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Abstract

One of the main problems in robotic is optimized trajectory planning. The trajectory planning must be optimized in moving time while satisfies
motor torque and velocity and position constraints. This paper presents the design of optimized trajectory by using genetic algorithm. Different
from previous researches, controlled torques is calculated from inverse dynamics of the robot, this paper proposes to calculate controlled torque
from controller output. This calcuation guarantees the similarity between the design and the actual implementation. Simulations have been

done to verify the effectveness of the proposed approach.
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Ki hiéu
Symbols Units  Description
q rad goc khép
q rad/s  van toc khép
q rad/s’ gia tbc chuyén dong ciia cac khop
X,y m vi tri khau tac dong cudi ctia robot
0 rad huéng khau tic dong cudi ctia robot
my,ma,m3 kg khbi luong cac khau
dy,dr,d3 m chiéu dai cac khau

Cac tur viet tat

GA  Genetic Algorithm

Tém tit

Mot trong nhitng bai todn cin gidi quyét trong linh vurc robot 1a thiét
ké t6i uu quy dao. Quy dao thiét ké phai tdi vu vé thai gian di chuyén
ddng thsi phai thda man cic diéu kién ring budc vé md men diéu
khién, pham vi di chuyén ctia cic khép ciing nhu tbc do chuyén dong
clia cac khép. Bai bdo nay trinh bay mot cach thitc thiét ké t6i wu quy
dao robot st dung thuét todn di truyén. Khac v6i cdc nghién citu trudc
day tinh todn md men diéu khién cho cic khép tlt phuong trinh dong
Iuc hoc ngudc ctia robot, bai bdo dé xuét tinh todn gi tri md men nay

tif dAu ra ctia bd diéu khién vi tri robot. Céch tinh nay ddm bao do
tuong dong giita thiét ké quy dao va viéc trién khai trong thuc té. Cac
két qud mo phong da chitng minh tinh kha thi cia phuong 4n dugc dé
XUuAt.

1. Gidi thiéu

Bai todn thiét ké quy dao 1a mot bai todn rit can thiét trong linh
vic diéu khién robot. Muc tiéu clia viéc thiét ké quy dao 1a tao
ra cic du vao tham chiéu cho hé thong diéu khién nhiam dam
bo viéc thuc hién chuyén dong theo thiét ké. C6 thé gia dinh
rang mot thudt toan thiét ké quy dao 14y dau vao la duong hinh
hoc, céc rang budc dong hoc va dong luc hoc clia tay mdy; dau
ra 12 quy dao clia cdc khép hoic khau tac dong cudi dudc bidu
dién bing chudi cic gia tri ctia vi tri, van toc va gia tde [1].
Bai toan thiét 1ap quy dao thudng dudc coi 1a bai toan ti vu
v6i cdc tiéu chi khic nhau, quan trong nhét 1a thdi gian thuc
hién t6i thiéu, ning luong tbi thidu, do giat tdi thiu. Viéc thiét
ké quy dao st dung tiéu chi thdi gian thuc hién t6i thi€u c6 y
nghia quan trong nham giam thi gian san xuit din dén ting
ndng xuit trong cong nghiép. Trong [2] trinh by mot phuong
phdp xdc dinh quy dao t&i uu theo thdi gian chiu cac rang budc
vé van tdc, gia tbc va do giat tic dong 1én ca cd cAu chip hanh
va bo diéu khién. Cé4c thuit toan thdi gian thuc hién ti thiéu
khéc theo rang budc dong hoc (nhu van toc, gia tde va do giat
tdi da cho phép) dudc trinh bay trong [3] - [4]. V6i tiéu chi
ning lugng, phucng phap nay khong chi cé y nghia kinh t& ma
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c6 thé dudc yéu cau bdi cac ting dung khi ngudn ning lugng
gi6i han. Trong [5] trinh bay phuong phap thiét ké quy dao tbi
uu ma ham muc tiéu dugc thiét ké d€ giam thi€u ning luong
thuc hién va quy dao thuc hién khong bi 4p dit. Toi uu véi cac
tiéu chi két hop cling dudc xem xét d€ thiét 1ap quy dao. Cac
phuong phap 1ap quy dao t6i vu ning luong va thdi gian dudc
mo ta trong [6] - [7]. Ham tdi uu bao gdm thdi gian thuc hién
va ning ludng, su cin bang gitta hai tiéu chi dudc kiém soat
béi hai trong s6.

