Nghién ciru khoa hoc cong nghé

ANH HUONG CUA PIEU KIEN PAU PEN TINH CHAT CHUYEN PONG
CUA CO CAU TAY QUAY - CON TRUQT

Nguyén Vin Khang'", Nguyén Vin Quyén', Pham Thi Mai Anh’

Tom tit: He nhiéu vit c6 cdu triic mach vong la mgt hé phi tuyen manh. Trong
cdc hé phi tuyén manh, véi ciing mot bé tham sé ciia hé c6 thé ton tai nhiéu nghiém
khdc nhau, phu thuéc vao cdc diéu kién dau. Céc co cau la mot dang dlen hinh cua
hé nhiéu vat. Chuyén dong quay todn vong ciia khdu néi gid cia co cau dwoc quan
tam nghién ciru trong dong lhyc hoc mdy. Trong bai bdo nay, cdc phwong trinh
chuyén dong cia hé nhiéu vdt c6 cdu triic mach vong dwoe thiét lgp dudi dang cdc
phuong trinh vi phdn - dai s6. Sau do, sir dung phwong phap khir nhan tir Lagrange
bién doi hé phirong trinh vi phan - dai s6 vé h¢é phuwong trinh vi phdn thuong. bé
thdy ré sw phu thudc ciia chuyén dong quay toan vong cua khdau noi gid vao diéu
kién dau, ta gidi hé phwong trinh chuyen dong ciia co cau voi cdc dieu kién dau

khdc nhau. Cdc két qua mé phong sé bang phan mém MATLAB® da cho thdy dnh
hwong ciia diéu kién dau t6i tinh chat chuyén déng quay toan vong cia co cdu.

Tir khéa: Phuong trinh Lagrange dang nhan tir; H¢ phi tuyén manh; Phuong trinh vi phan - dai s6; On dinh
héa Baumgarte; Chuyén dong quay toan vong.

1. MO PAU

bong luc hoc hé nhiéu vat c6 cu trac mach vong la bai toan dang dugc quan tim
nghién ctru. Dé thiét 1ap phuong trinh chuyén dong cta cac mé hinh co hoc nay, ngudi ta
thuong st dung cac phuong trinh Lagrange dang nhan tr, cAc phuong trinh Newton-Euler,
cac phuong trinh Kane dang nhan tir [1-7]. Néu chon sb lugng cac toa do suy rong xac
dinh vi tri ctia co hé 16n hon s6 béc tu do cua hé thi ta nhan dugce hé phuong trinh vi phan-
dai s6 mo ta chuyén dong cua co hé dudi dang twdng minh. Dé giai hé phuong trinh
chuyén dong loai nay, hién nay c6 ba phuong én:

- Tich phan tryc tiép hé phuwong trinh vi phan-dai s6.

- Bién d6i hé phuong trinh vi phan dai s6 vé hé phuong trinh vi phan thudng véi sé toa do
suy rong lon hon s6 béc tu do ctia hé. Sau do tich phén s6 hé phuong trinh vi phan nhén dugc.

- Bién d6i hé phuong trinh vi phan dai s6 vé& hé phwong trinh vi phan thuong véi sb toa
d6 suy rong béng s6 bac tu do cta hé. Sau do, tich phan s6 hé phuong trinh vi phan nhén
duoc.

Trong bai bao nay ap dung phuong trinh Lagrange dang nhén tu thiét 1ap phuong trinh
chuyen dong cua co cau tay quay - con trugt phang, sau do, str dung phuong phap thir hai
dé giai hé phuong trinh chuyén dong cua co cdu. Céac phuong trinh vi phan mo ta chuyén
dong cua co cau la h¢ cac phuong trinh vi phan phi tuyén manh. Nhu da biét [8-10],
nghiém ctia hé phi tuyén manh c6 nhiéu tinh chat khac véi cac hé tuyén tinh va cac hé phi
tuyén yéu. Chéng han nhu nghiém cta hé phi tuyén manh c6 thé 1a cac nghiém hdn don,
phu thudc rt nhay cam vao cac diéu kién dau. Nghién ctru sy phu thude cua chuyén dong
quay toan vong cua co cau vao cac diéu kién dau 1a phan quan trong nhét ciia bai bao. Cac
nghién ctru md phong sé chuyén dong cua co cau voi cac diéu kién dau khac nhau dé cho
thdy mot vai hiéu tmg phi tuyén méi ciia chuyén dong cua co céu khao sat.

