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TOM TAT

Nghién ciru nay tap trung phdn tich chuyén dong van toc thd’p cua hé dao dong dinh — truot
o can phi tuyén duoi tac dung cua tai ngoal tuan hoan va cua luc ma sat mé ta boi mo hinh
LuGre. Boz vOi chuyen dong trong mién vdn toc thdp, mé hinh LuGre bdt dwoc hiéu ung
Stribeck, von la hiéu ung ma sat ma trong do lyc ma sat giam khi van toc tang. Mo hinh hé gom
mot vdt nang co lien ket Io xo tuyen tinh va can phi tuyén, duoc dat trén mgt bang tai chuyén
dong Véi vin toc tmmg doi thap. Két qua nhdn dwoc chi ra mng, dudi tac dung cua tai trong
ngodi tuan hoan, ung xiur cua h¢ la phong phu, trong do c6 thé xuat hién cdc chuyén dong tuan
hodn hodc cdc chuyén déng cé tinh chat hon don. Dac trung chi tiét ciia cdc dang chuyén dong
dige khdo sat théng qua phwong phdp gidi s6.

Tir khéa: Ma sét khd; Chuyén déng dinh-truot; Hiéu img Stribeck; Tuin hoan; Hn don.
1. GIOI THIEU

Dao dong dinh - truot la mét trong nhimg hién tuong dao dong phé bién xuat hién trong thyc
té do chuyen dong co6 ma sat ctia hai bé mat tiép xtc véi nhau va thuong xay ra & van tdc tuong
dbi thap [1-3]. Nguoi ta c6 thé quan sat dic tinh dinh - truot trong cac bai toan k§ thuat nhu qua
trinh khoan, cit cuia cac may cong cu [4, 5], qué trinh nha va hdm phanh ctia hé phanh trong cac
phuong tién van chuyén [6, 7]. Cac co ché cta chuyén dong dinh - truot duoc nghién ciru tir
nhiéu thap nién tro lai day thong qua cac nghién ctru thyc nghiém va nghién ctu ly thuyét [8].
Kato va dong nghiép [9] nghién ctru thyc nghiém vé chuyen /dong dinh - truot trén mot may cong
cu trong cac diéu kién truot khac nhau. Cac tac gia da dé xuét cac biéu dién cho hé sb ma sat tinh
va ma sat dong bang biéu thuc dai sb don gian phu hop véi cac do dac thyc nghi¢ém thu dugc. Sy
hinh thanh cua chuyén dong dinh - truot duge xem 1a xut phat tir dic tinh chuyén dong qua lai
véi van toc turong doi chim gitra hai bé mit v6i nhau. You va Hasia [10] da xem xét anh huong
ctia moi quan hé giira toc do chuyen dong va luc ma sat dén su Xuat hién cua chuyen dong dinh -
truot bang nghién ctru giai tich. Két qua chi ra rang khi tham s téc do ting dan dén tan s6 dao
dong tang va bién do sé bi giam di. Tac gia ciing chi ra do 16n cta d6 doc cua dudong cong toe do
- ma sat anh huong dang ké dén chuyén dong dinh - truot & mirc gan vén toc khong. Di sau vao
ban chat vat 1y, Ponomarev va Meyerovich [11] dd nghién ctru anh huéng cua d6 nham bé mit va
anh huong cua 16p boi tron bang chét 1ong trén bé mit t6i chuyén dong dinh - trugt. Cac bé mit
nhin & cdp d6 vi mo thudng 1a khong déu va mirc d6 map mo trén bé mit rat ngiu nhién. Do do,
dé nghién ctru hién twong dinh - truot, cic tic gia di x4p xi bé mat ngiu nhién bang bé mait
tuong dwong (phing) str dung cach tiép cin xac suét dé tinh cac dic trung dap mg bé mat. Cac
thi nghiém ciing duoc so sanh va danh gia. Chuyén dong dinh - truot thuong 1a cac chuyén dong
khong c6 lgi. Do d6, ngudi ta s& im cac bién phap nham khir hodc giam t&i mirc thdp nhat anh
hudng cua cac chuyén dong nay. Méi day, nghién ctru cua Kligerman va Varenberg [12] da dé
xuit mot md hinh tya tinh ma n6 ¢c6 thé giai thich duoc su triét tiéu cua chuyén dong dinh - truot
khi hai bé mat rdn dan hdi c6 ciu tric do nham dic biét tlep xuc voi nhau. Nghién ciru s€ 1a mot
goi y dé khir chuyén dong dinh - truot. Lin va dong nghiép [13] da nghién ctru khir dao dong
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dinh - truot cho hé may khoan v6i mé hinh tham sb phan bo théng qua phan tich bam quy dao
v6i viée str dung bo diéu khién phan hodi kiéu PD (proportional-derivative feedback controller).
Phan tich sy mat 6n dinh va diéu khién dinh - trugt cho hé may khoan véi viée xem xét dic tinh
tré phu thudc trang thai duoc trinh bay trong mét nghién ctru cua Zheng va dong nghiép [14].
Méi day, co ché cta hién twong dinh - trugt do chuyén dong c6 ma sat ctia hé 6 truc dugc trinh
bay trong mot nghién ctru thuc nghiém béi Han va Lee [15]. Céc tac gia di mo hinh hoa hé bang
mdt hé hai bac ty do va nhan dang tham s6 ctia mé hinh tir dit liéu thyc nghiém do dac dugc.