Trong thdi gian gan day, thuat todn di truyén (GA) da dugc
4p dung trong nhiéu linh vuc khac nhau nhu diéu khién, nhan
dang hé théng, nhan dang mau. .. Trong linh vuc robot, mot
trong cic vin dé hay dp dung thuit toan GA la cac bai todn
tbi uu trong thiét ké quy dao. Pa c6 nhiéu nghién ciu cho vin
dé thiét ké quy dao. Nghién ctiu ctia P. Garg va M. Kumar [8]
cho thiét ké quy dao dua trén GA, sit dung céc ky thuat GA
cho canh tay robot dé x4c dinh quy dao tdi uu dua trén yéu
cAu mo-men xoan tdi thiu. Céc tac gia st dung da thifc bac
4 vé thai gian dé€ biéu dién quy dao cho céc bién khdp trong
khong gian khdp. Pires va Machado [9] d& xuét mot phuong
phap thiét ké duong di dua trén GA trong khi d4p dung dong
hoc truc tiép va dong Iuc hoc nghich dao. Quy dao tdi vu la
mot quy dao giam chiéu dai dudng di, véi thoi gian va ning
luong di chuyén theo yéu cau ma khong c6 bét ky va cham nao
v6i chudng ngai vat trong khong gian lam viéc. Con Pires et al
[10] st dung thut todn di truyén d€ tdi vu héa quy dao chuyén
dong ctia robot planar. Muc tiéu GA 1a giam thi€u khong gian
quy dao /thdi gian ma khong vugt qua mo-men tdi da xac dinh
trude tbi da. Céc tac gia st dung dong hoc truc tiép d€ tranh
céac diém ky di. Trong bai [11] da d& xuit mot phuong phap
thiét ké quy dao diém — diém dua trén GA khi st dung truc tiép
dong hoc va dong luc hoc ngudce. Quy dao ti wu 1a quy dao
gidm thiéu ca thoi gian di chuyén va quang dudng di chuyén
ma khong vuot qua mo men tdi da xac dinh trudc, khong va
cham véi bt ky truéng ngai vat ndo trong khong gian lam viéc.
Trong [12], Stanislav va cong su trinh by phuong phdp thiét
ké quy dao dua trén GA cho tay mdy robot véi viéc tdi wu nhiéu
tiéu chi khac nhau. Phuong phap dugec mo ta dua trén dong hoc
ngudc va quy dao tdi vu 1 giam thiéu thdi gian di chuyén va
giam thi€u mic ning lugng tiéu thu.

Nhu viy c4c nghién ctiu trude chi yéu thiét ké quy dao trong
khong gian khdp, sau d6 ding dong luc hoc thun d€ tinh toan
ra momen dit vo cic khdp. Tuy nhién do tit c4 cac robot déu
dugc diéu khién bsi bo diéu khién dang phan hoi d€ &n dinh
hé thdng va chéng nhiéu, nén quy dao dit va quy dao thuc sé
khong hoan toan gidng nhau. Do vy, momen thuc tai cac khép
robot ciing khong giéng véi tinh toan ding dong luc hoc thuan
st dung quy dao dit. D€ khic phuc cdc nhugc diém trén, bai
béo sé thiét ké quy dao la quy dao dit cho khau tac dong cudi
cta robot trong khong gian lam viéc khi robot st dung mot bo
diéu khién vi tri. Khi d6, cic gid tri momen dit tai cac khdp, vi
tri va van toc ctia khau tic dong cudi dugc tinh toan hoan toan
sat véi thuc té ciu tric clia robot, ddm bao su tuong dong cia
qua trinh thiét ké va qua trinh thuc thi trén robot. Phan con lai
ctia bai bao bao gém cac phan sau: Phan 2 gi6i thiéu mo hinh
tong quat dong luc hoc ciia robot va thuit todn diéu khién vi tri
robot. Phan 3 trinh bay vé xiy dung quy dao chuyén dong cho
robot. Phan 4 gi6i thiéu thuat toan di truyén. Phan 5 trinh bay
ham muc tiéu va cic ring buoc trong viéc thiét ké quy dao sit
dung GA. Phan 6 trinh bay cac két qua md phong kiém chiing.
Phin 7 két luan cic két qua dat dugc.