2.CO SO LY THUYET PONG LUC HQC THUAN HE NHIEU VAT CO
CAU TRUC MACH VONG
Trong muc nay nhéc lai mot s kién thirc can thiét vé dong luc hoc thuan hé nhiéu vat
¢ cau trac mach vong. Xét hé nhiéu vat holondém f bac tu do ¢6 cau truc mach vong. Vi
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tri ciia hé dugc xac dinh béi n toa do suy rong du:

T
32[51’527""577,] (D
Trong d6 c6 f toa dd suy rong doc lap: q=q, q2,...,qf]T ()
T
va r toa do suy rong phu thudc: z = [Z1 Zy e 2, 3)
Nhu thé, ta co hé thiee: n = f +r 4)

D¢ don gian, ta xét hé nhiéu vat holondm chiu lién két giir va dimg. Str dung phuong
trinh Lagrange dang nhan ti, cAc phuong trinh vi phan — dai s6 mo6 ta chuyén dong cua hé
co dang [1]:

M(s)s + C(s,8)8 + g(s) = 7(t) — D/ (s)A Q)
fls)=0 (6)

trong d6: M(s) 1a ma tran khdi luong suy rong cia hé, 7(¢) 1a vecto luc suy rong ting

. T
voi cac luc hoat dong khong thé, A = [)\I’/\Z""’Ar] la vécto cac nhan tr Lagrange,

F=t foenrf

rxmn, C(s,§) la ma trdn quan tinh ly tdm va Coriolis, g(s) 1a véc to lyc suy rong ung

T

= 0 la cac diéu kién rang budc, 455 la ma tran Jacobi cia f ¢&

vdi céc luc hoat dong 1a luc co thé.
Dé bién d6i cac phuong trinh (5) va (6) mot cach thuan tién, ta dua vao ki hiéu:

p,(s,8,t) = T(t) — C(s,5)s — g(s), p,(5,s,t) € R" (7)
Phuong trinh (4) bay gio c6 dang:
M(s)s + @' <s>)\ = p,(s,51) (8)
Dao ham hai lan phuong trinh lién két (6) ta thu dugc cac phuong trinh
fs)=2Ls — @ (55— 0 ©)
f(s) = D (s)s + 41(8)8 =0 (10)

Trong d6: @ € R™ . Tur (10) suy ra:

B35 = —B(5)5 = p,(s,9) (1)
Céc phuong trinh (8) va (11) c¢6 thé viét lai dudi dang ma tran nhu sau:
M &'|s
K — pl (12)
2 O A [P,

Khi str dung cac phuong phap sé dé giai hé phuong trinh vi phan — dai s6, sau mdi
budc tich phan, do sai s6 tinh toan ma cac gia tri 8,, 8, khong con thoa man phuong trinh

rang budc vi tri va van toc:
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f(s,) = O,f(sk) =0 (k=12..) (13)
Theo phuong phap 6n dinh hoa Baumgarte [11], thay vi giai phwong trinh:
f=0 (14)

Ta s& tién hanh giai phuong trinh:
f+2af+3f=0a>0 08>0 (15)

Cac s6 hang 2a.f, B2f dong vai trd cac sé hang diéu khién. Nhe viée giai phuong
trinh (15) thay cho giai phwong trinh (14) ta s& khir dan hodc khtr hoan toan duoc sai sd
tich lily trong qua trinh tich phan.

Nhu vay, hé phuong trinh (12) duoc thay thé bang hé phuong trinh sau:

M QYT s — pl
s o)A |7 o
Wi 6 =B 208)- Ff6), pEHER (D)

Khi ta chon o, 3 1a cac hing sé duong thi tir hé phuong trinh vi phan (15) ta dugc
f — 0 khi t — 400. Khi d6, cac didu kién rang budc f = 0s& duoc dam bao tdt
hon tai mdi buéc tinh. Sy 6n dinh cac nghiém cua hé phuong trinh (15) tai mdi bude
tinh duoc dam bao. Luc dau Baumgarte chon o = 5,3 = 5 va thdy két qua tinh kha tbt.