Trong hau hét cic nghién ctru trén, dao dong dinh - trugt dwoc quan sat tir cac bai toan thye
nghiém va co the dugc nghién ctru bang céc cong cu giai tich hodc cac cong cy tinh toan sb (L
16]. Boi vi yeu t6 ma sat dugc tinh dén, cac phuong trinh chuyén dong trong hé mé hinh hoa deu
c6 mot dic diém chung 1a tinh khong lién tuc ctia duong dic trung ma sat - van toc tai van toc
bang khong, trong khi do chuyén dong dinh - trugt xay ra trong mién lan can vén toc bang khong
nay. Chiing ta biét rang, hai mo hinh don gian nhét trong nghién ctru hé ma sat 1a mo hinh ma sét
Coulomb va md hinh ma sat nhét. Tuy nhién, hai mo hinh nay thich hop cho mé ta chuyén dong
v6i van toe du 16n. Doi voi cac hé co chuyén dong voi van toe thap, nguoi ta quan sat thiy su
hién dién cua hiéu ng Stribeck va doi hoi mo6 hinh thich hop dé mo ta duoc hiéu tng nay.
Canudas de Wit va dong nghiép [17] dd dé xuat mot mo hinh ma sat, goi 1a mé hinh LuGre, co
thé mo ta tuong do6i tot hiéu ng Stribeck, tirc 1a hi€u tng ma ¢ d6 lyc ma sat giam khi vén toc
tang trong mién van tbe thap O day, c6 thé hiéu rang mién van tdc thap la mlen van te cb gia tri
tuong doi nho, gan van tdc bang khong. Bé dinh lugng murc d6 mién van toc thap, nguoi ta dua
ra mot tham s6 goi 12 van tdc Stribeck. Gia tri ctia tham s nay dugc xac dinh tir thuc nghiém [1,
2]. Tham s6 van tdc Stribeck cho biét mirc do thay ddi cua van téc anh hudng nhu thé nao dén
duong cong ddc trung van tdc - ma sat trong ché do chuyén dong binh on cua hé. Hiéu tmg
Stribeck c6 y nghia khi van tdc nam trong mién gidi han boi van tdc Stribeck. Tir khi duge dé
xuit bai Canudas de Wit [17], md hinh LuGre 1a mé hinh duoc sir dung tuong dbi phd bién dé
mé ta nhiéu hién tugng ma sat khac nhau trong nhiéu hé ky thuat, chfmg han nhu hién tugng dinh
- truot, hién tuong tré, hién tuong trudc trugt (tir trang thai tinh bat dau chuyén sang trang thai
truot), hién twong luc thoat. Trong nhimg nim gan day, mé hinh LuGre dugc cai tién dé phii hon
v6i nhiéu ddi trong nghién ciru khac nhau. Saha va dong nghiép [18] da dé xuit mot mé hinh ma
sat méi dua vao mé hinh LuGre, c6 thé mo ta tuong ddi chinh x4c ban chit cua luc ma sat trong
ché do chuyén dong truot gitta hai bé mat. Pikunov va Stefanski [19] cai tién md hinh LuGre
bang cach bd sung hé sé c6 trong vao phuong trinh chuyén dong ciia bién trang thai trong, tirc
bién trang thai mé ta d6 vong cua 16ng, trong d6 mo hinh 16ng thé hién tinh chat dan hoi va can
ctia d6 nham bé mat. Chuyén dong dinh - truot sir dung mo hinh LuGre cai tién duoc Pikunov va
Stefanski nghién ctru bang phuong phap s6. Méi day nhat, trong nghién ciru cta Hieu va Chung
[20], cac tac gia di phat trién mo hinh LuGre két hop véi hidu tng thoi gian chd (dwell-time)
cho mé hinh hé khéi luong chuyén dong dinh - truot trén bang tai ¢ van tdc thap. Céc tac gia da
phan tich dinh tinh vé tinh chét 6n dinh, sy r& nhanh va dic trung dinh - trugt ciia hé khi co su
Xuét hién cta hiéu ung cho.