2. M6 hinh déng luc hoc va b diéu khién cta
robot

DéE diéu khién vi tri clia tay mdy ta can biét dugc tinh chit dong
luc hoc va gia tri luc can thiét tic dong. M6 hinh dong luc hoc
cta robot dugc mo ta nhu phuong trinh sau [13]:

M(q)4+H(q,q)+G(q) =1 )

V6i:

M(q) la ma tran quan tinh n X n

H(q,q) 1a vecto tuong hd va ly thm n x 1

G(q) la vecto trong trudng n x 1

T la véc t6 mo men tic dong 1€n cac khdp cua tay may n x 1
V6i gia thiét cdc tham sb clia robot biét duge mot cach chinh
xac. O day tac gia st dung thudt toan PD bi trong trudng trong
khong gian khdp dé diéu khién vi tri clia cac khdp ctia robot
[18] trang 306:

T=K,(qs—q) — Ksq+G(q) 2)

trong do:

qq: Quy dao vi tri ctia cac géc khdp dudce xac dinh bing dong
hoc ngudc tlf quy dao vi tri ctia khau tac dong cudi.

q, q: Quy dao vi tri va tc do thuc clia cac géc khdp.

K,,K,: Tham s clia b diéu khién xdc dinh duong.

3. Xay dung quy dao

Tir dong luc hoc ctia robot (1) ta c6 thé xay dung quy dao dé
thuc hién dugdc su chuyén dong lién tuc vi tri, van tdc cla cac
khép clia robot v6i mdt bd diéu khién thich hdp da dudc trinh
bay trong muc 2. O ddy cin xdy dung quy dao chuyén dong
vi tri ctia khau tic dong cubi ciia robot trong khong gian lam
viéc.

C6 nhiéu kiéu quy dao chuyén dong khac nhau cho robot. O
day tac gia chon ki€u quy dao dang da thiic bac ba cho cac
thanh phan vi tri khau tic dong cudi, do quy dao dang da thiic
bac ba khi thiét ké chi can dén diéu kién vé vi tri va van tdc cia
diém dau va diém cudi ctia quy dao. Quy dao vi tri va huéng
ctia khau tic dong cudi dugc biéu dién bdi phuong trinh sau:

x4(t) = axo+ax (t —to) +an(t —t0)2+dx3(l—lo)3;
Ya(t) = ayo +ay (t —10) + aya(t —10)* +ays(t —10)s (3
Gd(t) = a90+a91(t 71‘0) Jraez(t 7t())2 +a93(l‘ 72‘())3;

trong d6 tg <t < ty, Vi tg va t; 1a thdi gian bt ddu va thai
gian két thiic chuyén dong.

Gia st zg = [x07y07 Go]T,io = [)50,)')0, éo]T lan ludt 1a vi tri,
van toc tai diém ban dau cta quy dao; z; = [x7,y s, 07, 2p =
[7,37, 077 12 vi tri, van tdc tai di€m két thic cla quy dao. Khi
do, céc hé s6 a; trong (3) dudc xac dinh nhu sau:

azo = 20,
az;1 = 205
o — —3(z0 —2z7) — (220 +Z'f)(ff*to); @
(tr —10)*
s — 220 —2p) + (ot 2)(ty —t0).
' (tr—10)?
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v6i z 1an lugt 12 x, v, 0

Quy dao chuyén dong cia cac géc khdp cuia robot dugce xay
dung dya vao déng hoc ngugc vi tri cia robot tit quy dao vi tri
ctia khau tac dong cudi ctia robot.

4. Thuét toan di truyén

Thuit todn di truyén 1a mot k§ thuat tdi wu héa va tim kiém
dua trén nguyén ly ctia di truyén va chon loc tu nhién. Mot GA
cho phép mot quan thé gdm nhiéu c4 thé tién héa theo cic quy
tac Iva chon dudc chi dinh dén trang thai tdi uu héa “fitness”
(ham chi phi nhé nhét) [14]-[17].

