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Abstract

The paper presents a method to generate the reference trajectory for an excavator arm which guarantees the time
and jeck optimization based on B-spline technique. Firstly, some via-points of the desired trajectory is given.
These points and mechanical constraint about velocity, acceleration, and jeck will be used to solve the optimal
problem. From this solution, the trajectory will be interpolated using B-spline method. Finally, the algorithm is
executed via Optimization and Simulink toolboxs. The simulation results show that the trajectory designed by
this method satisfy the requirements about the smoothness as well as time and jeck optimization.
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Tém tit'

Bai bao trinh bay mot phuong phép thiét ké quy dao
mau tdi wu thoi gian va do giat cho hé canh tay may
xuc dua trén ky thuat B-spline. Pau tién, mot s6 diém
di qua cua quy dao mong mudn duoc cho truge. Tu
cac d1em ndy, cing cac rang budc co khi vé van tdc,
gia toc, va do giat ciia cac khop ta s& di giai bai toan
i wu dé xéc dinh thoi gian va do giat hop ly. Cudi
cung, quy dao mong mudn dugc ndi suy theo phuong
phap B-spline tir cac két qua thu dugc cua viée giai
bai toan tdi wu. Toan bd thuét toan duoc thuc hién va
kiém nghiém trén ing dung Optimization va Simulink
ctia Matlab. Cac két qua thu dugc hoan toan thoa man
cac yéu cau dit ra ciia bai toan.

1. Phin mé& dau

May xtic 1a mot trong cac may cong cu phd bién trong
cac nganh khai thac, xay dung. Ngay nay, viéc tu
dong hoa cac may moc noi chung va may xic noi
riéng 14 mot xu thé tat yéu. Viée ty dong hoa cac may
xuc lam viée trong moi truong ham mo ¢ ¥ nghia rat
16n trong viéc giam thiéu tai nan rui ro cho ngudi van
hanh. Chinh vi vay, van dé nay nhén dugc sy quan
tam 16n cua cac nha khoa hoc.

Trong bai toan tu dong hoa cho hé théng may xuc
thi phin xdy dung quy dao mau cho dé may va canh
tay may la khong thé thiéu, no giup cho hé théng lam
viéc chinh xé4c va dat hiéu qua cao hon. O [1], [2] c4c
tac gia da xdy dung quy dao mau cho may xuc tu
dong dua vao may quét laser, camera va cac cam bién
dé xay dung 1én quy dao 3D. Véi cach lam nay, quy
dao hoat dong dugc xac dinh chinh xac dya vao cac
hinh anh hién truong. Tuy nhién, phuong phap nay
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khé ¢ thé cho két qua chinh xac trong méi truong
thiéu anh sang va nhiéu bui ban. O [3], cac vi tri hién
tai ciia canh tay may xtc dwoc phan hdi vé cho hé
théng diéu khién tir d6 hé thdng s& du béo ra quy dao
mau cho cac chu ky sau. Trong cong bd trude day cua
nhom nghién ctu & [4], cac tac gia da dé& xuit mot
mang no ron dé xac dinh dic tinh cua vat liéu, tir dic
tinh xac dinh dwgc két hop véi phan lyc tac dong 1én
gau xtc dé dua ra quy dao toi wu. Trong [5], [6] céac
tac gia di xay dung mé hinh dong hoc vé sy tuong tac
gilta tay may va moi truong dé lam cin ctr xac dinh
quy dao dat. Vi phuong phap nay, quy dao dugc xay
dung dya vao van tde va gia tde cua gau, day 1a mot
dal luong khé xac dinh. Cling dya vao van tde va gia
toc cua gau, 0 [7], cac tac gla con can thém thong tin
vé lyc tac dong cua co cAu chip hanh dé xac dinh quy
dao mau dya trén thuat toan B-spline dé thiét ké quy
dao ti wu thoi gian va momen cho hé may xic.