Trong bai bao nay, cac tac gia sir dung mo hinh ma sat LuGre v6i hiéu ung Stribeck dé
nghién ctru dao dong do ma sat ctia hé¢ mét bac tu do c6 can phi tuyén duéi tac dung cuia luc kich
dong ngoai. Tinh chat can phi tuyén cta hé két hop véi bai toan ma sat sit dung mé hinh LuGre
12 mot van d& méi vi hai 1y do sau day: (i) dac trung can phi tuyén trong cac nghién ciru trude
day thuong dugc xét trong hé khong tinh dén yéu t6 ma sat; (ii) cac hé ma sat dugc xem 1a hé co
tng xu phirc tap, tinh chat can ‘thuong duoc xét chi trong pham vi can tuyén tinh. Su co mit
ddng thoi cua hai nguon phi tuyén dén tir yéu t6 can va yéu t6 ma sat dugc ky vong la lam cho hé
¢6 Gmg xur twong d6i da dang trong d6 c6 thé xuit hién cic chuyén dong tuan hoan hoic céc
chuyén dong co tinh chat hdn don. Cac hién twong nhu thé s& duoc khao sat chi tiét trong nghién
cliu nay.
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2. PHUONG TRIiNH VI PHAN CHUYEN PONG

M5 hinh LuGre 1a phién ban mé rong ctia mé hinh Dahl dé c¢6 thé bit dugc hiéu img Stribeck
& mién van téc thap. Trong thuc té, & cAp do vi md, cac bé mit cd céu trac khong déu nhau, vi thé,
hai bé mit tlep xuc va trugt qua nhau tai cac vi tri ¢6 hinh dang map mo [17]. Nguoi ta co thé mé
hinh héa bé mat tiép xtc théng qua mot mo hinh 16ng dan ho6i. M&i bé mit ¢6 ciu tric 1ong glong
nhu bé mit ciia mot ban chai, trong d6, cac 16ng c6 ciu tric dang dam dan hdi kich ¢& nho & cip
d06 micro. Khi chiu tac dung ctia mot luc, cac 1ong sé& bi léch va co6 tinh chuyen dong dan hoi nhu
10 x0 s€ tao ra mot luc tiép tuyén ctia bé mat goi 1a luc ma sat. M6 hinh nay dugc Canudas de Wit
va dong nghiép [17] da dé xuat dua trén Gmg xtr d6 léch trung binh cta 16ng dan hoi.

St dung m6 hinh LuGre [17] trong bai bao nay, nhdm tac gia nghién ctru dao dong do ma sat
ctia hé minh hoa trén hinh 1, cé can phi tuyén trong didu kién chuyén dong véi van toc thap. He
¢ cac thanh phan: vt ning c6 khdi luong M nam trén mot bang tai két ndi v6i gia ¢d dinh
thong qua 10 xo tuyén tinh véi d cimg K, can nhét phi tuyén voi hé s6 can C . Chuyén dong
clia bing tai gia sir c6 van tdc khong dbi V, . Mot luc kich dong ngoai dang diéu hoa vdi bién do
P, va tan s 2 tac dung 1én vét ning.

