the geometrical
description of cam profiles is presented. Section 3 introduces the synthetical kinematics.
~The formulation of the general framework for the synthesis of cam mechanisms is presented  —
in Section 4. The finite element (FE) formulation is discussed in Section 5. Section 6 then
presents a solution of the finite element. The case study for this method is presented in

Section 7. Finally, conclusions are drawn in Section 8.

2. Geometrical Description of Cam Profiles
In this section, we present the geometrical description of the cam profile. The differen-

tial geometry (see [29]) is used for an arbitrarily complex cam surface. The cam surface,

- denoted by § (see Figure 1), is represented in curvilinear coordinatesas

x==x(t), (M

where & (E,l, E,Z) are the curvilinear coordinates. Accordingly, the covariant and contravari-
ant tangent vectors, a, and a®, at point x depending on § are calculated by

an = @
and :
a%:= a*Pag, 3)
respectively, where
= [ath]_l' (4)

Anp = Ax' Ap
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o are-thecontravariant-and-covariant components-of the metrie- tensor—Here-and-heneeforth;
the summation convention is implied for repeated Greek indices, e.g., « = 1, 2. The unit

~= = = - ~normalvectornatxisdefined by [30] - =

=l ®

ap xag|

Figure 1. Mapping between parameter domain T, reference configuration Sp, and current
configuration 5.

_ _Tt can be shown that_

ol = Jamn. ®

The curvature tensor can be comi)uféd as (SEE_:,_ .e.g..,-[29])

b= by a*®aP, @)

where
ba|3 =Nc-agg - (8)

3. Synthetical Kinematics

In this section, the established approach to describe the deformation of membranes
 (see, e.g., [29]) is employed in the context of synthetical kinematics for designing cam
profiles. To obtain the desired cam profile, a given initial configuration is selected. The
initial curve is then “deformed” to the desired configuration, The differences between the
initial (reference) configuration Sp and the current configuration S are shown in Figure 1.
Both configurations are described by the geometrical quantities discussed in Section 2. For
the reference configuration Sp we use the upper-case symbols X, Ax, Aup, A% and N. The
corresponding lower-case symbols x, 8, axa, a%, and n are used in the current configura-
tion §. In order to characterize the deformation between the reference configuration S and
the current configuration 5, a line element in S is considered as

dx =a, dE%, &)

and its corresponding line dX = Aod&* in Sg. So that we can write d£* = A*dX. With
this, dx in the current configuration can be mapped to dX in 5p by

dx = (a ® A%)dX. (10)
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R Here-the tensor

F= Ao ®Aﬂ. (11)

denotes the deformation gradient. Vice versa

1= AL ®a” (12)

maps the dXin 5S¢ to dx in S. Throu.gh F we thus have the following transformation

dg = FAou Aa: = F_lalx ’

a* =F 'A%, A%=F'a”*

Finally, the stretch between configurations Sp and 5 is defined by

T — s —= - - = - s __J p— _J}:_.’ . — .. ) - —_— = B

Ja = +/detAyp, (14)
I = +/detaang .

Here, “det” denotes the surface determinant.

4. Governing Equahon for the Synthesis of Cam Proﬁle

In this section, the governing equation for desighing cam proflle is proposed The
strong form, weak form, and stabilization scheme are presented.

4.1. Strong form Statement
The point-wised governing equation for the synthesis of cam profile is given by

. _.. _g=s—s=0¥Wwes _ S ¢ 1<) B

subjected to the boundary condition - - R

x=%Vxel,, —  — =~ (1)

where sy and s denote the reference and current displacement of the follower, respectively.
sp and s will be explicitly defined for a particular type of cam. Ty is a subset of 5. From
Equation (15), the variation g can be expressed as

bg = bs— bsp, {17)
where
N o T o - 7T T T 8 =’7%76x*, ”5§07=7%5;°-5?"7 T - (18—

The strong form equation as shown in Equations (15) and (16) is not a well-posed
statement since it is still missing an in-plane constraint equation. In another word, the
positions of two arbitrary material points x; € S\I'y and x; € 5\I'y can be exchanged
without affecting the solution of Equation (15). The system is thus unstable and needs
stabilization, which will be discussed in Section 4.4.