Theo kinh nghiém thuong chon o, 3 tir 1 d&én 20 hoic a= %t’ b= \/%t voi At 1a

bude tich phan. Phuong phap 6n dinh hoa Baumgarte n6i chung don gian va c6 hiéu qua
cao. Tuy nhién, tai cac gia tri ki di dong hoc, phuong phap nay méi khong cho cac két
qua mong mudn.

Dé khir cac nhan tir Lagrange, bién dbi hé phuong trinh vi phan dai sO (16) vé hé
phuong trinh vi phén thudng voi s6 phuong trinh bang sé toa do suy rong du cua hé ta
nhéc lai ndi dung cua dinh 1y truc giao [1, 12]. Theo dinh 1y truc giao ta c6 hé thic:

®R=0hay R"®" =0 (18)
of 94 o), of of  9f
dq, 9dq,  Oq, Oz, 0z, 0Oz
trong do: P (s) = : C L P(s) = : (19)
of.  of of. of. of of.
dq, 0q, 8qf 0z, 0z, 0z,
R b 20
(S) - _@Z—l@q ( )

v6i E 1a ma tran don vi, E € R/, R(s) € R™/. Nhu thé ta co:

Qz[sﬁq Q},QIGRW,QERT 1)
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Heé phuong trinh (16) ¢ thé viét lai dudi dang nhu sau:
M(s)s + @' (s)A = p,(s,5,1) (22)
B (5)i = ,(4.5) @)

Nhan bén trai hai vé phuong trinh (22) v6i ma tran R" va chu y dén tinh tryc giao
(18), hé phuong trinh (22), (23) dugc bién do6i vé dang:

R omis)]_[R'p(6s0)] o8
qss (s) b, (37 8)
Néu ta dua vao cac ky hiéu:
_|RTs)M(s)| . |RY(s)(p,(5:80)
@S (S) 9 p(87 37 t) - f)? (8, S) (25)

thi h¢ phuong trinh (24) c6 dang:
A(s) = p(s,s.1) (26)

HE phuong trinh (26) 1a hé phuong trinh vi phan thuong cla cac toa d6 suy rong du
s. Nhu thé, ta da bién doi hé phuong trinh vi phan - dai s6 (5), (6) vé& hé phuong trinh vi
phan thuong (26). HE (26) la mot hé n phuong trinh vi phan thuong. Cha y rang khi giai
hé phuong trinh nay cac diéu kién dau cta cac toa do suy rong phu thudc phai thoa man cac
diéu kién lién két. Viéc tinh toan cac diéu kién du nay da duogc trinh bay k¥ trong [1, 6].

3. PHUONG TRINH CHUYEN PONG CUA CO CAU TAY - QUAY CON TRUQT

Khao sat co cdu tay quay — con trugt chuyén dong trong mat phang thang ding nhu
hinh 1. Co cdu gdm c6 3 khau dong voi céc khéi luong m, (i =1,2,3) va cdc md men

quén tinh khéi 7, (z =1, 2). Céc kich thuéc chiéu dai va vi tri khi tam lan luotla ¢, £,
OC, =a,,AC, =ua,.Co ciu chuyén dong dudi tic dung ciia ngiu lyc c6 momen M

1én tay quay va luc nim ngang F' tac dung 1én con trugt C.

Hinh 1. Co cdu tay quay — con truot.

Pay 1a mot hé nhiéu vat c6 cau tric mach vong vdi sO bac tw do cuiacocau f=1.
T
xac dinh vi tri ctia co cau.