Hinh 1. Hé mét béc tw do c6 can phi tuyén dat trén bang tdi chuyén dong.
Gitta bé mat vat nang va bang tai c6 thanh phz‘in luc ma sat F;, (Vr , Z) phu thudc vao van tde
tuong ddi V.=V, - X va bién trang thai Z , duogc goi la bién trang thai trong, mo ta d6 vong

trung binh cua 16ng trong m6 hinh LuGre. Phuong trinh vi phén chuyén dong cua hé dugc viét
cho chuyén dich X va bién trang thai trong Z c¢6 dang sau day:

MX +CX® + KX =F (V,,Z)+Pysin(2t) 1
dz V|
—=V, - Z
it GW,) @

Trong d6: Fy (V;,Z)=Ngf(V;,Z) la luc ma sat véi Ny la phan luc phap tuyén va ham
f(V,,Z) cho bai [17, 19].

f(v,,2)=

’\Tg (602 +6,Z+6,V,) 3)

Trong d6: &, 1a d¢ clmg cua 16ng; &,, &, 1a hé s6 hé s6 can clia 16ng va hé s6 can nhdt trong
chuyén dong twong dbi giira hai bé mat. Trong phuong trinh (2), ham Stribeck G = G(Vr) cua
van tc tuong doi V. , dugc cho bai [17]:

S

2 2
5 Vi * V,
GoG(V, ) =Fc +(Fs —F)exp —[V—j =Ng| e + (s — e Jexp _(\T} @)
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Trong d6: F, =Ny va Fg = ugNy tuong tng la lyc ma sat Coulomb va lyc ma sat tinh;
e Va L 14n luot 14 hé sb ma sat Coulomb va hé sb ma sat tinh; V, 1a van tdc Stribeck.

bat w, = «fK/ M =/g/X, [rads™]la tan s6 ty nhién cua h¢, trong d6, do gidn dic trung cla
10 xo dugc dinh nghia la X, =Mg/K [m]. Ta c6 thé dua hé phuong trinh vi phan chuyén dong
(1) va (2) vé dang khéng thir nguyén nhu sau:

3
d?x(z dx(z )
(2 )+h{ ( )} +X(7)=pysin(nz)+ Ny f (v,,2) (5)
dr dr
dz |Vr|
—=V, - z 6
3 T30 (6)
trong d6 7 = e, t 1a thoi gian khong thir nguyén va cac tham s khong thir nguyén khac cho boi:
2
X:L’Z:L,hzcg ’UZQ’Vb: Vb ’Vr: Vr :Vb_%’pO:i’
X, Xo w,K @, Wy X, Wy Xg dr Mg @)
Ng . -
Mg (Vr.2)=1(V,.Z) = T (@ X, Z)
Biéu thirc toan hoc ctia ham ma sat f(vr,z) khong thir nguyén la:
f(v,, Z):O'OZ+O'1—Z+O'2V|. (8)
dr
Trong do:
G X G0y X G,y X
op=—32,0y="2"2, 0, =222 9)
N, No No

Ham g(v, ) trong phuong trinh (6) duoc xac dinh boi [19]:
N v/
g(vr):—f){yc s e )exp[——zn 00)
Oy Vs
v6i V, =V / (@, X, ) 1 van tdc Stribeck khong thir nguyén.

Trong khong gian trang thai, cac phuong trinh vi phan chuyén dong (5), (6) dugc dua vé dang
ba phuong trinh vi phan cap mot sau day:

dx

== 11.

i (11.a)
du 3 .

E:—hu — X+ posin(nz)+ Ny f (v,,2) (11.b)
dz_ ol 11

ar " g(v) (1o

trong d6 f, gl céc ham duge xéc dinh tir (8) va (10). C6 thé thay rang hé (11) ¢ cau tric phi
tuyén, trong do, c6 hai ngudn phi tuyén gom ngudn thtr nhat dén tir gia thiét vé do cung phi tuyén
clia can nhot gan voi vét ngng M, nguén thir hai den tir ddc tinh tiép xtc ma sat giita bé mat vat
ning M va bing tai. Su xuit hle_:n hai ngudn phi tuyen s€ lam tng xur cua hé tré nén da dang va
duoc nghién ctru trong bai bao nay thong qua cach tiép can khao sat bang phuong phap so.
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3. PAC TRUNG CUA CHUYEN PONG DINH - TRUQT

