HOI NGH| KHOA HOC VA CONG NGHE TOAN QUOC VE CO KHi LAN THU V - VCME 2018

>

M4 hinh héa va diéu khién dwa trén dong luc hoc ngwoc tay may

phing hai khau dan hoi

Modeling and inverse dynamic based control of a two-link flexible

planar manipulator

Nguyén Quang Hoélngl’*,

Truong Qudc Chién', Pinh Cong Pat'*",

Than Vin Ngoc'”
"Vién Co khi, Trwong Pai hoc Bach khoa Ha Néi

’Khoa Khoa Khoa hoc Co ban, Truong Pai hoc Mo - Pia chat

'Khoa Co dién cong trinh, Truong Pai hoc Lam nghiép

Email: hoang.nguyenquang@hust.edu.vn; dinhcongdat@humg.edu.vn

Tom tit

Tir khoa:
Mo hinh héa; Phuong phap phan tir

hitu han; Diéu khién chuyen dong;
Tay may dan hoi; Mo phong sb.

Vi 1y do tiét kiém vat liéu va giam thoi gian ting tdc, cac tay may
robot ngay cang duogc thiét ké manh hon va do d6 tinh dan hoi cua
cac khau la khong thé bo qua trong viéc khdo sat dong luc hoc va
thiét ké bo diéu khién chuyen dong. Do bién dang cua khau khi
chuyén dong nén bai toan dleu khién chuyén dong trd nén phuc tap
va kho dam bao dé diém cudi bam theo qui dao mong muén. Bai bao
nay trinh bay viéc mo hinh héa tay may phang c6 khau dan hdi bang
phuong phap phan tir hitu han va phuong trinh Lagrange loai 2. Trén
co s phuong trinh vi phan chuyén dong nhan duoc, cic b diéu
khién PD cho bai toan vi trf va by diéu khién dua trén dong luc hoc
nguoc tay may ran cho bai toan diéu khién qui dao dugc thiét ké. Cac
mo phong sd dugc thuc hién ddi voi tay may phang dé minh hoa cho
thuat giai dé xuét.

Abstract
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Due to material savings and acceleration time reducing, robot
manipulators are designed to be slender. Therefore, the elasticity of
links couldn’t be neglected in dynamic analysis and control design.
Due to the elastic deformation of links, the motion control problem
becomes complicated and it is difficult to ensure that the end-effector
follows the desired trajectory. This paper presents the modeling of
flexible manipulators by finite element methods and the Lagrangian
formulation. Based on equations of motion, a PD controller and
controller based on inverse dynamics of rigid manipulator for a
flexible manipulator are designed. Numerical simulations are
implemented for a two degree of freedom flexible planar manipulator
to illustrate the proposed algorithm.
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1. GIOI THIEU

Ngay nay, tay may robot dugc sir dung rong rdi trong hau het cac linh vie cong nghiép, y
té, hang khong,... D& bo qua bién dang dan hoi, tay may robot truyen thong duoc thiét ké co do
cing cao, do do co thé dugc md hinh nhu hé cac vat rin tuyét ddi duoc lién két boi cac khép
quay hoac khép tinh tién dé thuan tién cho viéc diéu khién hé théng. bPé tang dJ cung tay may,
cac nha ché tao thuong tang kich thudc. Didu nay lam ting khdi lwong cua cac khau va do do
lam tang kich thudc cua cac co cdu din va truyén dong, va dan téi ting lwong tiéu thu ning
lwong cho robot. Viéc ché tao tay may robot nhe va manh hon c6 chi phi vét liéu va ning luong
thdp hon, nhung viéc giam khéi lugng khau s& dan dén viéc giam d6 cang cua khau. Khi do, cac
tay may tr& nén dé bién dang hon va kho khin hon dé diéu khién chinh xac. Boi vay, d01 véi bai
toan dong luc hoc nguoc va diéu khién robot ¢ cac khau manh, nhe hodc cic co céu chuyén
dong véi van toc va gia toc 16n, cling nhu tai trong lam viéc 16n, tinh chit dan hdi ciia khau 1a
khong thé bo qua. Loai tay may dan h01 nay thuong dugc g dung trong céc linh vuc nhu tham
hiém khong gian, tu dong hoa san xuét, xdy dung, mo, noi ma doi hoi tay may c6 khdi lugng nhod
va khong gian 1am viéc 16n.

