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Tém tit

Mb phong dong luc hoc CAC co cAu may hay robot
song song lién quan dén viéc giai hé phuong trinh vi
phan dai s6. D6 1a mot hé hdn hop gom cac phuong
trinh vi phén va cac phuong trinh dai so. Dé giai hé
nay, trudc hét hé hdn hop duoc dua vé hé phuong
trinh vi phan thuong nho viéc khir cac nhan tir
Lagrange va dao ham hai 1an phwong trinh lién két.
Sau d6 cac phép tich phan s6 dwuoc ap dung dé giai
tim ra chuyén dong ciia hé. Trong qua trinh tich phan
céc lién két ciia hé c6 thé bi pha v&. Bai bao nay trinh
bay mot phuong phép dua trén nguyén ly diéu khién
truot dé on dinh héa cac lién két trong qua trinh mo
phong. Cac mé phong sé duoc thuc hién dé xac minh
tinh hiéu qua cta phuong phép tiép can dé xuit.

Tir khéa: hé co hoc chiu lién két, mdé phong s,
phuong trinh vi phan — dai sb, 6n dinh hoa lién két.

Abstract:

Dynamic simulation of multibody systems such as
mechanisms as well as parallel robots is associated
with the solving of differential-algebraic equations
(DAE). It's a mixed system of differential equations
and algebraic equations. In order to solve the
equations of motion for the closed loop multibody
systems, normally, the constraint equations are
derived twice with respect to time to transform the
DAEs to ordinary differential equations. Then, the
numerical integration methods are applied to find the
motion of the systems. In the integrating process, the
constraints in the systems may be broken due to
accumulated error. This paper presents a method
based on principle of sliding mode for stabilization of
constrained. Some numerical simulation are carried
out to verify the proposed approach.

Keywords:  constrained  mechanical  system,
numerical simulation, DAE, constraint stabilization.

1. Tong quan

Viéc mo phong dong luc cac hé nhiéu vat ¢6 quan hé
chat ch& véi viét thiét 1ap cic phwong trinh chuyén
dong va phuong phéap sb giai cac phuong trinh nay.
Déi v6i cac co hé nhiéu vat co ciu trac mach vong
nhu co cau hay robot song song, cic toa do suy rong
du thuong dugc sir dung két hop voi cic nhan tir
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Lagrange cho ta mét hé phuong trinh vi phan dai s0.

Viéc md phong sd cac co hé nhidu vat cd céu triic
mach vong da duoc nghién ciru boi nhiéu tac gia [1]-

[6]. Cac phuong phdp nhu tich nhén tir Lagrange,

phuong phap 6n dinh héa cac lién két, phuong phap
tach toa d§ thuong dugc sur dung do tinh don gian cua
no [14]. Théng thuong, cac - phuong phap nay su dung
rang budc & mirc d6 gia toc thay cho cac lién két &
murc d6 vi tri. Khi tich phan theo thoi gian, cac lién
két c6 thé bi pha v& do sai sb tich lity. Do dé, viéc 6n
dinh héa céc lién két trong qua trinh md phong tré
nén rat can thiét.

Tinh 6n dinh cua thut toAn md phong ciing 1a mot
van dé quan trong. Tinh chat 6n dinh doi hoi cac lién
két vé vi tri va van toc khong bi pha v&. Dé giai quyét
van dé nay, phuong phap on dinh dugc gidi thiéu boi
Baumgarte [2] 1a mot trong nhitng phuong phap phd
bién nhat va diéu nay da dugc ap dung thanh cong boi
mot s6 tac gia [11,16]. Tuy nhién, su lwa chon cua cac
tham s cho phuong phap khong hé don gian va cac
tham s6 cua phuong phap thudong dugce xac dinh boi
cac chuyén gia [8]. Phuong phap chiéu hay phuong
phép hi¢u chinh sau khi tich phan cling dugc st dung
[3,5]. Tuy nhién, phuong phap nay lam qua trinh tich
phan bi ngit quing do can thoi gian dé hiéu chinh.

Bai béo nay giéi thiéu mot phuong phap 6n dinh hoa
lién két dua trén nguyén 1y cuia diéu khién trugt. Mot
sO két qua md phong dya trén phin mém MATLAB
dugc dua ra dé so sanh hai phuong phap. Trong muc
2 cua bai bao ndy, trinh bay phuong trinh chuyen
d6ng ctia hé nhiéu vat c6 ciu tric mach vong. Mot s6
phuong phap giai hé phwong trinh vi phan — dai s6 ma
sir dung cac diéu kién rang budc ¢ muc gia téc va cac
phuong phap 6n dinh hoa dwogc trinh bay trong cac
muc 3. Céac két qua md phong s6 cho co cau quick—
return trong may bao ngang dugc trinh bay trong muc
4. Cubi cung, myuc 5 dua ra cac két luan.