4.2, Penalty-Type Functional

The point-wise condition in Equation (15) can be enforced by a penalty-type functional.
The penalty-type functional can be expressed as

_{ E2
Hp—/snzg dAg, (19)
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B — where-¢-is-the penalty parameter- The variation-of the penalty-type-functional-is-computed-as————— -

r
- -— - o — — ;= dA,, ——— — - - 20y - —
| p ISDMB, 0 (20 -
where
Ai=eg (21)

represents the pressure of the enforcement.
It should be noted that the potential in Equation (19) exactly enforces the condition”

at the Iimit, i.e., € —+ . At € — U, I, does not aifect the system. It turns out that this
property is advantageous for the Newton solution method since it allows for the application
of s in an increment manner until a desired accuracy is reached.

) T 4.3. Augmiented Lagrange Functional

Invorder 1o enforce the condition in E.quatlorl (1:: ) Stronger, the Augme_teu Lagrange
method can be used instead of the Penalty method. Accordingly, the pressure A (see
Equation (21)) is further corrected by using extra loops called augmentation steps. For this,
we consider the functional

€
e inpiﬁ (rg+zg)ang, @
where Aisa non-negahve parameter Thus, its vananon reads:
6T1, = fso (A +eg)bgdAy (23)

From Equation (23), one finds the updated new parameter Anew for Equation (20) as

e T - o T - '?\new7: Eg+ A’old’-" o o B T (24) ST

4 4. Stabilization Governing Fumctiorml

- —-- - — -As noted above,-the system is unstable and thus cannot be solved uniquely-with
FEM. In this paper, a stabilization method is considered as found in [31}. The stabilization
functional can be expressed by

Myias :=fS b —2In])dAg; I i= APagg, | (25)
0
where ) is a given parameter. The variation of I, can be found as

— - ”éngtﬂb**:=’: :/‘éﬂ T“E. 6&0,; B' dAO’T" e e - *(26)7' et — —H

where, TP = A%*B _ a"‘ﬂ._

4.5. Stabilized weak Form Statement
The cam surface is assumed to be governed by the weak form

M:=Tp + T, (27)

where I, and I,y are defined in Equations (19) or (22), and (25), respectively. The cam
profile is obtained by minimizing potential (27). Le.,

§TT := 81T + 61y, = 0. (28)

Here, 8T}, and 6T Ty, are defined in Equations (20) or (23), and (26), respectively.
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—— 4.6-Linearized-Weak-Form T

The linearization is necessary for the calculation of tangent matrices. The hneanzahon
the potential energy as shown in Equation (20) can be computedby — = K

ASTT, = fSO e (g bg + g Abg) dAg. (29)

Here A&g can be expressed in the form

Aba = AS o
Abg = Abs— Absg. {30)

4.7. Linearized Stabilization Term

- From Equation (26), the linearization of the stabilization equation can be computed by

5. Finite Element Discretization

- FEquation (28) is solved by the finite element method. The surface S is therefore
discretized into a set of finite elements 0)° that are defined by nodal points x; which
corresponds to the Lagrangian finite element description (see Figure 2).” T

Figure 2. FE discretization of surface 5.

5.1. Discretized Synthetical Kinematic Quantities
Within elements (O?, the geometry is approximated by the nodal interpolations

x ~11‘ EN x,, (32)

where N; = N;(£%) and # denote the shape function and number of nodes, respectively.
For shorthand notation, Equations (32) and (2) can be expressed as follows:

xmxh=NxE, (33)

Ay =N za Xe (34)

with N g« = N/9E®.

To write the discretized weak form of the governing equation, the variation of the
tangent vector a, current nodal position vector of the nodes x, and the unit normal vector
n are required.

The variation of current position vector in Equation (33) and the tangent vector in

Equation (34) is written as
bx = N dx, (35)

Bag = N zx 5% (36)
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- The-variation-of the-unitnormal-vecteris-given-by-[30] H
— - = = = = = - —— —bm =] ACdey— — — — = EBﬁ* T
with — _
| RY=-(a“®n)}. : (38)
The linearization of vector n is followed from Equation (37) as
B ~ Abn=(-Aa*@®n)bay— (a*@An) ban, (39) -
where Aa® is can be found in [31]
— Aa*=B*FAap (40)

ame manner as Say from Fquai:inn (36).

