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TOM TAT

Bai bdo nay trinh bay két qua md hinh hda va bai toan ddng hoc ngugc dua trén phuong phap diéu khién phan héi
vong kin (Closed-loop Inverse Kinematics - CLIK) cho hé thdng gid tén Ifa P60KM. Hé thdng dugc xem xét nhu mot canh
tay robot véi ba bac tu do véi gia thiét cac khau la vat ran tuyét doi, chua xem xét dén yéu t6 bién dang dan hdi trong céc
khau va cac khdp. Dua trén Iy thuyét DH va ca hoc hé nhiéu vat, hé phuong trinh ddng hoc clia hé thong dugc xy dung cu
thé. Két hop véi cac thong s hinh hoc cla hé théng va cac gia tri gidi han theo mé hinh thu, bai todn dong hoc nguac
duoc trién khai véi dau vao la qui dao diém thao tac cudi trong khdng gian lam viéc. Thong qua gidi phap diéu khién phan
hoi vong kin, gid tri cac bién khdp dugc xac dinh trong gidi han cho phép va dugc dung cho bai todn dong hoc thuan nham
tim ra sai s6 qujl dao thao téc. K& qua md phdng sd cho thdy, sai s6 quy dao rdt nhd, tinh 6n dinh cia hé théng diéu khién
dugc dam bao trong thoi gian dai. K&t qua nghién cu c6 thé dugc ding dé tham khao cho hé thdng diéu khién trong thuic
t€, lam co s gidi quyét bai todn dong luc hoc, tinh todn luc/md men dan ddng cho cac khdp, tir d6 ¢6 can cit dé chon hé
thdng truyén dong phu hgp véi hé thong.

Tirkhéa: Tén Iiia P60KM, md hinh héa, ddng hoc ngugc, phdn hdi vong kin.

ABSTRACT

This paper presents the results of modeling and inverse kinematics based on Closed-loop Inverse Kinematics (CLIK) for
P60KM rocket rack system. The system is considered as a robotic arm with three degrees of freedom assuming the links are
absolutely solid, without considering the elastic deformation in the joints and joints. Based on DH theory and many-body
mechanics, the system of kinematic equations is specifically built. Combined with the geometrical parameters of the
system and the limit values according to the real model, the inverse kinematics problem is implemented with the input as
the trajectory of the last operating point in the workspace. Through the closed-loop feedback control solution, the values
of the matching variables are determined within the allowable limits and are used for the forward kinematics problem to
find the error of the manipulation trajectory. The numerical simulation results show that the orbital error is very small,
and the stability of the control system is guaranteed for a long time. The research results can be used as a reference for the
control system in practice, as a basis for solving the dynamics problem, calculating the driving force/torque for the joints.

Keywords: P60KM rocket, modeling, inverse kinematics, closed-loop feedback.
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1. GIGI THIEU