Viéc nghlen clru tay may dan h01 da thu hat sy quan tdm cua cac nha khoa hoc trong
khoang ba thap nién gin day. ba co rat nhiéu cong trinh nghién ctru vé dong luc hoc va dleu
khién tay may c6 khau dan hdi. Cac cong trinh nay duoc tong hop trong cac bai nghién ctru tong
quan nhu [1-4, 12, 13]. Nhin chung cac cong trinh tap trung vao viéc mé hinh hoa va thiét ké
diéu khién cho tay may dan hoi. Trong d6 nam phuong phap chinh duoc sir dung dé mo hinh hoa
khau dan hdi, bao gom: 1. phuong phap tham sb tap trung (lumped parameter method, LPM)
[15], 2. phuong phép sai phan hitu han (finite difference method, FDM), 3. phuong phéap khai
trién theo cic ham riéng gia dinh hay phuong phap Ritz-Galerkin (Assumed mode method,
AMM) [9, 10, 11], 4. phuong phéap phan tir hitu han (finite difference method, FEM) [14, 16], 5.
phuong phap phan tir hitu han rén (rigid finite element method, RFEM) hay con goi la phuong
phap h¢ nhiéu vat rin (Multlbody System, MBS) [19]. Mbi phuong phap déu c6 nhitng wu nhugc
diém, voi phuong phap sai phan hiru han cac dao ham riéng theo blen khong gian dugc thay thé
bang cac cong thirc sai phan. Khé khan cua phuong phap tham sO tap trung 13 viéc xac dinh cac
thong sd ctia bo 10 xo va can nhdt twong duong. Doi véi phuong phap Ritz-Galerkin ta can phai
xac dinh dugc cac ham riéng gia dinh, thuong mé hinh khau bang phan tir dam hai dau ban 18
hodc mot ddu ngam mot dau tu do. Trai lai, vdi phuong phap phan tir hitu han cac ham dang
dugc cho trude véi toan bo 16p bai toan dwa vé md hinh dam Euler - Bernoulli.

Bén canh viéc mo hinh hoa, cac luat diéu khién vi tri va qui dao cua cac khau cling dugc
quan tim nghién ctru. R4t nhiéu luat diéu khién tir tuyén tinh, phi tuyén, bén ving, thich nghi,
logic md, str dung mang no ron,... da dugc thiét 1ap va ap dung dbi véi tay may dan hoi [7, 8-10,
18, 19].

Trong bai bao nay, phuong phap phén tir hitu han va phuong trinh Lagrange loai 2 dugc st
dung dé xay dung mo hinh dong lyc cho tay may phang dang chudi ¢6 hai khép tinh tién va quay
voi cac khau dan hoi. Trén co s¢ phwong trinh vi phan chuyén dong nhan duoc, cho phép thiét ke
bo didu khién PD cho bai toan vi tri va bo diéu khién (dua trén dong luc hoc nguoc tay may rin
cho bai toan diéu khién qui dao. B4 cuc ctia bai bao gdm 5 phan: phan 1 tong quan, phan 2 trinh
bay viéc ap dung phuong phap FEM vao viéc xdy dung phuong trinh vi phan chuyén dong cho
h¢ tay may phang hai khau. Phan 3 trinh bay hai luat diéu khién don gian cho hai loai nhiém vu
khac nhau. Phan 4 trinh bay cac két qua mo phong s cua hai luat diéu khién chuyén dong. Cubi
cung 1a phan két luan.
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2. XAY DUNG MO HINH PONG LUC HQC TAY MAY PAN HOI HAI KHAU
2.1. M6 hinh dgng luc hoc cho tay may bang céic phan tir hitu han
Phuong trinh vi phan chuyén dong cta tay may chudi dan hdi duoc thiét 1ap bang phuong
phap FEM va phuong trinh Lagrange loai 2 c6 dang ma tran nhu sau
M(q)§ + C(q,4)q + Dg + Kq +g(q) = B7, (D