2. Phuong trinh chuyén dong cho co hé
cau tric mach vong

D6i vai cac hé co hoc, cac phurong trinh vi phan mé ta
dong luc hoc cua hé va cac phuong trinh dai $6 mo ta
cac lién két dat 1én hé. Khao sat co hé vdi n bac tu do
V6i cac toa do suy rong du. Can luu y ring, so voi
viéc st dung céc toa 4o suy rong tdi thiéu cac hé sur
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dung cac toa do suy rong du cho phép dé dang hon
trong viéc thiét 1ap phuong trinh vi phan chuyén
dong, va cling thuan tién hon dé mo phong trén may
tinh. Goi q=[Q,0,,....qn]", M> N 1a vécto toa do
suy rong. Viéc thiét 1ap cac phuong trinh vi phan
chuyén dong cho cac hé nay di dugc trinh bay trong
rat nhiéu cic tai liéu tham khao, ching han nhu
[7],[10],[11],[12]. Vi cac nhén tr Lagrange phuong
trinh vi phan chuyén dong cho hé¢ dugc viét ¢ dang

[12]:
d@Td aT ] §
at %W g'ﬁq— OCSE s
d(a) =

trong d6 T = 1E&M(q)& 1a dong nang hé, M(q) la

P =P(q) la biéu

thirc thé nang; vécto Q Ia lyc suy rong cia cac luc

ma tran khoi luong c6 c& m” m;

diéu khién va cac luc khong thé; vécto
A=, 1, .1 ] véicd r' 1, r=m- n, chtra cic
nhan t@ Lagrange; vécto ¢(q)=0, vdi

o=1[ff, . f.1,
két; va ®(q)=d/9q voi ¢ r' m 1ad ma trdn
Jacobi. ’ )
Nhu da biét phuong trinh (1) c¢6 thé dugc viét lai
thanh

M(Q)&& C(q, @ h(a)+ @' (@A=Bu (2

voi

chira m- n phuong trinh lién

Q-

h(q) = . @ M(o)& g’ﬂf
ﬂq b [¢]

Q= Bu, B 13 ma trin diéu khién va u 1a vécto
lyc/ngau lyc trong cac khép chu dong.
Ma tran C(g, @ duogc x4c dinh tir ma tran khdi lugng
M(q) theo tich Kronecker [13] hodc theo cong thic
Christoffel nhu sau

Ca,®= {Cij (Qn@g}

Clj(q @‘__ ?l ”+ﬂmlk %Cﬁﬂ

2 1890 94; ﬂq| I
Dua vao vécto p, = Bu- C(g, ek h(q) va cha y
dén cac phuong tri’nh lién két ta nhan dwoc hé phuong
trinh vi phan dai s6 mo ta hé nhu sau

M(q)& @' (A= p,(u,q,H (4)

¢(@) = ©)
De giai h¢ (4) (5), cac diéu kién dau tuong thich la
can thiét, nghia 1 cac diéu kién du can thoa man cac
phuong trinh lién két hinh hoc va dong hoc

¢(d,)= 0, (6)

D(d,)& = 0 ()
H¢ phuong trinh vi phén dai sd (4)-(5) co thé dugc
giai bang phuong phap sb. Mot s6 k¥ thuat hay duogc
st dung nhu tach nhan tir Lagrange, phuong phap on
dinh lién két, va phuong phap dua vé toa do toi thleu
Vé co ban, khi 4p dung cic phuong phap sd cho

®)
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phuong trinh vi phan thuong ta thuong st dung dao
ham bac hai cua phuong trinh lién keét.