Ngay nay, dudi anh
hudng cla su phat trién
khong ngung cta khoa hoc
va cbng nghé, nhiéu hé
théng tu dong hoa dugc
thiét k€ mai hodc dugc nang
cap theo xu huéng hién dai
hon, thong minh hon. Ching
dap ung yéu cau ngay cang
cao trong san xuat cong
nghiép va trong cac hoat
dong quan su. Trong s6 do,
cac loai tén Ira c& viia va nhé
dugc gan trén cac hé théng
gia c¢6 dinh trén mat dat
hodc di dong trén céc loai xe
Cd gidi quan sy, tau hai quan
[1-3] nham tang tinh co
ddng trong hanh quan hodc
trong chién dau. Du dugc |3p
dat c6 dinh hay tich hgp trén
cac thiét bi di dong khac
nhau, hé théng gia tén Ira
hién nay khong chi cé chuc
nang mang, luu gilt von cé
[4] ma con dugc tich hop
thém nhiém vu chién dau
nhu mét t6 hgp téc chién
day du véi viec thay ddi két
cdu, tang thém céac chuyén
dong co hoc va hé théng
diéu khién can thiét. Nghién
clru vé hé théng gia tén Iia
néi chung va hé théng gia
tén Ita c& nho P60KM ndi
riéng gan nhu khéng dugc
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nhac dén trong céac cong trinh cong bé béi hai ly do. Mot la
tinh bdo mat cao cla céc thiét bi, khi tai lién quan dén quan
su. Ly do chii yéu khac la do tén Ira la d6i tugng dugc quan
tdm nghién ctu cht yéu [5-11] nén hé thong gid it dugc
nhac dén trong cac cdng bé nhu la mét hé théng phu [13].
Cac hé thong phéng tén Ifa ¢& I6n dugc quan tam nhiéu
han [7-9]1 hoac hé théng tén Iia dugc lap c6 dinh trén tau hai
quan [1, 3]. Tuy nhién, d&i véi mét nudc dang phat trién nhu
Viét Nam, dé c6 thé giam dan chi phi mua sdm thiét bi quan
su tUf cdc nudc phat trién va tranh viéc phu thudc nhiéu vao
déi tac nuéc ngoai thi viéc chu dong nghién clu thiét ké, ché
tao va khi, trang bi quan su va cac hé théng di kém la rat can
thiét. Mot s8 hé théng quan su hién nay Viét Nam da c6 thé
budc dau lam chd nhu nghién cdu thiét ké va ché tao hé
théng antenna vé tinh dia tinh [13-15], nghién cuu tich hop
hé théng phao trén xe quan sy, ché tao mét sé va khi bd
binh, vl khi phong khong, ...

Vé mat ban chat, néu bd qua yéu t6 quan su, hé théng
gia tén Ira P60KM don gidn chi la mét co hé nhu cac hé
théng co khi khac. Viéc nghién ctu mé hinh héa va phan
tich hé théng nay c6 thé st dung ly thuyét co hoc hé nhiéu
vat [16] va cac ly thuyét khac [17-19]. Cu thé, hé théng gia
tén Itta P60KM cé két cdu nhu mot tay may coéng nghiép véi
cac khau néi tiép nén viéc mé hinh héa va phan tich dong
hoc, déng luc hoc c6 thé sit dung ly thuyét vé robot cong
nghiép dé€ gidi quyét. Theo do, bai toan vé mé hinh héa,
phan tich ddng hoc noi chung va déng hoc ngugc naéi riéng
da dugc xem xét trong nhiéu nghién ctu nhu [20-34].
Phuong phap giai déng hoc ngugc theo hudng xay dung
ma tran Jacobian chuyén vi (Jacobian Transpose) dugc xem
xét trong [20], phuong phdp tua nghich dao (Pseudo-
Inverse) trong [21], phuong phdp DLS (Damped Least
Squares) [22], phuong phap Quasi-Newton va Conjugate
Gradient [23, 24], diéu khién phan héi vong kin (CLIK) [25-
28], thuat toan théng minh nhu thuat toan di truyén trong
[29], thuat todn Neural Network trong [30, 31].

Trong pham vi nghién cu cta bai bao nay, van dé mé
hinh héa va bai toan ddng hoc ngugc cta hé théng gia tén
Itta P60KM dugc xem xét cu thé trén co s& phuong phap
diéu khién phan hoi vong kin [25-28, 33]. Ly thuyét co hoc
hé nhiéu vat va ly thuyét robot céng nghiép dugc st dung
trong viéc mé hinh héa hé théng. Hé phuang trinh déng
hoc dugc thiét 1ap 1a co s& dé thiét 1ap cac budc gidi bai
toan déng hoc ngugc cta hé théng dua trén cac dir liéu
dau vao vé thong s6 déng - hinh hoc ctia mé hinh va quy
dao diém thao tac trong khéng gian lam viéc thay déi theo
thai gian. K&t qua nghién ciu c6 gia tri quan trong cho viéc
xay dung va giai quyét cac van dé lién quan dén bai toan
dong luc hoc, lua chon hé théng dan dong va bai toan diéu
khién hé théng thuc.
2.NOI DUNG NGHIEN CUU
2.1. M6 hinh héa déng hoc hé théng gia tén Iira P6OKM