Trong bai bao nay, mét thuat toan xac dinh quy
dao mau dya vao k¥ thuat B-spline duoc trinh bay dé
xac dinh quy dao mau théa min yéu cau tdi uu thoi
gian va d¢ giat cho canh tay may xtc. Quy dao dugc
x@y dung thong qua mot s6 diém cho truge. Tur cac
diém ‘nay, cung voi cac rang budce vé gidi han van tbc,
gia toc, va do giat cua mdi khop s& xac dinh ra cac
trong s6 dé xay dung duong cong quy dao. Quy dao
thu dugc khong nhitng dam bao do tron muot can
thiét ma con dam bao cac yéu cau khéac nhu thoi gian
thyuc hién ngén nhat hay d giat bé nhét tiy thugc vao
viéc lya chon trong s6 anh hudng ciia cac yéu tb nay.
Tinh dung din va phu hop cua thuat toan dugc kiém
nghiém thong qua cac két qua mo phong.

2. N¢i dung chinh
2.1 Xay dung bai toan tbi wu
Xét hé thong may xic c6 ciu trac nhu Hinh H.1. Hé
gdém hai hé con 1a phan dé may dung dé di chuyén
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toan by hé théng trén mat phang x,0q,, phan canh
tay may xuc dung dé di chuyén theo mat phang z,0y,
va zyOyx,. Trong pham vi bai bao nay, muc ti€u la xay
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dung quy dao cho gau xtc trong qué trinh xuc tai nén
phan d€ may va phan xoay quanh truc O,z; dugc coi
1a khong doi.
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H. 1 Cau triic ciia hé thong mdy xiic

Trong khong gian bién khop, phan canh tay may
xuc c¢6 mo hinh dang Euler-Lagrangian nhu sau [8]:
D(0)6 +C(0,0)0+G(0)+B(O)=T7-F,

(©)
trong do: 6=[6, 6, 6,] la vi tri cia cac khop

trong khong gian bién khop, D(0) 1a thanh phan quén
tinh, C(6,0) la thanh phan Coriolis va hudng tam,
G(8) 1a thanh phan trong truong, B(0) 1a thanh phan
ma sdt, I' 1a ma tran dau vao, r=[r, 7, 7,] laluc

tac dung 1én cac tryc ctia 3 khép, F; 1a thanh phan
phan luc.

Cac dap mg cua hé (1) phai thoa man cac yéu ciu
cling vé miat co khi nhu, véan tdc, gia toc, do giat ctia
cac khop. Cu thé nhu sau:

|Q.|3VC,., i=1,2,3
G|<we, =123
|é,f|3Jci, i=1,2,3

trong d6 VC,, WC;, JC; 1a gidi han van tdc, gia tde, va
do giat cia moi khép.

Ngoai cac diéu kién clng trén, qua trinh 1am viéc
ctia hé con phai thoa man cac yéu cdu vé mit cong
nghé nhu t6i wu vé thoi gian lam viéc ciia mdi chu
trinh, tdi wu hoa ning lugng sir dung,...Trong khudn
kho bai bao niy, nhom tac gia tap trung vao viéc dam
bao yéu cau vé téi wu thoi gian va do giat cho canh
tay may thong qua viéc thiét ké quy dao mau phu hop.
Ttc 1a quy dao tao ra cho canh tay may phai thdéa man
diéu kién sau:

kot + kJZN:tf (6,0) dt>min @

m=1 ()

cung véi cac rang budc (2), trong d6 k7, k;> 0, N 1a )
khép, ¢ 1a thoi gian thyc hién mot chu trinh cia quy
dao.