The variation of ] is given respectively in [29]

5] =Ja*- fay . (41)

Further, the variation and the linearization of axg and a*® are:

¢ e e — . o bagg=ax:bap+ dap-ap,. _— _ .. N ¢ I

5a%P = a%. paP + sa* 2P, (43)
Abaypg = hay - dap + day - Aag . ) (44)

5.2. Discretized Weak Form of the Governing Equation
~ With the expressions in Section 5.1, the weak form is now discretized. Accordingly,
Equation (20) can be written as follows: S - I

SITp ~ BITf = &x° Zl,f‘:,, S - B
e=

where
fi= [ & dhe. (46)

In Equation (46), g, is to be defined for a given type of cam.
The linearization can be expressed as

where kp is the tangent matrix. It can be written as
Tle
kp=3 kg. (48)
e=1

5.3. Discretized Stabilization Terms

The weak form of the stabilization equation is discretized. The formula as shown in
Equation (26) can be expressed as

51]stab & 6n.lsltab = ‘5xT Z f‘.l.iel‘ab Y (49)
. e=1

where
f:ta'b = _/e Bstab dA.. (50)
05
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Thelinearizationrof the stabilization-functional-can-be-expressed-as

T 4 2
Wbl = % KgAK, o (D]

where the fangent matfix can be written by

Ne
Ky = E kstab . (52)
e=1

. Finite Element Solution
6.1. Solution Procedure

The discretized weak form as shown in Equations (45) and (49) of the governing

_equation.and. the stabilization equation can be written as

5% {15 F foap] = 0 V0K, (53)
where .
Ne LT
fo =3 £ fuab = ) £ - (54)
e=1 e=1

==~ The nonlinear in Equation (53 can be solved by numerical methods: The Newton——
- Raphsen method is used-to solve this equation. Equation (53) canbe-described as- - —

£(x) i= fp + forap = 0. (55)

At iteration i, an approximation solution of cam profile can be sought and denoted by
x'. The method can be described by Gouri Dhatt, et al. [32]

~ (56)

S [ ,f(x"),,:= f(xjfl -I—,A,xi),,HQ,

The algorithm is obtained by developing this residual into a Faylor series in the vicinity. - -~

of xi1 L S T — — B oo
i-1 i) _ gf il of i _
f(x +Ax) _f(x )+ [ax],,=xi_1m +...=0, (57)
and . ) )
x=x"T4Ax, (58)

By ignoring terms greater than one, we get

KAX = —f(xi—l), (59)
where af - - -
' Ki= o = kp +kap (60)

is the tangent matrix.

6.2. Numerical Quadrature

For finite element computations, the integral for the weak form and the tangent matri-
ces must be evaluated. These integrations can be performed on the element level. Since the
integration is carried out in the finite element analysis of the reference configuration, the
patameter domain coordinate £%¢ [—1, +1] must be transformed to this configuration (see
Figure 3).
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Figure 3. Mapping Gaussian integration between elemernt {1° of parameter domain F, element (15 of

discretized reference configuration S{,‘ and element ) of the discretized current configuration ",

The Jacobian can be calculated as follows [30]:

X ., aN
S —— ——Je%zﬁﬁ%XAQ-gf,

_ __ _ _ _ [ n oo SR o _ .
ie = g% o %xA ®_a_a¥ , (61)
Fe=j.J-'.

The integration form is then carried out with the standard Gaussian quadrature on
the parameter domain. Thus, from Equations (46) and (50), the governing equation of each
element can be written as

_ . _ The integration in Equation {62} is computed by
fn gdAs= fn g, (E)detl d + fn 8o (£)det]d

#1 p+l A ‘2 (63)
_ f_ 1 f_  gp(£%)det], dEAE? + f 1 f_ B (%) dlet], dETdE2

The integration will be done numerically. ngp is representative for the number of
Gauss points. Hence, the integral in Equation (63) will be approximated by

/;)EgdAez

Here, Wp is weighting factors and &g denotes the coordinates of the evaluation points.
The integration for the whole system can be computed as follows:

lil%li' o nSP B 7
Y. By (Egp)detTWo + Y gaan(E%)det] W (64)
gp=1 gp=1

Ne ne Pgp ne fgp
E f =4 dAE ~ E Z gp(E'EP)det]eWP + Z E gstab(f-u)det]ewp N (65)
e=1702 e=1gp=1 e=1gp=1