3.1. Tién trién theo thoi gian cia dap tng va biéu dién quy dao pha

Trong phan nay, cic tac gia phéan tich mot s0 két qua ctia chuyén dong dinh - trugt ddi v6i hé
dang xét s dung thudt todn so dya trén phuong phdp Runge-Kutta béc 4. Trong cdc hinh 2a,
hinh 2b, ta cé’thé quan sat dap ng theo thdi gian ctia hé dao dong (11) v6i cac tham s6 trong mo
phong duoc lay nhu sau: v, =0.1, 15 =0.3, 4 =0.15, v,=0.1, p,=0.1, N, =1, 5,=1000,

0,=30, o, =0.1. Quan sat hinh 2a thay rang, dich chuyén ctia cua vat tién téi nghiém tuan
hoan khi thoi gian khong thi nguyen 7 dua lon (ch1 tiét thoi gian 7 trong khoang [150, 200]
dugc thé hién trén hinh 2b). Tir do thi ciia van toc tuong ddi v, —Uu, co thé thay rang chuyén

dong cua hé o trang thai binh 6n 12 mot chuyén dong tuan hoan bao gém hai pha xen k& nhau:
pha chuyén dong dinh véi van toe twong ddi cua chuyén dong gan bang khong; va pha chuyén
dong trugt véi van toc tuong ddi ciia chuyén dong thay doi va khac khong. Pap tmg z(t) bicu
dién d6 léch cia 16ng trong qua trinh véat thé M chuyén dong trén bang tai. Boi vi do 1éch 1ong
phan anh chuyén dong dac trung cua bé mit & thang vi mo, né biéu hién chuyén dong cuc nho
clia cac 16ng dai dién cho sy thay d6i vé& do nham bé mit theo thoi gian khi hai bé mat tiép xuc
va co sat 1én nhau. Qua trinh thay ddi ciia d6 1éch 16ng cho thiy dién bién ctia pha dinh dién ra
nhu thé nao khi hai bé mat tiép x(ic nhau ma cdc md hinh ma sat c¢6 dién, chfmg han nhu mo hinh
ma sat Coulomb khéng phan anh dugc. Néu chuyén dong voi van toc 16n, do 1éch 16ng s& dat t6i
mirc 1éch gidi han, khi d6, bé mat dugc xem 1a trugt trén nhau va hién tuong dinh hau nhu khong
dang ké. Tir phuong trinh (8), boi vi thuc & lyc dan hoi sinh ra do d6 cing cua 16ng 13 16n hon
rat nhleu so v6i hai lyc can con lai trong mé hinh LuGre, do d6, dang diéu cuia dap tmg z s& gan
nhu quyét dinh dang diéu cta luc ma sat.
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Hinh 2. Ddp vng theo thoi gian cua hé dao dong ma sdt.

Hinh 3a mo ta mit phing pha voi hai toa d¢ 1a chuyén dich va vén tc twong dbi ciia vat.
Trong chuyén dong binh on, mit phing pha hinh thanh mot vong gi6i han c6 tinh khép kin
nhung khéng tron, trong d6 phan gan phang dudi cung cua vong dédc trung cho giai doan chuyén
dong dinh cua vat trén bang tai, trong khi do phan vong cung phia trén thé hién chuyén dong
trugt ciia vat trén bang tai voi van tde cua chuyén dong tuong dbi thay ddi va khac khong. Pic
tinh nay khac han so véi chuyen dong tuan hoan thong thuong khong c6 chuyén dong dinh. Trén
hinh 3b, ta c6 thé thiy rang duong cong lyc ma sat-vén toc tuong dbi (con duge goi 1a vong tré
ma sat) co dic diém 1a ty giao cat va ¢ chiéu ngugc chiéu kim dong ho.

Hinh 4b m ta sy giam can cta 16ng gdy ra vong tré dia phwong ngugc chidu kim dong hd trong

ché do trudce truot, diéu co lién quan dén cac dao dong khong mong muén trong pha dinh minh hoa
trén hinh 4a. Dé kiém soat cac dao dong niy, nguoi ta can ting can cua 16ng, két qua duoc minh
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hoa trén hinh 5. Hon nita, n ¢6 thé dugc quan sat tir mat phang pha trong hinh 4a rang van toc ctia
dao dong hoi vugt qua van toc bang tai khi bat dau pha dinh. Trong truong hop o; =30 trén hinh
5a, gia tri vuot qua 1a nho hon nhiéu so véi trudng hop do cting o, =1 trén hinh 4a.