MBoi chu ky trong GA tao ra mot thé hé méi cac giai phap kha
thi cho mot vAn dé nhit dinh. Trong chu ky dau, mot quan thé
ban dau mo t4 cac dai dién ctia gidi phap tiém niing dudc tao ra
d€ bat dau qua trinh tim kiém. Céc yéu t6 clia quan thé dudc
ma héa thanh chudi bit dugc goi 1a nhiém sic thé.

Su thuc hién cdc chudi dude goi 1a tbi uu, sau d6 duge danh
gia bdi mot s6 ham chifc ning, cac rang budc clia van dé. Dua
trén sy tdi wu ctia nhiém sic thé, ching dudc Iua chon cho mot
qua trinh di truyén tiép theo. Qua trinh chon loc ddm bao chon
nhitng c4 thé phu hgp hop nhit. Khi chon loc quan thé két thiic,
qua trinh di truyén gdm hai budc dugc thuc hién. Budc dau tién
két hop chéo (lai ghép) cic bit (gen) ctia hai chudi (nhiém sic
thé) dugc chon. C6 hai loai lai ghép: Lai ghép mot diém va lai
ghép hai diém. Céc diém lai ghép ciia hai nhiém sic thé 1a bat
ky dudc chon mdt cach ngiu nhién. Budc thit hai trong thao
tac di truyén dudc goi la dot bién, trong d6 céc bit tai mot hoic
nhiéu vi tri ctia nhiém sic thé dudc chon mot cach ngu nhién
bi thay ddi. Qua trinh dot bién gitip khic phuc hién tugng cuc
dai cuc bd. Cic con dudc tao ra béi qua trinh di truyén 12 quan
thé tiép theo dugc danh gia.

5. Thiét ké quy dao st dung GA
5.1. Cic thong s6 can xac dinh
Dé thuc hién viéc thiét ké quy dao ta xem xét mot vi du 1a robot

Planar 3 khép quay trong mt phang. M6 hinh ciia robot planar
dudc minh hoa nhu hinh 1

FR S

><V

Hinh 1: M0 hinh robot planar.

Véi thiét ké quy dao chuyén dong cho khau tic dong cubi ciia
robot trong khong gian lam viéc va quy dao chuyén dong dudc
thiét ké nhu phuong trinh (3) thi cdc thong sb can phai x4c dinh

1a cdc hé sb ctia quy dao a;, véi z 1a chi sb chi quy dao chuyén
dong theo truc x,y va huéng ctia khau tic dong cudi (géc quay
quanh truc z); 7 12 chi s6 chi cic hé s ctia quy dao chuyén dong
can thiét ké i = 0 — 3. Nhu vay c6 thé thy rang can xdc dinh
mudi hai tham sb cho céc quy dao dudc thiét ké. Céc tham sb
clia cdc quy dao can dugc xadc dinh ddm bao muc tiéu ctia bai
todn dé ra.

5.2. Ham muc tiéu va rang budc

V6i muc tiéu thiét ké mot quy dao chuyén dong cho khau tac
dong cudi ctia robot di chuyén tir vi tri dau t6i vi tri dit trong
khoang thdi gian ngan nhét thi ham muc tiéu 1a thdi gian di
chuyén ctia robot;

f=1 5)

V6i Ty 1a thoi gian ma khau tac dong cudi clia robot di chuyén
tlt vi tri dau t6i vi tri cubi.

V6i mdi mot robot thi cac goc khdp déu cé gi6i han pham vi
chuyén dong, tbc do di chuyén. Ngoai ra, mdé men diéu khién
tai cac khép cua robot cling khéng duge 16n hon momen 16n
nhét c6 thé cung cip clia dong co. Céc gidi han nay 1a diéu kién
rang budc ctia géc khdp, toc d6, momen céc khép khi thiét ké
quy dao va c6 thé dugc biéu dién nhu sau:

Qnin < 4 < Qpnaxs
qmin S q S qmux; (6)
Timin < T < Timax-

V6i ham muc tiéu (5) va cic rang budc (6), sit dung thut toan
GA c6 thé xac dinh dugc Ty t6i uu, tir d6 xdc dinh dudc céc
thong sb a.; ctia quy dao tdi wu dua vao (4), do cic thong sb
Az 1a ham cta Tf (Tf =1If— to)