6.3. Computational Algorithm

This section presents a computational to solve a cam profile. With the above-discussed
framework, the computational algorithm of a cam profile that satisfies a prescribed dis-
placement of the follower is given in Table 1.

fn gdA, = fn gpdAe + [ﬂ BpdAe ' ©2)

=
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R Table 1. The computational-algerithm. —F

1. Defined the initial configuration —

2. Step loop

+  Given parameters: tolerances for the reduced penalty parameter j, and
augmentedLagrangian; penalty parameter e; parameter A

2.1, Newton iteration:

Campute ke, Kepzp— £y, fotat-as-shown in Equations (48), (52), and (54) respectively

Apply boundary conditions
Step 1: Load step for penalty method
Step 2: Reduce parameter p

_Step 3: Update new parameter A of Au _njgd_Lag:angmn_mﬂho_iiollowmgjﬂquamL__ _
?\new =egt Ao . : e -

* Solve = pdate xi=—xi= + Ax

¢ Update reference configuration

7 Case Study
- — — — This section presents acase study to demonstrate the procedure of this work. We |
_ consider the cam mechanism with a flat-face follower for illustration, The finite element __
is therefore reduced to line elements. With the general designing framework discussed
above, an explicit expression for the follower displacement is required. The expression
is, however, generally dependent on the type of cam. The cam curves resulted from the
proposed framework are compared with the analytical solution,

7.1. Computation of Cam Flat-Face Follower

_  _ _ ._ _With the flat-face follower, as shown in Figure 4, the function of the follower displace- = . _
ment sy can be written as follows:
c— - SD. — f((P) . . - (66)__ e e =

- “~ ~ where @ is the angle of the camshaft, and the displacement function f(¢} is shown in
Appendix A.

Figure 4. Calculation parameters of cam flat-face follower.

For cam plate, we can describe the tangent vector and others with c=1and f = 1. 2
is denoted by £. From the variation of the stabilized equation (see Equation (26)), f5;,,, can
be computed as follows:

£, = p(A” - all) NT a; dAc . (67)

E e
Jag
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T T T T T T T ———Likevviserthefangenfmafrix—i&ealeulated b}«'

Taking the variation-of the-current displacement-in- Equation{70)-is-presented by

e R = W K
T whete
Kap1 = Jng 2 a' NI 2 1N, dA.,
Kbz = Jog H(An B au) NE N dA.. ®
~ As shown in Figure 4, the displacement of the follower can be computed as T
- 5:= xn—13. (70)

fs= dx m4+x-bn (71) -
The angle of the camshaft can be written as (see Figure 4)
@ = arccos(n -e). (72)
———The variation of sg-can be also computed by — -
- bsg=—dceg-on. 73
In Equation (73), d. is calculated in Appendix A.
From the calculation above, f}, can be simply obtained by
5= [ (N™+N%RED)da., (74)
N - - nu, ,,,,, — - —_
where, Ra := Rj. The tangent matrixis
_ k= ;, +,k;2.,,,, - (75)
Here
= fng em@nN+n®bRyN;)dA.
(76)
+ g € NERI(b@nN+b®bRy N¢)dA,,
and
t2= [ (NRaNg+NERE G- N} GoNg ) dAe. (77)

3
0

" Tensor b in Equation (76) and tensors Gy, G in Equation (77) are defined in Appendix A. ™

In the example, the cycloid function for the displacement of the follower as shown
in Equations (Al) and (A2) in Appendix A is used for the design of the cam profile.
The types of motion programs are rise, fall, and dwell. These motions are defined by
the angle of segments, i.e, f1 = pr = fa = 120° and the lift L = 5 mm. By using the
computational algorithm in Section 6.3, the cam profile is shown in Figure 5a and the
kinematic characteristics of the follower including displacement, velocity, and acceleration
are presented in Figure 5b-d. The finite element solution of the cam profile is compared
with the analytical solution as shown in Figure 5. From this figure, it can be seen that there

are very small differences between the FE solution and the analysis solution.
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Figure 5. Compare between FE solution with 128 elements and analytical solution (a) comparison of cam profile; (b)
comparison of displacement; (c) comparison of velocity; (d) comparison of acceleration.