véi q =[q;,q;]" 1a véc to toa d suy rong chira toa do suy rong rin va toa do suy rong dan hoi,
M(q) 1a ma tran khdi lwrong suy rong, K 12 ma tran do cung suy rong, D 1a ma tran can, C(q,q)
la ma trdn Cori6lis va ly tdm, g(q) 1a ma tran luc suy rong do trong lyc. Chi tiét vé viéc xay
dung phuong trinh ndy ¢ thé tham khao trong cac tai liéu [1, 17, 20, 21].

2.2. Phuong trinh vi phin chuyén dgng ciia tay may dan hoi T-R

Xét tay may hai khau dan hdi co cac
khop tinh tién va quay nhu trén Hinh 1.

Thong sb cuia cac khau dugc cho trong bang
1. Thong qua mdt so két qua trong [20], [22]

ta thdy khi ldy s6 phan tir cia mot khau 14 1,
2, 3, 4 dan dén két qua khong khac biét
nhiéu nhung khdi Iurgng tinh toén ting dang
ké, vy trong bai ndy ta sir dung mo hinh
modt phan tir cho mdi khau. Cac toa do suy
rong cho céc khau la

mjy

up

q, = [qr17u137u14]T (2)
q4, = [y()27027u237u24]T7 (3)

Yoo = QT U13702 =q, Uy

Hinh 1. Tay may 2 khau T-R

Va toa d§ suy rong chung cho ca tay may nhu sau

q= [ G G Uz Uy Uy Uy ]T (4)
Trong d6 u,, u,,, U, U, 1an Iuot 13 bién dang dai va ubn tai diém cudi thanh 1 va 2.
Bang 1. Cac thong s6 ciia tay may hai khau dan hoi
Théng sb Khau 1 Khau 2
rho = 8000 (kg/m3); Li=0,5(m); N;=1; L, =0,40 (m); N, = 1;
b=0,02 (m); m; =rho*A*L, (kg); m, = rho*A*L, (kg);
h = 0,005 (m); m.; = my/N; (kg); mya = 0,05*m, (kg);
A =Db*h (m"2); m;a = 0,05*m; (kg); me, = my/N, (kg);
E =2x10"10 (N/m”2); m;p = 0,05*m, (kg); myp= 0,05*m, (kg);
Heé s6 can tai hai khép: I;4 =0,0001 (m"4); L =0,0001 (m"4);
d1 =0,10,d2=10,10; I, =0,0001 (m"4); I,z = 0,0001 (m"4);
H¢ s6 can Rayleigh Li.=Ly/N;(m); L,. = Ly/N; (m);
delta = 0,0005; I, = b*h’/12 (m*4); L="b*h*/12 (m"4);
Damp = delta*K; E;; =E*I; (N,m"2) Ep = E*; (N, m"4);
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Str dung phﬁn mém Maple ta nhan dugc cac ma tran khdi luong va do cting cho tung khau
cta tay may nhu sau:

my, +m + My %mle +mg _lemlelle El 0 0 0
M, = %mle +mp _% e | K= l_;l 0 12 -6, |, (5
dz 1(1)5 le 126 ‘|0 _6l1e 4l12€
Ma tran khéi luong M, c0 4x4 ddi ximg c¢6 cac phan tir nira tam giac trén nhu sau:
_mZe + mZA mge er m?eZQe
m,, o +my, |, COS((]Q) 5 + My COS((]Q) - cos (qQ)
1/3)ym,l,>+1 2
( / ) 226 2e 24 l m26126 + mQBZQE _ erZQe + IQB
M, = +mypl,” + 1 20 (6)
13m,, _1Im, 1,
35 0 210
m, 1,
dz —2e 4]
L 105 %
0 0 O 0
ELLIO 0O O 0
e (7
210 0 12 -6,
0 0 -6, 4
V6i khdi lugng va chiéu dai phanti1a m, =m, /N, =L /N, 1=12.