0.4 03 , ¥\ . . _
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> < 041
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Hinh 3. (@) Hinh anh mdt phang pha va (b) Puong cong lyc ma sdt-vin toc twong doi véi
0,=100, o, =10 va o, =0.04.
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Hinh 4. (a) Hinh anh mdt phang pha va (b) Puong cong lirc ma sdt-vin toc twong doi voi
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0,=100, o, =1 va o, =0.04.
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Hinh 5. (a) Hinh anh mdt phang pha va (b) Puong cong lirc ma sdt-vin toc twong doi voi
o0, =100, 0, =30 va o, =0.04.
3.2. Anh hwéng ciia hé s6 can nhét phi tuyén va bién dd kich dong ngoai lén dap ng ciia hé
Hinh 6 m6 ta sy thay d6i ctia vong gio1 han trong mat phing pha ¢ trang thai ,chu‘yén dong
binh 0n véi cac hé so can h khac nhau, gom h=0, 1, 25, 50 . Quan sat hinh 6 ta thay rang, vong
gidi han sé& thu nho lai va c¢6 xu hudng léch sang phai khi hé s6 can h ting 1én. Pong thoi vong
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gidi han ciing ¢6 xu hudng bi méo hon véi gia tri h 16n. Gia tri can khong thir nguyén h=1
dugc xem 1a mot gia tri can nho, khi d6, dang diéu quy dao pha cua hé gan gidng nhu truong hop
h=0 (tic khong co can). Dang diéu quy dao pha thé hién mot su thay doi dang ké khi can h
tang lén gia tri h=25 va h=50.

h=0 h=1 h=1 h=2
04 04 04 04
3 3 3 =]
> > > >
0 0 0 0
02 0 0204 -02 0 0.204 -02 0 0204 -02 0 0.204
X X X X
h=25 h=50 h=5 h=10
04 04 04 04
3 3 3 3
=02 =2 (O 02 () B0z ()
> > > >
0 0 0 0
02 0 0204 -02 0 0.204 -02 0 0204 -02 0 0204
X ' X X x
Hinh 6. Hinh anh mat phang pha theo cac hé so6  Hinh 7. Quy dao pha trong truong hop thanh
can h khdc nhau véi o, =1000, o, =30 phan cdn cua hé la tuyén tinh (dwong phia

va o, =0.1. trong) va phi tuyén (dwong phia ngoai).

Hinh 7 minh hoa sy khac nhau trong mit phang pha giira sé hang can 1a tuyén tinh va s hang
can la phi tuyen Cén tuyén tinh trong phuong trinh (11b) ¢6 dang hu thay vi hu® trong truong
hop can phi tuyen Trong truong hop phi tuyen dang diéu quy dao pha co thay 601 khéng nhidu
khi tang h tir 1 dén 10, chimg to gia tri hé s6 can phi tuyén van duogc xem can yéu cho dén khi
n6 ting dén 25 va 50 nhu trén hinh 6; trong khi do, dang diéu cua hé trong trudng hop can tuyen
tinh lai thay doi dang ké. C6 thé thay rang do 16n vong gi6i han giam dan khi h¢ s6 can tuyen
tinh tang tir 1 dén 10. Piéu nay cho thiy gia tri hé sd can trong truong hop tuyen tinh nhu thé 1a
twong d6i 16n. Dao dong cua h¢ trong truong hop can tuyén tinh h=10 1a gin nhu tit dan. Chay
rang, ta dang xét h¢é so can la khong thir nguyén, trong truong hop co thir nguyén, mdc di co
cung gid tri nhung thir nguyén ciia hé sé cdn tuyén tinh va phi tuyén la khdc nhau.

Hinh 8 thé hién anh huong cia bién do kich dong ngoai dén vong giéi han cia chuyén dong
hé. Khi bién d¢ kich dong ngoai tang 1én thi bién do dap tng s€ tang 1én. Do d6, vong gidi han
ctia hé s& mo rong thém va cé xu hudng dich chuyén sang bén trai khi bién do kich dong ngoai
tang lén.