Chon 3 toa do suy rong du ¢ = |q, ¢, 4,
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Trong d6, q, = ¥,q, = 7, ¢, = %, . Tur hinh V&, ta dé dang thiét lap cac phuong
trinh lién két:

fl<ql,q2,q3>:l1 cosq, — I, cosgq, —q¢,=0 27
fz(ql,q?,qB):l1 sing, —1[,sing, =0 (28)

Pong ning cua co ciu: T = T+1T,+1T,

.. 1 2) - 2 1 2 1 2
trong do: T = 5([1 +m.a, )ql , I, = §m2002 +512w2

1 . : . L.
T, =-m, [quf + QQQQQQ — 2l,a,4,q, cos (ql — 4 )} + _12q22

2 2
T o 1 2 < 2
3 5m3v3 - §m3q3

Tir d6 biéu thirc dong ning c6 dang:
1 2 2\ .2 1 2\« 2 1 < 2
T = 5([1 +m.a” +myl )ql + 5([2 + 777,2a2)q2 + Emﬂ3
_m211a241q‘2 cos (q1 - qz)
Thé ndng cua co cau: IT = m ga, sin g, + m,gl, singq, —m, ga, sing,
Cong 40 cua cac luc hoat dong khong thé: 64 = M 6q, — Foq,

Luc suy rong cua cac luc hoat dong khong thé: Ql

’ = M?QQ* = 07Q3* = _F

Thé céc biéu thirc dong ning, thé ning, luc suy rong va cac phuong trinh lién két vao

cac phuong trinh Lagrange dang nhan tir:
dfor|_or
dt|dq,) OJq,

2 af

=Q — ) A—, (k=123
k ; o q, ( )

Ta suy ra hé phuong trinh chuyén dong ciia co céu:

(]1 +ma’ + m2l12) i, —m,la,g, cos (q1 — qz) —m,la,g; sin(q1 — q2>

' (29)
+ (mlal + mQZI)gcos q, =M + N sing, + Al cosgq,

_mzlla2ij1 cos (ql — q2> + (]2 + mQas) q, + mQZlaQ(ﬁ sin (ql — q2>
—m,ga, cosq, = —Al,sing, + \[, cosq,
W0y = —F+ A (3D

(30)

m.
Céc phuong trinh vi phan (29), (30), (31) va cac phuong trinh dai s phi tuyén (27),
(28) tao thanh h¢ phuong trinh vi phan-dai s6 mé ta chuyén dong co cau tay quay con trugt.
4. MO PHONG SO VOI CAC PIEU KIEN PAU KHAC NHAU

Céc phuong trinh vi phan — dai sb (27) dén (31) ta co thé viét lai dudi dang ma tran
(12). Tt @6, khir cac nhan tir Lagrange dé dugc hé 3 phuong trinh vi phan phi tuyén (26).
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Sau do, sir dung phan mem MATLAB giai h¢ phuong trinh vi phén phi tuyén ciia hé. bé
nghién ctru mo phong s ta chon cac tham sé vé hinh hoc va khdi lugng cua co céu theo
tai liéu [2] va ghi lai trong bang 1.

Bing 1. Cdc tham sé6 hinh hoc va khéi lwong ciia co cu.

Khay | Chiudai ¢ | Vitrikhdi | Khiilugng | Mo men quén tinh khdi déi
[m] tam a, [m] [kgl] véi khoi tam [kgm’|
2 0 200 450
3.5 1.75 35 35
3 25
Ngoai ra cho biét [2]

- Ngau luc phat dong: M = 41,450 + 0.01 Sin(Qt)[Nm], Q=27

7"(1%-
S b

1.5<z, <5

- Luc khi nén F 1a ham cua van tdc va vi tri caa con truot C:
282,857

6 z,,

~110, 000[1 — sin2r (z, — 5.25)] khi 5<z, <55

+ 62,857 khi

+Khi &, > 0 thi F =

+Khi 4, <0 thi F=0.

Do thi lyc khi nén tac dung 1én con trugt dugc ve trén hinh 2.

05¢
ol 2 2.5 3 3.5 4 45 5

0.5F

FIN]

Ab _
A5E :
o _

25t
><105

Hinh 2. Do thi luc khi nén tac dung lén con truot.