3. Bai toan dong luc hoc thuin - 6n dinh
hoa cac lién ket
Phin nay trinh bay phuong phap khtr nhan to
Lagrange. Dya trén gid thiét rang cac lién két trong hé
la 1y tuéng, do do tong cOng 40 cua Cac luc lién két
trigt tieu. Dé khir cac luc lién két va dua vé hé phuong
trinh vi phan thuong, ta so dung ma tran khir dinh
nghia boi
E U

(CI)‘ g u ®)
§ [@ (@) '@ (Y
V01 cac ma tran Jacobi dugc suy ra tur phuong trinh
lién két théa mén

()= D,(Ne + D ()& = 0
trong d6 & & tuong ung la cac toa do suy rong doc
1ap va toa do suy rong phu thude.
Nhan tir trai ma tran R'(q) v6i phuong trinh (2) va
chi ytéi R™(q)®"(g) = 0 ta nhan dugc
R (a) (M(a)@& C(q, @+ h(a))
= R"(q)Bu

Két hop phuong trinh (9) v6i dao ham hai 1an phwong

trinh lién két theo thoi gian ta nhan dugc hé phuong
trinh vi phan thuong sau:

R (q)M(q)&& R' () (C(a, ®e+ h(q))

©)

= R"(q)Bu
&a)=o0
hay

RT@OM@)e. R'(@BY
& :
fow fE o f w0

+ § RT@(Ca. 8@ h(@)y

g - B(o)& i

Do 1a h¢ phuong trinh vi phan thuong n phuong trinh
n an. Giai hé phuong trinh vi phan thudng trén voi
diéu kién dau twong thich (6)-(7), ta nhan duoc cac
toa do suy rong q(t) .

On dinh héa bing thuat toan Baumgarte
Y tuong ciia phuwong phap nay 1a thay vi st dung
ﬁq) = 0, ta s& sir dung phuong trinh lién két ¢ dang
Sau

#a) + 20wfa) + we(a) = O, (11)
voi 0<d£ 1,0<w. R3 rang 1a nghiém cta phuong
trinh trén c6 dang

O = 9lt) exp(- dD)sin(ut + a) . o
biac diém quan trong cua nghiém nay la no tien ve
khong khi thoi gian m6 phong tang Ién. Tir phuong
trinh (11) ta bién doi dugc

D) B(q) G- 20mD(Q) &+ W(q) = O
hay
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DO - Bo)& 20wD(Q)& W),  (12)
Nhu thé, hé phuong trinh (10) tré thanh

R (@M(Q)¥, R'(q)BY

& y & W

o i 8o §” "
§ - RT(@)(C(a.®+ h(a))
& B(O)® 2dwd(Q) W)Y

On dinh hoa theo nguyén ly diéu khién trwot

Duya trén nguyén ly diéu khién truot, ta xét ham sau
day

s= ¢a) + Ad(Q), (14)
v6i ma tran hé sb xéac dinh duong
A =diag([l ,,1,,...1,])> 0.

Xét phuong trinh vi phan sau

& - Ks- ksgn(s), K>0, k>0 (15)
véi sgn(s) = [sgn(s,),...,sgn(s,)]" .
RG rang la nghiém ctia (15) s& tién vé khong va khi d6
phuong trinh (14) s€ dam bao cho cac lién két duoc
6n dinh, ¢(q) ® 0. That vay, xét ham Lyapunov

V= 1sTs
2

Pao ham theo thoi gian ham V doc theo qui dao cia
(15) ta nhan dugc

e sT&
=-5"Ks- s'ksgn(s)< 0 "s' 0.

Diéu nay dam bao s(t)® 0 va khi s= 0 tir (14) ta
suy ra

o(t) = ¢(t;)e ™ ® 0.
Nhu thé, thay vi sir dung truc tiép phwong trinh lién
két ta st dung phuong trinh (15). Phuong trinh nay
duoc viét lai thanh

s= §a)+ Ad(a) P & §a)+ Aa),
q) + ARQ) = - Ks- ksgn(s)
®(q) Ba)®= - Afq) = - Ks- ksgn(s)
Hay
()= - [Bq) + AD(Q)] Ks- ksgn(s) (16)

Khi d6 phuong trinh vi phan thuong mé ta dong luc
hoc hé tré thanh

R @M@ RT@BY,,

& @@ § &0 g a”)
- R'(@)(Ca | h(@) Y

[$q) + AD(a)] Ks- ksgn(s)H

D>

voi

5= o)+ Ad(0) = P& Ad(Q).
Luu ¥ rang, khi st dung phuong trinh (17) dé mo
phong hién tugng chattering s& xuat hién trong dap
(g cua hé do ham sgn. Dé khic phuc hién tugng nay,
trong mo phong so ta s& thay thé xap xi sgn boi mot
trong cac ham tron xap xi sau:
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sat(s, e), O<e=1
sgn(s) »
tanh(cs), c? 1
hoac
3. Ealrctan(cs), c? 1
sgn(s) » P s
4, ———, 0O0<s=1
JsZ+s?