Po=0 py=0.08 0.4
_ 04 _ 04 %
SRS T
> > o
0 0 02| BS
02 0 0.2 0.4 0.2 0 0.20.4 sl
X X X
P,=0.1 p,=0-2 0.1 98
TR
o U. o U
> 0 >0 -0.1 ‘
-02 0 02 0.4 0.2 0 02
X X

Hinh 8. Hinh anh mdt phdng pha véi bién dé Hinh 9. Biéu do ré nhanh trong chuyén dong
kich dong ngoai p, khac nhau; o, =1000, dinh - truot theo tham so tan so kich dong ngoai.
0,=30, 0,=0.1, h=1

Tap chi Nghién ciru KH&CN qudén su, Sé 76, 12 - 2021 163



Co ky thudt & Co khi dong lyc

4. PAC TRUNG RE NHANH VA CHUYEN PONG HON PON

Trong phan nay, ta khao sat dac trung chuyén dong cua hé khi h¢ chiu tac dong cua kich dong
ngoai tuan hoan véi cac tan s6 khac nhau. Chung ta biét rang néu hé khong chiu tdc dong cua
kich dong ngoai ( p, =0) thi xuét hién mot vong gidi han dic trung cho chuyén dong dinh - trugt
cua khoi lugng M . Tuy nhién, khi c6 sy xuét hién cua kich dong ngoai voi tan sd nao do chuyén
dong dinh - trugt c6 thé b thay doi tinh chat dan dén tng xir rat khac cua hé sau mdi chu ky dao
dong. Trén mdot mién cta tham sb tan sd kich dong ngoai, néu ta tang dan gia tri cua tham sb, co
thé quan sat théy hién tuong réng, vong gidi han van ton tai nhung dén mot gia tri nao do,
chuyén dong ctia hé khong con ¢ trang thai vong gioi han nita ma bién doi sang mot dang kha
khac nhau sau mdi chu ky dao dong. Trong tinh hudng nay, ta c6 thé goi tan s6 kich dong ngoai
7 1a mot tham s r& nhanh. Trong phuong trinh (11b), tan s tuy nhién ctia hé da duge chuan hoa
vé tan s don vi (h¢ sb cua sd hang chuyén dich x 1a 1), do d6, muc tan sb cao s& duge hiéu 1a
16n hon nhiéu tan sd don vi, trong khi d6 tan so thap 14 tan sé ndm trong mién nhé hon tan s6
don vi va mién lan cén cua tan sé don vi.

Trén hinh 9, tham sb r& nhanh 7 duoc ldy tir 0.2 dén 6.0. C6 thé thdy rang, ton tai nhiing
mién ma & d6 xuat hién vong gioi han 1 -tuan hoan, 2- tuan hoan, 3- tuan hoan, thdm chi 1a chuyen
dong hdn don. Chuyen dong hon don ton tai & mlen tan so rat thap gan 0.2 va o mién tan sO cao
(vé phia tan sb 6.0). O tan s6 quanh lan cén tin s 7 =1 chuyén dong 1-tudn hoan xuat hién,
nghia 1a lic nay ta thu dugc dao dong dinh - trugt véi mdt chu ky xac dinh. Cu thé hon, trong
chuyén dong binh on, sau mdi chu ky cua kich dong ngoai, néu ta cit mot mat phang ngang qua
"dong" (flow) chuyen dong va song song v4i mit phang pha d6i véi tién trién theo thoi gian cua
hé, chiéu cac diém nay xudng cung mot mat phing pha ta s& thay chi c6 mot diém duy nhat. Cac
mat phang cit duge goi 1a 14t cat Poincaré. Hinh chiéu cua cac diém trén mit phing pha duoc goi
12 ban d6 Poincaré. Trong trudng hop 2-tudn hoan, trén ban d6 Poincaré s& c6 hai diém, tuc 1a
tdn tai hai vi tri ma cac "dong" di qua. Minh hoa hai diém dugc danh du 1a hinh vuéng mau
xanh trén d6 thi thtr tu ctia hinh 10. Néu trén ban do Poincaré c6 mot sb lugng khé 16n cac diém
ma dong di qua ching t6 chuyen dong cua hé dang ¢ trang thai hdn don. Bé minh hoa, trén hinh
10, ta 1dy mot s6 diém cua tan sé 1 dé tinh toan dap Gmg cta hé.