Ghép ndi cac ma tran khoi luong va d§ cliing céc khau lai ta thu dugc ma tran khéi lugng
M(q) va ma tran do cing K cia ca hé c& 6x6 dang doi xirng vdi cac phan tu:

Mn =My, My +Mmyp My, + My, + My

M, = %mZeZZe C08(q, + Uyy) + myphy, cOS(q,, +uy,)
M, = % T Myp My, + My, + Myp
M14 T mll(;le " mZeZZe COS;(JTZ . UM) + m2Bl2e COS(qr2 + u14>;
M, = my, c08(q,, + ) +my, cos(q, +uy,) s M, =— My, by, €08(g,, +U,)
2 12
M = m2Tpl22€ + Ly +bmyy + 1y s My, = e COS;CM £l + My COS(q + Uy )y,
M, = mZTJZZP + Ly + bmyy + Ly s My = 7(m26126;(;126m23) » Mo = _mg_fe + 1o
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13m,,
33 = Ty My, My, My,
35
_1Iml m, I, cos(q. + u
34 = 2110 = + pee ; = 14) + mZB COS(qTZ + u14)l26
m,, cos(q,, + u My, l,, cos(q,, +u
j\43'5 — 2 ( 2 14) + mZB COS(qTZ +u14) ;M36 — 2e 2 ( 2 14)
2 12
A [ ™m,
" _—mf()(;) +1, LA () + L, +Emy, +1,, M, = 7226 2+ m,,l,
my, I 13m,, _1imy L, _my by
16 = _5—02+IZB ;M55 =Tl+m23 ;Mso’ = 21202 s g = 12052 + 1,
Ma tran d6 ctng tong thé c6 dang
00 0 0 ]
0 0 0 0
0 0 12I.E, —-61E, 0 0
[ I
le le
-6l E, 41 F
K=0 0 121 1 Zl 1 0 0 ()
le le
12I,LE, —6L,E,
0 0 0 0 132 : B
2e 2e
0 0 0 0 —6I,F, ALE,
| 3 L, |

Ma tran Coriolis va ly tim C(q,q) dugc xac dinh tir ma tran khéi lugng M(q) theo cong
thirc Christoffel [22] hodc st dung tich Kronecker [6]. Bé qua can trong cta vat li¢u khau, ma
tran cian D ¢6 dugc do can nhot tai cac khép dan dong. Véc to luc suy rong g(q) co dugc tir
biéu thirc thé ning do trong luc, g(q) = 0 khi tay may chuyén dong trong mit phang ngang.

3. PIEU KHIEN TAY MAY CO KHAU DAN HOI

Nhiém vu cua bai toan diéu khién tay may dan hoi 1a dua ra qui luat lye/moé men dﬁn dong
tac dung 1am cho diém cudi cla tay may dat dén vi tri mong mudn hay qui dao mong muén véi
d6 chinh xac cang cao cang tdt. So vai diéu khién tay may cung, viée diéu khién tay may dan hoi
gap nhiéu khé khin hon, boi vi trong qua trinh chuyén dong cac khau cia tay may thuong bi
kich thich dao dong do tinh dan hoi cta nd. O day ta xét bai toan didu khién tay may trong khong

gian khop. Hai bai toan dugc dat ra ¢ day: 1. diéu khién vi tri q, > q,, =const; 2. diéu khién
bam quidao q, () > q, ,(t).
3.1 Piéu khién vi tri: diéu khién PD
Luat diéu khién PD+ bu trong luc duoc ap dung dbi véi tay may nhu sau:
T= Kp(qr.d - qr) + Kd,(o - qr) + gr(qr7qf = 0)
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v6i cac ma trén vudng K , K, > 0 c6 c& bang s6 khop cua tay may. Tinh 6n dinh cua hé duoc

khao sat nho ham trir ndng sau

1. . 1
V = EqTM(q)q + H(q) + E(qr.d - qr)T Kp (qr.d - q1)
Luu ¥ rang oI / 6q = Kq + g(q) . Pao ham ¥ theo thoi gian va st dung tinh chit phan d6i
xtg ctia ma tran [M(q) — 2C(q, q)], ta dugc V = —¢” (DT + Kd)qT <0.
So d6 khéi cua diéu khién PD duoc thé hién nhu trén hinh 2.