Khao sat hé théng gia tén Ita P6OKM nhu hinh 1. TU mé
hinh vat Iy (hinh 1a), hé théng gém 02 cum truyén dong
chinh 1a cum di chuyén va cum gia. Cum di chuyén dam
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béo tinh co déng cla hé théng trong qua trinh hanh quan
va thay déi vi tri hoat déng. Cum gié 1a ca hé c6 ba bac ty
do Ung va&i cac cum nhd gém co cdu nang ha hinh binh
hanh dam bao nang ha do cao trong thédo va lap tén la, co
cau bé xoay ddm bdo thay d&i huéng chuyén déng cla gia
va co cdu tdm dam bao thay déi tdm ban cta hé théng.
Hinh 1b m6 td mo hinh toadn hoc cta hé théng gia tén Ita.
Trong nghién ctiu nay, chuyén dong cta cum di chuyén
chua dugc xem xét dén. Chuyén déng clia ca cau hinh binh
hanh O,ACD tuong Ung véi 1 bac tu do (khép 1) véi khau
dan dong (khau 1) 1a OA. Cum hudng cla gia dugc mo ta
Ung vaéi khau quay 2 (0,B0s), goc khdp g.. Can cha y rang,
khau 2 gbm 02 doan nhé O,B va BOs. Poan BOs; hgp vai
phuong ndm ngang mét géc c6 dinh B.

g

i

PMKG60 % 4

Co ciiu hwing

Co ciu tim
Co céu néing ha

(b)
Hinh 1. M hinh vat Iy (a) va toan hoc (b) hé thdng gia tén lira P6OKM

Khau 3 Ia khau cudi OsE véi khdp quay gs. Diém cudi cla
khau 3 (diém E) dugc dinh nghia la diém thao tac cudi cda
khau.

Do ¢o hé cé cac dac tinh nhu mét dang canh tay robot
c6 céac khau néi tiép nén trong nghién cdu nay, phuong
phap Denavit - Hartenberg (DH) [18, 20] dugc si dung dé
mo hinh hoa hé théng gid néu trén. Theo dé, tién hanh
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dinh nghia hé théng cac hé toa d6 c6 dinh va hé toa do dia
phuong lén cg hé. Bat hé toa d6 ¢ dinh (OXYZ), véi géc
toa do O, tai diém dau cda khau 1 véi hudng cac truc nhu
hinh 1b. Hé toa dé dia phuong (OXYZ); gan véi khau 1 véi
g6c O; trung véi Op. Hé toa d6 (OXYZ), iing véi khau 2 va hé
(OXYZ); Ung véi khau 3 dugc gén tai diém dau cac khau O,
va 0;. Bang thong s6 DH véi cac tham s6 chinh mé ta viéc
chuyén déi gilia cac hé toa dé dai phuong dugc thé hién
nhu bang 1.
Bang 1. Thong s6 DH

Khi Théng s6 DH
qi di di ai
0:A [l 0 di n/2
A0, m-G 0 a /2
OzB (2 dz 0 -n/2
B0, -B 0 a 0
0:E gs 0 a 0

Trong d9, a,,a,,a,,a,(m) va d, (m)lan luot la cac thong
s6 vé kich thudc hinh hoc ctia hé théng.

Theo ly thuyét DH [18, 20], cAc ma tran chuyén ddi thuan
nhat gilra cac hé toa do dai phuong dugc thiét lap dé dang
dua trén bang théng s6 DH. Trén co s& d6, hudng cla cac
khau, vi tri ctia diém b4t ky trén hé théng déu co thé dugc mod
ta day du theo hé toa d6 c6 dinh (OXYZ)o. Cu thé vé hudng va
toa d& mot s6 diém dic trung cla hé théng dugc xac dinh
nhu sau:

Ma tran mé ta hudng khau O,A va vi tri diém cudi khau
(diém A):

¢, -s, 0 ag < —ac

5 |0 0 10 y“ _01 ‘ a)
A ls, ¢, 0 ags, zA s
0 0 0 1 AT

Trong do6, c, =cosq,;s, =sing,.