2.2 Xic dinh quy dao miu tir viéc gidi bai toan toi
wu

Mot trong cc phuong phap dé xay dung quy dao mau
la dya vao ky thuat B-spline. V6i k¥ thuat nay, mot
duong cong bét ky s& duoc biéu dién dudi dang mot
da thire béc p, d6 1a su két hop tuyén tinh giita mot
ham co s& va cac trong s6 [9] (con duge goi 1a cac
diém diéu khién):

B,()=30.N,,(0) G)

trong d6 n 1a s6 diém diéu khién, Q; 14 cac diém diéu
khién, N;,(f) 1a ham co s¢ dugc cho dudi dang hoi
quy:

t—t,
N;,p (t) = —‘N[,p—l (t)
ti+p -
lip — 1 “)
+ - 'NHl,pfl (t)
ZLi+p+1 T liv
1, or t. <t<t
Nl. . — f i i+l
’ 0, elsewhere

Trén tmh than cua phuong phéap nay, quy dao, van
toc, gia tbc, va do giat ciia mdi khop c6 dang

() =0(t) = ZQP, N, @) ®)
v<r>=é(r>=ZQv,f.N,~,,,,l(r) (6)
a(r)=é(t)="Z_%,Qa,,-.N,-,,,,2(t) ™

J0=00= ZQ,, ips(D) ®)
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Céc trong s trong cac phuong trinh (5) — (8) ¢
moi lién hé véi cac nat nhu sau:

V4 .
0, =———0,:n-9,,), i=L...n
’ Uql+p+l _qu+1 ( e P )
)
p-1 .
=—(0,,,-0,.), i=1..,n-1
Q”” UVH—[I _Uvi+1 (Q‘,’ ' Q, )
(10)
p-2 .
Tha a—0..), i=l...n=-2
QN Uai+p—| -Ua,,, (Qa'lﬂ Q"v’) ! n
(11)

trong d6 Ug, Uv, Ua la cac nut trén cac duong cong
quy dao, van toc, va gia toc. Cac nit nay dugc xac
dinh tir thoi gian tuong tng véi cac dieém di qua.

_pr
u, -U,

qp+2

Qp,m,l +

p

qn+p+| In+1

Trong cong thirc (12), cic ky hi€u vy, in @, ins Jm fins
Vonin, G fins Jmjins 12 CAC gid tri ban dau va két thiic cua
van tdc, gia toc, va do giat twong tmg voi khop thir m.
VPR,,;1a cac diém di qua cua khép thi m.

Sau khi da xac dinh dwoc cac hé s6 Q,, 0., O, va
0;, bai toan t6i wu (3) dugc viét lai thanh:

zj[nz Qjmk 'Np—:{,k (Z)] dt

vp
J=k Yt +k,
i=1 m=10 \ k=l
13)
trong d6 vp 1a s6 diém di qua.

Giai bai toan t6i wu (13) thu dwoc két qua 1a thoi
gian di chuyén giita cac diém di qua. Tir két qua nay,
dua vao (4) s€ xac dinh dugc cac duong cong cho quy
dao, van tc, gia tde, va do giat theo cac phuong trinh
(5)-(®). 7 ]

Toém lai, quy trinh dé xay dung quy dao mau cho
canh tay may xuc dugc thuc hién theo cac budc sau:

e Budc 1: Cho trudc cac diém di qua, cic rang budc
vé co khi, cac gia tri ban dau va két thuc vé van
tbc, gia tbe, do giat ciia mdi khop.

e Buoc 2: Giai h¢ phuong trinh (12) dé x4c dinh cac
0,

e Budce 3: St dung (9), (10), va (11) dé tinh cac O,
Ou va 0,

U

qp+2
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Thé biéu thic (9) vao (10) sau d6 duoc két qua lai
thay vao (11) s& dwoc két qua 1a cac hé sd cua cac
phuong trinh (5) — (8) chi con chtra O, ;. Viéc xac dinh
0,,; dugc xac dinh dya vao cac diéu kién bién. Cu thé
la:

e Biéu thic (5) phai thoa man cac diém di qua cho
trudc.

e Céc biéu thirc (6), (7), va (8) tuong ung phai thoa
mén cac diéu kién vé vén tbc, gia toc, va do giat &
thoi diém bat dau va két thic.