A

g.(q,,q, =0)

d + . .
qT =0 eT qfaqf
—( g —»| K, _

Ar % T Tay may s
d ) b A q,,4,
q + e dan hoi o
" " 4 Tpp >
0 > K,

Hinh 2. So dd diéu khién PD + bu trong luc

3.2. Diéu khién PD tang cwong dua trén mé hinh dfng luc tay may rin

Gia su réng bién dang cua céc khau 1a nhd, do d6 ta co thé sur dung mé hinh dong luc
ngugc tay may ran 1a co s¢ dé tinh lyc/m6 men dan dong. Theo d6 Gng véi chuyén dong cho
trude cua cac khép q’(t) ta xac dinh duge lyc/md men nhu sau:

7/(t) =M (qV)d’ +C, (q!.q4/)q! + D g’ +g (q!). )

Dé khau dan cta tay may dan hdi chuyén dong bam theo ludt chuyén dong dé ra va co thé
lam gidm dao dong cua tay may, ¢ day dé xuat thém mot moé men dicu khién tang cudong dang
PD nhu sau:

. =Ke +Kz¢ , voie = q’' —q, (10)
Nhu thé mé men tac dung 1én co cdu dan hoi sé la
r,=7/(t)+7,. =7/(t) +Ke +Ke, (11)

voi Kp,K , 1a cdc ma tran x4c dinh duong c& n x n. So do khoi cta diéu khién dya trén

dong luc hoc ngugc tay may rin duoc thé hién nhu trén hinh 3. Theo so dd diéu khién nay, ta
khong phai do chuyén dong do bien dang.
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y
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Mo hinh r
tay may ran

SV

A\ A 4

o) Tay may

: . As q,,9
e T r
® r K, * dan hoi

v

Hinh 3. So dd diéu khién dya vao dong luc hoc ngugc + PD tang cudng

4. KET QUA VA THAO LUAN
4.1. M6 phéng s bai toan diéu khién vi tri

Thyc hién trién khai so d?) diéu khién PD + bu trong luc (hinh 2) trong Matlab/simulink
vdi cac thong s6 tay may dan hoi nhu trong bang 1. Muc ti€u 1a muon diém cudi di chuyén dén
vi tri mong mudn r, =[0.7787,0.7869]" . Piéu kién diu cia cic toa do suy rong dugc chon
q,(0)=[0,0]", q,(0)=[0,0,0,0]".

Céc thong sb cua bo diéu khlen dugc chon: K, = 400*diag([1,1]), Ku = 120*diag([1,1]).

Thyec hién mo phong trén phan mém MATLAB, két qua md phong sb trong trudng hop nay duoc
dua ra trén cac hinh 4 dén 6.

1 1

0.8 1 0.8
06 . =06
E 8
T S
S 04r S04

0.2} 1 0.2}

B ; . ; ; i ; ; ; ; ;
0 05 1 15 2 25 3 0 05 1 15 2 25 3

t(s) (s)
Hinh 4. D6 thi toa d6 khép rin theo thoi gian
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—u13(m) 0015} —u23(m) |
- —— u24(rad) 3 ——u24(rad)
= <€ 001} g
- < 0.005
S S
© T 0
£ £
o S -0.005
3 3
o o -0.01
8- & -0.015
L L
-0.02
i i i 0.025 3 ; i ‘ i
15 2 25 3 0 05 1 15 2 25 3
t(s) t(s)

Hinh 5. D0 thi bién dang udn va bién dang goc ciia mit cat ngang cudi mdi khau theo thoi gian

2 1

0.8 F

1571

0.6

4 do4r

051 2 1 0.2+
0 . ‘ — 0

0.8 0.85 0.9 0 0.5 1 115 2 25 3
xE(m) t(s)