Ma tran mé ta hudng khau O,B va vi tri diém cudi khau
(diém B):

2 0 S, ac —a,

-5, 0 —c 0 % =A%
Doy =| .- 2 dy. =0 )]
o 0 -1 0 as+d, Ve
o 0 o : z, =a;s,+d,

Ma tran mé ta hudng khau BO; va vi tri diém cudi khau
(diém Os):

—,cB —c,sB s, ac —a,—a,c,cP

D - —s,cB —s,sB —c, —a,5,cf
50 s - 0 as +d,+a,sp
0 0 0 1 3)
Xz =a,C; —a, —a,C,cB
Y =—a55,CP

z, =a;s, +d, +a,5p
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Trong d6, ¢, =cosq,,s, =sing,,cf =cosf,sP=sinf .
Ma tran moé ta hudéng va vi tri khau thao tac O;E:

<dg-P) oslaP s ag-a-cl@d+adg—P)
| sqg-B) ssaPh < -,(aB+a,dg—P)

£ = 4)
* 1 saB —dg-P 0 as-+d+asB-asq—P

0 0 0 1
Trong do,

¢, =€0sq;,s, =sing,,c(q, —B) = cos(q, —B),

s(g, —B)=sin(q, —B) '

Vi tri diém cudi khau OsE (diém thao tac cudi E):
Xg =a,C, —a, —C,(a;cBf+a,c(g; —B))
Ye = —5,(a;cB+a,c(q; —PB) (5)
z, =as,+d, +a;sp—a,s(q, —P)

Phuong trinh (5) mé t& méi quan hé gilta vi tri diém
thao tac cudi E va céc gia tri bién khdp. Can cd vao do, bai
toan dong hoc thuan va déng hoc ngugc dugc thiét 1ap. Bai
toan dong hoc ngugc c6 nhiém vu xac dinh chinh xac cac
quy luat thay déi cda bién khdp nhdm dam béao cho hé
théng thuc hién mét nhiém vu cu thé dugc yéu cau trudc
trong khong gian thao téac (vi tri cac diém rai rac hodc quy
dao chuyén déng ctia diém thao tac cudi).

2.2. Diéu khién ddéng hoc ngugc dua trén phuong phap
phan héi vong kin

Phuang phéap diéu khién phan héi vong kin dugc thuc
hién dua trén viéc so sanh di liéu dau vao va di liéu dau ra
dé xac dinh sai s6 diéu khién. Viéc thay d6i mot s6 thong s6
quan trong trong qua trinh diéu khién sé dam bao gia tri sai
s6 diéu khién ndm trong gidi han cho trugc. Trong phan nay,
bai todan dong hoc ngugc dugc gidi trén co s& dt liéu dau
vao la quy dao diém thao tac trong khong gian lam viéc,
théng qua hé phuong trinh déng hoc va thuat toan diéu
khién phan héi vong kin, gia tri cac bién khép duoc tim ra
nham dap ung chinh xac quy dao mong muén ban dau cda
diém thao téc. Sai s6 diéu khién dugc xac dinh 1a sai s6 quy
dao thao tac. Cac gia tri bién khdp dugc tim thady can thoa
man gidi han khép cho trudc.

Dinh nghia cac véc ta toa dé khdp va toa d6 diém thao
tac.

Véc to toa do khép trong khong gian khép:

a=[a, a, q,] (rad) (©)

Véc to toa d6 diém thao tac cudi trong khéng gian lam
viéc:

X= [XE Ye Z ]T (m) 7)

Phuong trinh ddng hoc (5) dugc viét lai & dang téng
quat nhu sau:

x =f(q);xeR’;qeR’ (8)

Can cu vao diéu kién lam viéc va nhiém vu cha hé
théng, cac bién khép dugc gidi han gia tri nhu sau:
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%Sq1 S%;—anqz S2n;—2?n£q3 <0;(rad) 9)