Sau day trinh by mot sb két qua nghién ciru md phong sb, sit dung phan mém

MATLAB.
ra % .
$

St dung cac phuong trinh lién két (27) va (28) ta xac dinh duoc cac diéu kién dau cua
cac toa do phu thudc 1(0), ¢(0), z,(0), 7,
mém MATLAB duoc trinh bay trén cac hinh 3 va 4. Trong d6, hinh 3 1a db thi goc quay
¢(t)cta khau din AB, goc lic () cta khau n6i BC va van toc goc cla ching
gb(t),zl)(t) . Hinh 4 cho biét quy luat chuyén dong va van tdc con trugt C. Tur hinh 3 ta
thay khau dan AB ciia co c4u khong quay dugc toan vong.

Truwong hop 1 (Quay rung lic ciia tay quay): ©, = W[rad] 9, =1

(0).Céc két qua mo phong sd bang phan
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[rad/s]

-1.5

Hinh 3. D6 thi chuyén déng ciia tay quay va thanh truyén.

6 3

5 ot

4 — 1t ]
_— o
O 2 ?o 1 5 10 1

] At

t
: e
5 10 15
1 -3
Hinh 4. 6 thi chuyén dong cua con truot.

6X'1Q-1'3|"'l"'|"'|"'|"'|"'|"'|"'|"'
S4
=
IS
32
N

0

0 2 4 6 8 10 12 14 16 18 20
tld
Hinh 5. Phurong trinh lién két.

Hinh 5 cho ta biét d chinh xac ctia két qua tinh thong qua db thi ciia phwong trinh

| =+ 1 (32)
]

Mo phong sd twong tu nhu truong hop 1. Sir dung cac phuong trinh lién két (27) va
(28) ta =xac dinh duoc céc diéu kién dau cua cac toa dd phu thude
Y(0), 1(0), z,(0),7,(0).Cac két qua mo phong sd bang phin mém MATLAB duoc
trinh by trén cac hinh 6 va 7. Trong d6, hinh 6 1a d6 thi géc quay ¢(t)ctia khau dan AB,

Trudng hgp 2 (Quay toan vong ciia tay quay): ¢, = g[md] 0, =1

goc lac 9(t) ctia khau ndi BC va van téc goc clia ching ((t),4)(¢) . Hinh 7 cho biét quy
luat chuyén dong va van tdc con trugt C. Tir hinh 6 ta théy khau din AB cua co cau quay
duoc toan vong.
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Hinh 6. Bo thi chuyén dong cia tay quay va thanh truyén.

6 4

5_

4t 2
= w
T 3§ ] E. o 4|
O 2f 1o ,/ \/7 \// \//H5\//

i td] -2

0 \ s i

5 10 15
1 -4

Hinh 7. o thi chuyén dong cua con truot.

6qu? e

0 2 4 6 8 10 12 14 16 18 20
s
Hinh 8. Phuong trinh lién két.
Hinh 8 cho ta biét 6 chinh xdc cua két qua tinh thong qua d6 thi clia chuan béc hai
cua hai phuong trinh lién két tinh theo cong thire (32).
m% }
S

Mo phong sd twong tu nhu truong hop 1. Sir dung cac phuong trinh lién két (27) va
(28) ta xac dinh dugc cic didu kién dau cua cac toa d6 phu thudc

¥(0), 1&(0), z,(0),2,(0).Cac két qua mo phong sd bang phan mém MATLAB duoc

Truong hop 3 (Quay rung lic ciia tay quay): p, =T [md] 9, = 0.5

trinh bay trén cac hinh 9 va 10. Trong d6, hinh 9 13 d6 thi géc quay (t) ciia khau din AB,
goc lc 1(t) ciia khau ndi BC va vén tdc géc cua ching ¢(t),¢)(t) . Hinh 10 cho biét quy

luat chuyén dong va van tdc con truot C. Tir hinh 9 ta théy khéau dan AB cua co ciu khong
quay duoc toan vong.
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o N M O

o
3 g
= tl4] &
5 10 15
-2 [ PETS o= —~ -
g = = 15
Hinh 9. Bé thi chuyén dong cia tay quay va thanh truyén.
6 3
5t 21
4+t 1t ]
_ {1 8 t[4
3 E 0 o2\ O\
2t | © 4l 10 1
1 L ]
t
: Rt
5 10 15

Hinh 10. o6 thi chuyén dong cua con truot.