0.2 =02 0-25=52 0.2

0. 5 0 0.5 0. 5 0 05 '0'20 02 04
X X X

03 =08 05 =18 02

35 0 05 % 05 9% 02 o4 %% 02 o4
X X X X

Hinh 10. Pha dao dong ciia hé véi bon tan - Hinh 11. Pha dao dgng ciia hé véi bon tan s6 lua
80 kich dong khdac nhau 1=0.2,0.4,0.8,1.6. chon n=2.6,4.0,5.0, 6.0 cua kich dong ngoai.
Trén hinh 10, bén diém tan s duoc chon gdm 7=0.2, 0.4, 0.8,1.6. Piém 7=0.2 v n=0.4
thuc vao mién ma chl}yén dong hf)n don xgﬁt hién. Do d6, quy dao pha dién ra kha phuc tap va
khong co su:/lép lai. Doi VO"i, chuyén dong hon don, viéc du bao quy dao la khépg thé. Trong khi
do, tai tan so0 77 =0.8, ta thay chi xuat hién mot vong gioi han, quy dao chuyén dong 1a 1-tuan
hoan. Tai diém tan sb n=1.6, quy dao xuét hién c6 su r& nhanh va chuyén dong la 2-tuan hoan.
Diém & nhanh trén biéu d6 r& nhanh co thé quan st trén hinh 9.
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Trén hinh 11, ta chon bén diém tan sb khac 1a 7=2.6, 4.0, 5.0, 6.0 cho mé6 phong quy dao
chuyén dong trén mat phang pha. Tai diém 7 =2.6 c6 thé quan sat 1a ta thu duoc mot quy dao 3-
tuan hoan. Cac diém tin s6 7=4.0,5.0,6.0 déu cho quy dao 1a chuyén dong hdn don. Tuy
nhién, & tan sd cao, sy thay doi vi tri ctia quy dao trén mat phiang pha 1a khong 16m, hinh dnh quy
dao s€ duoc "~t() déirm" sau khoang thoi gian khég l6n. B6 day cua ~mién "to dam" la khéng 16n.
Nhu véy, ta van thay ung xir ciia dap ing kha gén v6i nhau sau moi chu ky. Sy thay doi do day
m1en t6 dam & pha truot 1a nhiéu hon pha dinh cho thdy khi chuyén dong véi tan sb cao pha dinh
van hién dién nhung trong thoi gian ngan.

5. KET LUAN

Diém moi ciia nghién ciru 14 khao sat dao dong ciia hé c6 yéu to ma sat va can phi tuyén dong
thoi, von 13 hai ngudn gy ra tinh chat ing xir phtrc tap ciia hé. Trong khuén khé ctia nghién ctru,
van tbc bang tai dugc xét 1a tuong ddi thép, mo hinh LuGre dugc st dung dé c6 thé bat duge
hiéu tmg Stribeck. Dudi tac dung ciia kich dong ngoai tuan hoan, tily vao mién tan s kich dong
ma tmg xu cua h¢ cd thé 1a dao dong dinh - trugt hodc tré nén chuyen dong hon don. Chuyen
dong tudn hoan xay ra & mién tan sb thap, trong khi do chuyén dong hdn don xay ra & cac tan sd
cao hon. Tuy nhién, vi la chuyen dong véan toc thap nén tng xu cua hé trong chuyén dong hon
don van biéu thi dugc tinh chit chuyén dong dinh - trugt gidng nhu khong co tai ngoai tuan
hoan; vi tri ciia quy dao 1a khé doan dinh nhung d6 day cua quy dao chuyén dong trong mot thoi
gian dai c¢6 sy thay d6i khong nhiéu trong mién tan s6 cao. Anh hudng ciia can phi tuyén 1én dap
g ctia hé ciing duoc khao sat chi tiét.
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ABSTRACT

RESPONSE ANALYSIS OF LOW-VELOCITY MOTION OF A FRICTION-INDUCED
VIBRATING SYSTEM WITH NONLINEAR DAMPING UNDER PERIODIC EXCITATION

In this study, the authors focus on an analysis of the low-velocity motion of a stick-slip
vibrating system under the effect of periodic external loads and friction forces described
by the LuGre model. For motion in the low-velocity domain, the LuGre model can capture
the Stribeck effect in which the friction force decreases as the velocity increases. The
system model contains a mass placed on a conveyor belt that moves at a near-zero
constant velocity. The authors show that, under the effect of periodic loading, the behavior
of the system under consideration is rich, in which periodic motions or chaotic motions
may appear. Characteristics of motion are investigated in detail through a numerical
computation approach.

Keywords: Dry friction; Stick — slip motion; Stribeck effect; Periodic response; Chaos.
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