Cac théng s6 hinh hoc cta hé théng ciing dugc xac
dinh tuong tng véi mé hinh thuc té:

a, =1,1(m);a, = 0,183(m);d, = 0,19(m);

a, =0,78(m);a, =1,075(m);B = 2m/9(rad)

Cling ti phuong trinh (5), van t8c¢ diém thao tac cudi x
dugc tinh:

x=J(q)q

TU (10) ta xac dinh véc to van t6c bién khap q:

(10)

q=J"(q)x (1)
Trong d6, J'(q) la ma trdn nghich d3o cla ma trén
jacobian J(q) tng vdi véc to bién khdp q:

0q, 0q, 0q,

s =T | De Ve P (12)
oq |09, 0q, Oq,
_6q1 oq, 6q3_

Bai toan dong hoc ngugc dugc thanh lap véi dau vao
cho truéc 1a quy dao va van t6c diém thao tac cudi trong
khéng gian thao tac x,,x,:

Xy = ﬂ(t)axd = fz (t) (13)

Dau ra can tim la quy dao cac bién khdp q(t) dam bao
yéu cau quy dao cho trudc trong (13). Cé hai phuong phap
chinh dé giai bai toan déng hoc ngugc la phucng phap giai
tich [18, 19] va phuong phap s6 [32-34]. Phuong phép giai
tich cho két qua kha quan nhung kho thuc hién, dac biét
vGi cac co hé 6 s6 bac tu do I6n, hé du dan dong. Phuong
phap s6 la phuong phap gidi hién dai, mang tinh téng quat
cao nhung c6 sai s6 do cac phép toan xap xi. Trong pham vi
nghién ctu nay, phuang phap diéu khién phan hoi theo
vong kin [25-28, 33] dugc 4p dung dé gidi bai toan IK.

Pinh nghia sai s6 quy dao trong khéng gian thao tac
nhu sau:

e=X,—X

Hay tu (1):

e=x,—f(q) (15)

Theo phuong phap CLIK [33], phuang trinh (11) dugc
tinh nhu sau:

a=1"(@k, +k,e)

Trong do, kp la ma tran hé sé déi xtiing duong.
TU (11) va (16) 6 thé suy ra:

etk e=0

(14)

(16)

(17)
Trong d6, e = x, —x . Nghiém cta phuang trinh vi phan
(17) c6 dang e =C,exp(k,t) vGi G la hdng s6. Dé thay, khi
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t — oo thi @ — 0. Nhu vay dé xuat (16) hoan toan dam bao
sai s6 hoi tu vé 0 vai k, xac dinh duong. So dé giai IK theo
phuang phép diéu khién CLIK dugc mé ta nhu hinh 2.

Le
d
_ q=J"(q)(x, +k,e)
,
3 ')

Hinh 2. S d6 giai K theo phuong phap diéu khién CLIK
Xem xét két qua moé phdng sé véi dau vao nhu sau:

4]

t t
X, =1,55+ O,OScos%(m);yE =-0,48 —0,0Ssin%(m),‘

t . 0,0 .ot

Z; =2,23—0,02cosﬂ—(m);xE =— o smn—(m);
6 6 6

y ———O’Osncosn—t(m)'z —0'02nsinn—t(m)'

Ve 6 6 6 6

Ma tran déi xtiing xac dinh duong k, dugc cho trudc nhu
sau:

50 0 O
k,=| 0 50 0 (18)
0 0 50
3. KET QUA VA THAO LUAN
Két qua mo phdng s6 dugc thé hién tir hinh 3 + 8.
3, T
A2.5:-—_'_'—-"_—'—___—_""——"'"f
B
= 2 - —qt
g .| - - a2
§1.5 ......... q3
5
% 0.5
s o
=
-0.5
s : : : 4
0 5 10 15 20

Thoi gian (s)
Hinh 3. Gia tri cdc bién khdp

0.03
0.02
0.01

ol
-0.01 f

-0.02

Gia tri van toc cac bien khop (rad/s)

-0.03 | | +
1] 5 10 15 20
Thoi gian (s)