4. Mb phong sb

Ta khao sat co ciu quick-return trong may bao ngang
chuyen dong trong mit phing thang ding duge biéu
dién nhu trong hinh H. 1. Co ciu chuyén dong do
ngiu luc c6 mdémen M tac dung Ién tay quay OA va
luc F tac dung 1én thanh trugt DG. Céc théng sb cua
co cau duoc cho trong bang 1.

H.1  Co cdu quick-return

Co chu 1a hé n}liéu vat ¢ cau trac mach vong voi )
bac ty do bang 1. Chon toa d suy rong du
q=[a, qz,q3j va thiét 1ap 2 phuong trinh lién két
nhu sau [13]:
f 1 (Q): I 1 Sin(ql -
fz(q): - I;sing, -

gp)+ hcosg, = 0
l,sing;+ h,=0

Bang 1. Cac thong sb ctia co ciu [11]

Khau

Thong so 1 2 3 4 5

I, [m] 15 40 |19

m, [ko] 4000 | 100 | 30 5.0 50

a; [m] 0.00 20 | 095

Jeoi [kg.m2] 4000 | 100 | 10 0.05
h=2[m], h,=4m],  g=98lms’

St dung phuong trinh Lagrange dang nhan tir dé thiét
lap phuong trinh chuyén dong cia co cdu. Tir biéu
thirc dong ning ctia co hé, ta c6 ma tran khéi lugng
suy rong nhu sau:
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. 0 01
_ & u_ T
M(@)= 50 m, myi= M (q)
80 ma, mssﬁ

trong do
My = I+ mal + m,l§
My = 1, + 1+ ma; + my
My = 13+ mgag + mglg
My = My, = (Mgl 233 + Mgl 5l 5)cos(a, - ).
Vecto luc quan tinh ly tdm va Coriolis
é 0 3
C(q @9@&_ Q(m3 28+ Mgl | 3)3&5"1(% 0s) E
& (Mgl 8, + mel ,l 5)e&sin(g, - gs)Y
Vecto luc gia toc trong truong
e § g §moa+ mgl;)cosq,
h(@)= g gnga2+ mygl ;) cosa,Y
& m,ga, COS O, ¥
q 0 U
Chon u=[M,F] Knido B= ® - 1,sing,l
onu=[M,F] ,khido =& 25In G, Y
D - l,singl
p.(u,q, @)= Bu- C(q, @ h(q)

Tir phuong trinh lién két, ma trdn Jacobi va dao ham
riéng theo toa do suy rong

2 2
|2+m5|2

|2

- 1,cos(q,- @,) | U
5 cos : : 0 u
_ froosta- @) -, h
g 0 : cos q2 cos q3g
1®/99={f g;},, trong do cic phan tr bang 0,
ngoai trur:

fo,=-1,sin(- q,)
fa,=1,sin(q- q,)
fo, = 1,sin(g- q,)
f Oy = - 1;sin(q - d;)- hcosa,
fas=1,sing,, fag,=1;sing,
Pao ham theo thoi gian clia ma tran Jacobi dugc tinh
theo cong thirc tich Kronecker [13]

_ 10,
&) = ﬂq(lgAefs?,

trong d6 1, 1a ma tran don vi cap 3.

St dung phuong phap Newton—Raphson dé xac dinh
cac didu kién dau can thiét, ta nhan duge

q(0)= [3.0020 2.1628 2.7751]

0) = [6.2832 2.3656 —2.97691
Trong mo phong nay, mémen cia ngau luc phat dong
12 M = 165521 Nm, va lyc bao khi gia céng tac dung
Ién dao gan véi DG tudn theo qui lut [11] :
e Khi vy <0 thi
§200 000 khi -4£r£12
10 khi r, < 4hodcr,> 1.2

e Khivy? Othi F=0
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Str dung so d6 tich phan sb, ta nhan dugc qui lut
chuyén dong ctia co cau nhu trén cac hinh H.2-H.6.
Cau hinh cta co cau dugc bi€u dién nhu trén hinh
H.7.