T cac lap ludn trén ta tinh toan ra dugc hé
phuong trinh rang budc cho khép thir m nhu sau:

Qp,m,2 =V

m,in

92

kl Qp,m,l + k2 Qp,m,Z + k3 Qp,m,3 = am,in
gl Qp,m,l + g2 Qp,m,Z + g3 Qp,m,S + g4 Qp,m,4 = jm,in

vp
Z Np,k (z-j) Qp,m,k = VPRm,i s (l
k=1

=1---wp) (12)

gn—Z Qp,m,n—Z + gn—l Qp,m,n—l + gn Qp,m,n + gn+1 Qp,m,n+1 = -]m,ﬁn
kn—l Qp,m,n—l + kn Qp,m,n + kn+1 Qp,m,nH = am,ﬁn

Qp,m,n + U

qn+p+l

P

Qp,m,n+1 = vm,ﬁn
dns1

e Budc 4: Giai (13) dé xac dinh cic khoang thoi
gian t6i uu £,.

e Budc 5: Tinh cac N, tr (4).

e Budc 6: Xay dung cac duong cong can thiét tir (5)

- (®).
3. Két qua mé phéng

Thuét toan trinh bay & trén dugc tién hanh mé phong
trén cong cy Matlab/Simulink. Cac dir liéu ban dau
cua bai toan dugc cho trong céc bang dudi day. Cu
thé, bang 3 chtra cac diém di qua cua quy dao mong
muén, bang 4 chira cac gia tri gidi han dong hoc cua
cac khap.

Lya chon cac gia tri ban dau va két thic cho van
tdc, gia tde, va do giat béng 0. Giai hé phuong trinh
(12) ta thu duoc céc gia tri cia O, nhu trong bang 3.

Tu cac dir li€u trén, ham muyc ti€u J dugc xay
dung va dua vao cong cu Optimization Tool trong
Matlab dé tinh toan. Két qua viéc giai bai toan tdi wu
1a thoi gian di chuyén giita cac diém di qua. Két qua
nay phu thudc vao hé s k7 va k; xut hién trong biéu
thirc ciia ham muc tiéu. Bang 4 va 5 1a két qua cua
viée giai bai toan t6i wu twong tmg voi 2 truong hop
la:
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Truong hop 1: kr=1,

kJ: 0
Truong hop 2: kr=1,k;=10

B.1 Cdc diém di qua cho trudc
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Diém di qua (rad)

Khép = 2 3 4 5 6 7 8
1 0.6895 0.6417 0.5045 0.4259 0.3951 0.5683 0.6985 0.7857
-1.503 -1.580 -1.803 -1.938 -2.021 -2.040 -2.033 -2.026
3 0.8137 0.9381 1.2980 1.5125 1.6258 1.4717 1.3349 1.2403
B.2 Cdc rang bude vé dong hoc cho cdc khép
Khép Cac ré,ng budc vé dong }}QC
Vian tdc (rad/s)  Gia téc (rad/s®) Do giat (rad/s®)
1 1.7453 1.0472 1.0472
2 1.7453 1.0472 1.0472
3 1.7453 1.0472 1.0472
B.3 Gia tri Q, cua cac khop
Khop
1 0.6895 0.5872 0.4238 0.3233 0.6399 0.7857
2 -1.5033 -1.6258 -1.9841 -2.0443 -2.0490  -2.0260
3 0.8137 1.0386 1.5603 1.7211 1.4088 1.2403
B.4 Nghiém cua bai todn 161 wuvéikr=1k;=0
tl 2 t3 t4 t5 t6 t7
0.07 1.79 0.48 0.61 0.80 1.42 0.05
B.5 Nghiém ciia bdi todn t6i wu véikr =1, k; = 10
tl t2 t3 t4 t5 t6 t7
0.07 3.06 0.88 0.93 1.69 2.45 0.05
3 gian. Trong truong hop ndy, quy dao xay dung dugc
| tir 8 diém di qua cho truéc kha tron. Thoi gian dé di
P’ tor diém dau deén diém cudi khoang 5.3s, d6 giat 16n
1k nhét cia cac khop 1a 1rad/s’.
7 | & Hinh 3 13 két qua md phong cho truong hop c6 xét
£ 1 dén t6i wu do gidt, cy thé 1a k7 = 1, k; = 10. Cac két
| qua cho thy rang, trong trudng hop ndy quy dao V?n}
] dam bao di qua 8 diém cho trudc nhung thoi gian dé
2 L T~ thyc hién dai hon so véi truong hop trude (khoang
& 9s). Tuy nhién, lac nay, do c6 tinh dén yéu t6 tdi uu
3o 1 ? - ”5 3 5 do giat nén do giat tdi da cua cac khép chua dén