Hinh 4. Gia tri van toc cac bién khap
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Két qua bai toan ddng hoc ngugc dugc thé hién cu thé
trong hinh 3 va 4. Hinh 3 cho thay, gia tri cac bién khdp
dugc xac dinh déu nam trong gidi han cho phép, khéng c6
su thay d&i dot ngodt va cac quy luat thay déi theo thai gian
khéng c6 diém bat thudng. Tuong tu nhu vay, hinh 4 thé
hién gia tri van t&c cac bién khdp va dé thdy khong cé diém
bat thudng, van téc khong thay d8i dot ngot. Piéu nay hé
théng chuyén déng tron tru va muot.

Vi tri diem thao tac E theo truc OX (m)

0 5 10 15 20
Thoi gian (s)
Hinh 5. Vi tri diém thao tac theo OX

-0.44 -

-0.46 1

-0.48 -

051

-0.52 -

Vi tri diem thao tac E theo truc OY (m)

-0.54 i i .
0 5 10 15 20
Thoi gian (s)
Hinh 6. Vi tri diém thao tac theo OY

2251

2.24 1

223 1

222 ¢

2.21

Vi tri diem thao tac E theo truc OZ (m)

0 5 16 1‘5 20
Thoi gian (s)
Hinh 7. Vi tri diém thao tc theo 0Z
Hinh 5, 6 va 7 mé ta quy dao cla diém thao tac E trong
khong gian lam viéc dugc tinh toan lai thong qua bai toan
dong hoc thuan, véi dit liéu dau vao la gia tri cac bién khép
dugc tinh tU mé hinh diéu khién phan héi vong kin. Dé
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nhan thay, cac gia tri vi tri diém thao tac bam sat cac gia tri
mong mudn ban dau, so sai léch 1a khédng dang ké. Diéu
nay ching td thuat toan diéu khién phan hoi vong kin rat
hiéu qua do6i vai viéc giai dong hoc ngugc cho moé hinh nay.
Hinh 8 thé hién sai s6 vi tri quy dao diém thao tac cudi va
cing lan nita khdng dinh tinh hiéu qua, én dinh cao cla
thuat toan diéu khién. Gia tri sai s6 quy dao nhé han Tmm.
Day la két qua rat tét cho mot co hé c6 kich thudce I6n.
x10°

3 [—ex| -

Sai so vi tri diem thao tac E (m)

0 5 10 15 20
Thoi gian (s)

Hinh 8. Sai s6 quj dao diém thao tac
4, KET LUAN

Hé théng gia tén Ilta P60KM c6 thé noi la mot mé hinh cu
thé néi riéng nhung cling cé thé coi la mot ca hé cé tinh chat
nhu mét canh tay robot cong nghiép noéi chung. Viéc mo
hinh héa va giai cac bai toan déng hoc, dong luc hoc va diéu
khién van ludn can thiét dé khao sat, phuc vu thiét ké va ché
tao hé théng thuc, @m bao hé théng lam viéc dang nhu yéu
cdu. Nghién ctu nay da gidi quyét cu thé hai van dé chinh
gém mo hinh hda toan hoc véi két qua la hé phuang trinh
dong hoc dugc thanh lap va gidi bai todn dong hoc ngugc
dua trén phuong phap diéu khién phan héi vong kin. Vi quy
dao clia diém thao tac cu thé cho trudc trong khong gian
lam viéc, quy luat cac bién khép tuong Ung dugc xac dinh
Vi sai s6 quy dao rat nhd va tinh én dinh cda hé théng cao.
Két qua nghién ctru nay c6 y nghia quan trong va lam nén
tang dé giai quyét bai toan déng luc hoc trong viéc tim ra gia
tri luc/moé men cac khdp, tir d6 c6 thé chon dugc hé théng
dan déng phu hgp. Hon niia, bai toan diéu khién hé théng
thuc cling c6 thé sir dung két quéa nghién clu nay dé danh
gi& va xac dinh yéu cau cu thé trong thuc té.
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