14|
12}
z 10r
3"
0 05 1 15
e
H.2 Do thi vdn toc goc cua tay quay
E
xD
6
0 0.5 1 15
t [s]
H.3 Do thi dich chuyén cua thanh truot
80
X, m] . — v, [m/s]
60 - - - J
40 I |1 1
20} I\ I\ 1
|
b= ~L A .
-~
-20 \ — = / - - - -
40 L I
0 05 1 15

t [s]
H. 4 Do thivi tri va van toc cua thanh truot

35 I q2lrad] — — — q3 [rad] [———

0.5 L L
0 0.5 1 1.5

t [s]
H.5 Do thi cac goc quay cua can lac va thanh truyén

x10°

norm(e) [m]

0 05 1 15
t 5]
H.6  Sai so cua phwong trinh lién ket
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y [m]

x [m]
H.7  Cdu hinh ciia co cdu
Céc két qua tir H.2-H.6 phi hop véi [11]. Nhu trong
H.6, sai s6 ciia phuong trinh lién két c& 10 2, két qua
nay dam bao cho lién két khong bi pha v&. Céc sai s6
ctia phuong trinh lién két khi khong str dung phuong
phap 6n dinh hoa va st dung phuong phép 6n dinh
hoéa dugc biéu didn nhu trong H.8 va H.9.

x10°
12 . —~
_____ without yal
10 | — — — Baumgarte 7
smc s’
— 8 7
E e
ol i
£ -
5 4 P
c -/'
.~
2t .
. M’.//'n-—\\h D
0 0.5 1 15
t [s]
H.8  Sai so trong cac phuong phap
10 x10°
f,f"“ — — — Baumgarte
8 \ smc
!
/ \
T 6f / \
=~ \
€ 4 / A
5 < 7N
< / \ r N
? J A e
! AW
0 o i 5
0 0.5 1 1.5
t [s]

H.9  So sdnh 2 phwong phdp 6n dinh héa

Céc két qua trong H.8 va H.9 thdy ring, néu khong st
dung phuong phéap On dinh héa thi sai s§ trong
phuong trinh lién két ting dan néu mo phong trong
thoi gian dai, luc d6 lién két s& bi pha v&. Sai s cia
phuong phép 6n dinh h6a Baumgarte 16n hon so véi
phuong phép dugc dé xut, ¢ 10°°.

5. Két luin
Bai bao dé xuat va triép khai thanh cong phuong phap
on dinh hoéa cac lién két khi mé phong s6 hé Q(f)ng luc

chiu lién két dya trén nguyén 1y ciia diéu khién truot.
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Céc phuong trinh rang budc & céip d6 vi tri dugc thay
thé bang cac rang budc & cap do gia tdc, trong do
nguyén 1y truot duge khai thic dé dam bao cho cac
lién két khong bi pha v& trong qua trinh tich phén s.
Céc md phong sd dugc thuc hién cho cac truong hop
khéng st dung on dinh hoa, o6n dinh hda theo
Baumgarte, va on dinh theo nguyén 1y truot. Céc két
qua md phong s6 nhan duge di chi rd hidu qua cia
phuong phap tiép can dé xuét.
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Nguyén Quang Hoang nhin
bang K§ su nganh Co tin k¥
thuat, béng Thac si nganh Co
hoc ky thuét tai Truong Pai hoc
Bach khoa Ha Noi, (HUST); va
bing tién si Co hoc ky thuat
(dong lyc hoc va diéu khién) tai
Truong BDPai hoc ky thuat
Hamburg—Harburg (TUHH,
& CHLB bric) vao cac nam 1997,
1999 va 2006 T 9/2012 dén 9/2013, anh lam nghién
ciu vién tai Khoa Co khi cua Pai hoc Kyung Hee,
Yongin, Han Quéc. Hién anh 1a giang vién tai B mon
Co hoc tng dung — Vién Co khi, Truong Pai hoc Bach
khoa Ha Noi. Huong nghién ctru chinh 1a mé hinh hoa,
md phong sb va diéu khién cac hé dong luc; dong luc
hoc hé nhiéu vat du din dong, du dan dong va hut dan
dong.

Nguyén Vin Quyén nhén b'?mg
K¥ su nganh Co dién tir, bang

- Thac si khoa hoc nganh Co hoc
f ky thuat tai Truong Dai hoc
— Bach khoa Ha N6i (HUST) vao

cac nam 2009 va 2011. Hién
nay, anh 1a gidng vién tai Bo
moén Co hoc Ung dung — Vién
Co khi, Truong Pai hoc Béch
khoa Ha Noi. Huéng nghién ciru
chinh 1a dong luc hoc may va co
céu; md hinh hoa, md phong sb va toi wu hoa cac hé ky
thuat.
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