In this example, 128 elements are used to compute the cam profile. In the penalty
step, the maximum difference between the FE displacement and the input displacement
issmall, ie, e=19 x 1073, For the second step, the stabilization parameter i is reduced
from 100 to 25, which increases the accuracy in the displacement to ¢ = 7.0282 x 1075. For
the augmented step, the accuracy is further improved with ¢ = 2.6133 x 1075,
~ “Next, the size of the cam is considered in the cam design process since it decides— ——
the cost of the cam follower. The cam size is influenced by the base circle rp. Usuaily, a
minimum base circle, denoted by ro_. , can be defined by (see Robert L. Norton [23D)

min

IOmin > Pmin — 8@,p, — @min # (78)
where pmin, @mins 5@, ar€ the minimum radius of curvature, minimum acceleration, and
the displacement value at apn, respectively.

In order to determine the minimum base circle, the parameters including pmin, 3@,
and a, need to be computed. The minimum radius of curvature pryy is calculated from
Equation (7). Values of sg,;. and apn are determined from the displacement and accelera-
tion functions. Substituting values of the parameters into Equation (78), the minimum base
circle is 3.9878 mm. In addition, with the cam flat-face follower, the radius of curvature
must be positive to maintain the contact between the cam and the follower.
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72Influence of Parameters-eand
Next, the influence of penalty parameters e and p is discussed in this section. The

~ accuracy of the cam profile is estimated by parameter € as shown in Figure 6a. It is clearly
seen-that an accurate solution is obtained for a sufficiently large e. However, it should

be noted that for the augmented method, a much smaller penalty parameter is already
sufficient for the comparative accuracy due to the extra correction loop.

2.

—10 T .

)
g

mm])
_.
=

[

o

o

z
wnal - | -
{rig7s ju 10
g ™y
5
k-] ‘s
E 1467} g“’"‘*
71“5& R N D e . o o |U'6 ) X ,
40 &0 80 100 120 740 10! 10¢
- - - ~Panalty paraeter - - - - - —e—ms em = - - -o-Number of slements- -— - — - —-- ——
(a) (b)

Figure 6. Influence of parameters € and : (a) penalty parameter e; (b) parameter p.

Figure 6b further shows the convergence of the finite element calculation with mesh
refinement for three minimum values of the parameter p = 50, 25, and 10. It is observed
“from the figure that the rate of convergence increases with decreasing the parameter p. On

the other hand, for the fine meshes, parameter p affects the convergent rate significantly,

i.e.,, the smaller stabilization parameter, the more accuracy is obtained.

8. Conclusions

This paper presents a new and general computational formulation for the synthesis of
cam mechanisms using the finite element method. The formulation is based on a general
theoretical description of the cam curve in curvilinear coordinates. The governing equation
for the synthesis of cam profile is proposed. The penalty-type functional is proposed for
the weak form. The stabilization functional is further added for convexity of the total
potential. The discretization of the weak form is derived in the framework of the finite

_element. The Gaussian quadrature is used to integrate the finite element computation.

The cam profile is obtained by solving a nonlinear system of equations resulting from
minimizing the total functional.

The case study of the flat-face cam mechanism demonstrates that the formulation is
able to handle all aspects accurately, robustly, and efficiently. The proposed framework can
be applied for more general cam mechanisms, which is a subject of future work.
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Appendix A
This appendix presents the displacement function of the follower f(¢), vector b and
I tefisofs G1;Gy In Section 7.~~~ T o T o s : -
Fhe displacement functionf{g}-for the riseand-fall-ean-be-expressed-as
) se - P 1 . 2”‘?) .
i ((p)—L(\ﬁi_%fsm B/~ @y
- gl i@ T 2me ' -
T = T } Sy 0 (A2}
\vJ L \ [52 s m BZ } =y
Vector b is defined by
b:i=x+deey oA3)

Further, tensors G, and G are defined by

Ll _ G=N+tdaAe®eRaANg, __ Lo (A8
Gy =(n@b)B' + (b-a') Ra (A5)
with
de = f,tpcs ' (A6)
and
- - - - - — = dg=fgact+ Lo ossin@eos . : (A7)
here : 1
' - = : - (AB)

\/ (1 (cos 0)?)
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