a) Quy dao cua cdc khop
1 : :

0.8 =
jeck 3

0.6
0.4
0.2

ol Jeck 2

jeck(rad/s®)

0.2
0.4
o8 jeck 1
08}

Kl

Til"rle{s]3
b) D¢ gidt cua cac khop
H. 2 Quy dao va do gidt cua cac khdp khi kT =1, kJ =0
Hinh 2 14 két qua mo phong cho truong hop ky =
1, k; = 0, tic 1a chi quan tam dén yéu t6 tdi wu thoi

o 1 2
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0.3rad/s’.
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Theta(rad)
o

0 2 4 6 8
Time(s)

a) Quy dao cua cdc khop

1

08F

06

04F

0.2

(1] 3

jeck(rad/s?)

0.2F

0.4F

0.6F

0.8F

y ] ] ] ]

0 2 4 6 8
Time(s)

b) D¢ gidt cia cac khop

H.3 Quy dao va d¢ gidt cia cdac khop khi kT = 1, kJ = 10.

Hinh 4 1a quy dao cua gau xuc trén khong gian 3
chiéu dugc x4y dung tir cdc quy dao trén khong gian
khép cta 3 khdp.

1.5
1 3
05F
£
c
w
0 3
0.5F
5.8 6 62 64 66 6.8 7 7.2
x(dm)
H.4 Quy dao cua gau muc trén hé toa do xyz

Tir cac két qua mé phong ta nhan thdy ring
phuong phap da trinh bay ¢ trén tao ra quy dao la cac
duong cong tron, dam bdo dugc céc yéu cau vé toi uu
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thoi gian va do giat. Viéc lya chon yéu t6 can tdi wu
cling nhu mirc d6 wu tién cua cac yéu t6 nay duoc
thyc hién thong qua viéc lya chon cac trong s anh
huéng trong ham tdi wu. Khi ta chon trong s6 ti wu
thoi gian 1a chu dao thi thoi gian dé thuc hién mot chu
trinh kha ngin nhung do giat cia cac khép 16n.
Nguoc lai, khi ta dé trong sb cua tdi uu do giat vuot
troi so voi t6i wu thoi gian thi do giat cua cac khop
giam di dang ké nhung thoi gian thyc hién mot chu
trinh s€ tang 1én.

4. Két luan

Bai bao da trinh bay mot phuong phap dé xay dung
quy dao miu cho hé canh tay may xtc dya trén
phuong phap B-spline. Quy dao duoc xay dung tir cac
dlem di qua mong muon két hop véi két qua tinh toan
t6i wu vé cac yéu cau cong nghé nén nd thdéa man
duoc cac yéu cau vé d6 tron muot cling nhu thoi gian
lam viéc, d¢ giat cia may. Toan b thuat toan dugc
tinh toan va mo phong trén phan mém Matlab. Cac
két qua thu dugc chimg to rang thuat toan da trinh bay
phu hop cho viée thiét ké quy dao mau cho hé canh
tay may xuc.
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