Thuat todn GA dudgc xay dung: Quan thé Ty ban dau dudc danh
gid, v6i m&i mot cd thé Ty clia quan thé ban dau, xdc dinh dugc
cdc bo tham sb ctia quy dao ban dau (theo (4)), lic nay quy
dao dit ban dau dugc xay dung, quy dao nay dudc dua téi b
diéu khién. Momen tac dong 1én cdc khép dudc 1y tir dau ra
ctia bd diéu khién, sau dé dudc danh gia bdi rang budc md men
(6). Van toc va vi tri thuc ciia cac khdp ciing dugce danh gia
bdi rang budc (6). Néu qud trinh danh gid quan thé ban dau
giip dudc gen tot nhét (tic tim dugc Ty t6i wu) thi qué trinh tim
kiém dimng lai. Néu khong, dua trén ti vu ctia nhiém sic thé,
cic Ty dugc luya chon cho mot qué trinh tiép theo, qud trinh
chon loc dém bédo nhiing 77 pht hgp nhét. Sau d6 cdc qud trinh
di truyén sé dudc thuc hién, d€ tao ra cic con la quan thé tiép
theo dudc ddnh gia. Qua trinh tim kiém gid tri toi uu ctia Ty cu
tiép tuc dugc thuc hién nhu vay cho dén khi tim dudgc gid tri
ctia Ty t6i wu, hodc thuc hién dén hét s6 thé hé theo yéu cau.
Thuat toan tim kiém gid tri t6i vu dudc thé hién qua luu dd
thuat toan Hinh 2



Measurement, control and automation

35

Quén thé Ty
ban dau

Kiém tra,
déanh gia cac

Ap dung lua chon, lai ghép,
dot biénﬁcho timg nhiém
sdc thé cua quin thé

l

Thé hé thir i+1= Ca thé tt thé
hé thir i+cac ca thé mai duge
tao ra

L ]

Hinh 2: Lvu dd thuit toan tim kiém.

6. Mo phong
St dung robot planar c¢6 ba bac tu do c6 tham s nhu Bang 1
dé€ md phong cho thuit todn GA t6i wu thdi gian chuyén dong

ctia khau tac dong cudi ctia robot.

Bang 1: Thong sb ciia robot planar

my 1,5kg
my 1,2kg
m3 1kg
d; 1m
dy 0,8m
d3 0,6m

So d6 mo ta hé thdng dung GA dé tdi uu thdi gian chuyén dong
cua tay may robot nhu Hinh 3

cudi. D€ xdc dinh quy dao tham chiéu cta cac khép theo vi tri
va hudng dit ctia khau tdc dong cudi dua vao dong hoc ngudc
ctia robot [18]. Quy dao tham chiéu ctia cac khdp dudc dua vao
bo diéu khién, vi tri va van tbc thuc ctia cic khép ciing dudgc
phan hdi lai bo diéu khién. Khi d6 mo6 men tic dong 1én cac
khép sé dugc 14y tir dau ra ctia bd diéu khién, m6 men nay sé
dugc dua vao thuat toan GA dé kiém tra diéu kién gidi han vé
md men diéu khién. Vi tri, van téc thuc ctia cac géc khop ciing
dugc dua vao thuit toin GA d€ kiém tra cdc diéu kién gi6i han
chuyén dong khi t6i wu thoi gian di chuyén clia tay may.

Quy dao thiét ké c6 diém bat ddu va diém két thiic ctia khau
tac dong cudi trong md phéng cho nhu sau:

xo=1,7m; yo=1,5m; 6y =1,0472 rad

xp=—1,2m; yr=0,78 m; 0y =2,618 rad

V6i cac diéu khién chin trén, chin dudi clia cic goc
khép, tde do chuyén dong clia cac géc khép cho bsi Bang 2,
léy theo [19].

Bang 2: Gidi han trén, va gi6i han dudi clia cic khép cua robot

Khép 1 2 3 1 2 3 1 2 3

Muc ¢1 ¢ g3 41 42 43 T T

max 4 3 26 10 10 10 25 25 25

min -03 -3 -26 -10 -10 -10 -25 -25 -25

Str dung thuat todn GA, cc tham s6 ctia GA nhu sau:

S6 c4 thé trong mdi quan thé 1a 20

Qui trinh di truyén dudc thuc hién t6i da 20 thé hé.