Hinh 6. D) thi toa d6 diém cubi theo thoi gian

Nhdn xét: Chuyén dong cua toa d6 khop twong dbi tron tru va dat dén vi tri mong mudn
sau khoang 1,5(s). D6 thi hinh 6 cho thay diém tac dong cudi tiém can va dat dén vi tri mong
muon. Tuy nhién, do c6 chuyen dong bién dang nén trong qua trinh chuyen dong dao dong trong
h¢ xuat hién nhung tat dan. Tir két qua nay c6 thé thiy rang v6i bd diéu khién PD vi tri mong
mudn cta diém cudi co thé dat dugc.

4.2. M6 phéng sb bai toan diéu khién qui dao

Thyc hién trién khai so @ didu khién dua trén dong luc hoc nguoc tay may rin + PD ting
cuong (hinh 3) trong Matlab/simulink. Muc tiéu 1a mudn toa do khép chu dong q, chuyén dong
theo qui luat mong mudn cho bdi cac ham lién tuc theo thoi gian

q,(t) =[0,2sin(4zt + 7 / 2),0,2sin(27t)]"
Cac thong s6 ciia bo diéu khién dugc chon: K, = 400*diag([1,1]), K4 = 120*diag([1,1]).

Diéu kién dau cua cac toa do suy rong dugc chon q,(0) =[O,O.2]T, q_,'(0)=[0,0,0,0]T. Thuc hién

md phong trén phan mém MATLAB, két qua md phong sb trong truong hop nay duoc dua ra
trén cac hinh 7 va 8.
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0.3 T T T T T T T 0.3

—FM
— Designed
0.2

—FM
—Designed

02

01

ari(m)

gr2(rad)
o

-0.11

021

-0.3
0

t(s) ' t(s)
Hinh 7. D6 thi toa d6 khép ran theo thoi gian

%
0.08 ‘ ‘ ‘ ; ‘ ; ‘ o

—u13(m) —u23(m)
0.06 —ul4(rad)| | 6 —u24(rad) | 1

Elastic defornmation - link 1
Elastic deformation - link 2

0 05 1 15 2 2.5 3 35 4 0 05 1 15 2 2.5 3 35 4
t(s) t(s)

Hinh 8. D thi bién dang udn va bién dang goc ciia mit cit ngang cudi mdi khau theo thoi gian

Nhan xét: Cac dd thi gr1(2) va g,2(¢) trén hinh 7 cho thdy rang cac chuyen dong cho trudce
cua khop dan duoc diéu khién bam theo chuyen dong mong muodn sau thoi gian khoang 1(s). Khi
chuyén dong ctia cac khép dan bam theo chuyén dong mong mudn thi chuyén dong dan hoi xuat
hién nhu mot dao dong binh 6n. Hién tuong nay 1a do chuyén dong dit cho cac khép 1a chuyén
d6ng tuan hoan.

5. KET LUAN

Bai béo niy di trinh bay mo hinh dong lyc ciia tay may phang hai khop tinh tién va quay
(T-R) c6 khau dan hoi. Phuong trinh vi phén chuyen dong cua tay may dan hoi co dang twong tu
nhu tay may toan khau ran. Tt cac phuong trinh vi phan chuyén dong nay dap ung cua hé dugc
mb phong bang Matllab/simulink v6i hai bd diéu khién: PD cho diéu khién vi tri va PD két hop
voi dong luc hoc nguoc tay may cing. Cac két qua md phong cho thiy véi bai toan diéu khién vi
tri, bo diéu khién truyén théng PD c6 thé dap ing dugc. Tuy nhién, thoi gian dé dao dong tat con
tuong dbi 16n. Voi bai toan didu khién bam qui dao, trong bai bao méi chi ap dung ddi véi
trudng hop cho trudc chuyén dong ciia khép dan. Bai toan diéu khién bam qui dao trong khong
gian thao tac s€ dugc quan tam trong thoi gian toi.
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