X.1Q-1,3. B

0 2 4 6 8 10 12 14 16 18 20
4
Hinh 11. Phuong trinh lién ket.
Hinh 11 cho ta biét d chinh xac cua két qua tinh théng qua do thi ciia chuan bac hai
cua hai phuong trinh lién két tinh theo cong thire (32).
ray ] .
s

Mo phong sb twong tu nhu truong hop 1. Sir dung cac phuong trinh lién két (27) va
(28) ta xac dinh dugc cic dieu kién dau cuia cac toa d6 phu thude

¥(0), 9(0), 2,,(0),%,(0).Cac két qua md phong s6 bang phan mém MATLAB dugc

Truomg hop 4 (Quay toan vong cia tay quay): ¢, = 7 [md] 9, =1.5

trinh bay trén cac hinh 12 va 13. Trong do, hinh 12 1a d6 thi goc quay ((t) ctia khau dan
AB, goc lic 1)(t) ciia khau ndi BC va vén tdc goc cita ching ¢(£),1)(t) . Hinh 13 cho biét

quy luét chuyén dong va van tdc con trugt C. Tir hinh 12 ta thiy khau din AB cua co ciu
quay dugc toan vong.
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—

20
=y Q
g 10 §
) =

0

~~~~~~~~~~ LS o SC 1 S
-10

Hinh 12. D6 thi chuyén dong cua tay quay va thanh truyén.

6 4

5 3

4 = 2
T 3 S
s g ]
O 2 © t[4

1

t[4 0 5
0 -1 1
5 10 15
-1 2

Hinh 13. Do thi chuyén dong cua con truot.
<1013

D

IS

norm( /) [m)
N

0 2 4 6 8 10 12 14 16 18 20
t[d
Hinh 14. Phuong trinh lién két.

Hinh 14 cho ta biét d(f), chinh x4c cua két qua tinh thong qua dd thi cia chuén bac hai
cta hai phuong trinh lién két tinh theo cong thirc (32).

5. KET LUAN

Céc phuong trinh vi phan mé ta chuyén dong ctia hé nhiéu vat ¢6 ciu triic mach vong
n6i chung 1a hé phuong trinh vi phén phi tuyén manh [4]. Nhu di biét trong dong luc hoc
phi tuyén, nghiém cua cac phuong trinh nay phu thudc vao luu vye hat [8-10]. Trong bai
bao nay nho ky thuét mé phong so, ta thay su phu thuc cua cac dang chuyén dong cua co
ciu tay quay con trugt vao cac diéu kién dau. Tuy cac tham sé dong hoc va khdi luong cua
co cau nhu nhau, lyc tac dung 1én co céu nhu nhau nhung dang chuyen dong cua co ciu
rit khac nhau, phu thudc vao cic didu kién dau: khau dan cia co céu co thé quay toan
vong ma ciling co thé quay dao dong Viéc tim h1eu céc tinh chét nay cta chuyén dong co
ciu tay - quay con truot khong gian va nhiéu co ciu khac dang duoc nghién ciru 6 B6 mén
Co hoc tng dung, Truong Pai hoc Bach khoa Ha Noi.
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ABSTRACT

INFLUENCE OF INTINIAL CONDITIONS ON MOVEMENT BEHAVIORS
OF THE SLIDE-CRANK MECHANISM

Closed loop multibody systems are strong nonlinear systems. In strong
nonlinear systems with the same system parameters, there may be many
different solutions depending on the initial conditions. The mechanism is typical
form of closed loop multibody systems. The determination of the rotational
movement of the drive element of the mechanism is an interesting problem in
machine dynamics. Using Lagrangian equations with multipliers, the equations
of motion of the slide-crank mechanism have been established. The multiplier
partitioning method is used to eliminate Lagrangian multiplier and to transform
the differential - algebraic equations into ordinary differential equations. In
order to study the dependence of the motion of the mechanism on the initial
conditions, we solve the system of differential equations for motion of
mechanism with different initial conditions. Numerical simulation results using
MATLAB® software show the influence of initial conditions on the rotational
motion of the mechanism.

Keywords: Lagrangian equations with multipliers; Strong nonlinear systems; Differential - algebraic
equations; Baumgarte stabilization method; Rotational motion.
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