Quan thé clia thé hé tiép theo sé c6 5 ca thé tot nhit ctia thé hé
truée duge git lai

Sai s6 ctia cac ham danh gia 1a 107°

Ham lai ghép st dung: @crossoverintermediate.

Ti 1¢ lai ghép 12 0,9

Ham dot bién sit dung: { @mutationadaptfeasible, 0.5}.

Ti 1& dot bién 12 0,1

Ké qua chay GA dé tim thdi gian chuyén dong ti uu ctia khau
tac dong cubi clia tay mdy nhu trén Hinh 4. Trén do thi thiy
rang, ham muc tiéu da giam din dén gid tri cuc tiéu theo s6
vong 1ap trong thuat toan GA.

Best: 1.29089 Mean: 1.29089

L Best fitness
45 s, Mean fitness
g 4
A a3 3 T Dong lyc hoc cia . [
Xay dwng quy |X, | Pong hoc|q, Bo dicu khien ¢ robot ¢ L
dao chuyén dong| ngugc q
o 35
=
T
=
& 3r
@
b=}
T Thuit todn i 25
~ GA (t6i wu 7
thoi gian 7))|
2|
Hinh 3: Sc d6 mo ta hé thong st dung GA d€ t6i uu thdi gian chuyén
N 151
dong. '

S0 dd Hinh 3 1am viéc nhu sau: Thoi gian chuyén dong ctia
khau tdc dong cubi dugc 14y tif quan thé T cta thuat todn GA,
tir d6 xay dung dudc quy dao tham chiéu ctia khau tic dong

Stap Pause Generation

Hinh 4: Két qua GA sau 20 thé hé.



36

Measurement, control and automation

Tur két qua ctia thuat toan GA, ta c6 két qua quy dao chuyén
dong dang da thiic bac 3 ctia khau tac dong cudi vdi thdi gian
chuyén dong t6i uu 1a Ty = 1,29089 va phucng trinh biéu dién
céc thanh phan vi tri va huéng ctia khau tic dong cudi clia
robot nhu sau:

x=1,7317 —5,2779> 42,7257
y=1,5853 — 1,4498:> +0,7487¢
6 =1,047242,8279> — 1,4604¢>

Tt d6 thi Hinh 5 — Hinh 8 cho théy tit ca cédc gidi han vé géc
khép, toc d6 chuyén dong ciia géc khép va md men tic dong
1én céac khép nam trong gidi han cho phép. Hinh 8 cho thdy m
men ctia kh6p 1 dat gid tri gi6i han nhé nhét. Két qua cho thiy
GA hoat dong tdt, khong bi méc 18i hoi tu sém.

3 . ; :
— — Khép 1
--------- Khorp 2
25 1
khop 3
2 A
R e e e ey
15 r 1
S 1
a ! ! 1
I
e 0‘5'}' ] 1
k) i
0 A =t
05 1
q 4
15 ‘ ‘ I | ‘ ‘
0 1 2 3 4 5 6 7

Time [s]

Hinh 5: Quy dao chuyén dong ciia cac goc khép.

= = Van téc khap 1
......... Van téo khép 2|+
Vén téc khép 3

Van téc khop [rad/s]

Time [s]

Hinh 6: Van t6c chuyén dong ctia cc khép.
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Hinh 7: M6 men tac dong 1én céc khdp.
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Hinh 8: Quy dao chuyén dong cla vi tri va huéng ctia khau tac dong
cudi.

7. Két luén

Van dé thiét ké quy dao chuyén dong clia robot da dudc nghién
ctu trong bai ndy. Dua trén GA, qua trinh t6i uu thsi gian di
chuyén cia tay mdy da dudc giai quyét. Qua trinh téi vu hoa
nhd thuit toan di truyén dudc dé xuit dé xac dinh cic tham sb
clia quy dao da thic ctia tay may. Do quy dao dudgc tdi uu doc
14p v6i hinh dang robot, nén né cé thé dudgc st dung trong viéc
diéu khién bat ky loai robot nao. Trong qua trinh t6i uu hoéa,
gi6i han md men tac dong 1én cac khép robot dugc 1y tir bo
diéu khién dudc coi 1a cac ham rang budc, do d6 quy dao thu
dugc 12 t&i uu va phit hop véi trién khai thuc té.
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