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Tom tit

Tir khéa:

Mo hinh hoa; Phuong phap phén tir
hitu han; Piéu khién chuyén dong;
Tay may dan hoi; M6 phong so.

Vi Iy do tiét kiém vat liéu va giam thoi gian ting tdc, cac tay may
robot ngay cang duoc thiét k& manh hon va do d6 tinh dan héi coa
cac khau la khong thé bo qua trong viéc khao sat dong luc hoc va
thiét k& bo didu khién chuyén dong. Do bién dang ciia khau khi
chuyén dong nén bai toan diéu khién chuyén dong trd nén phirc tap
va khé dam bao dé diém cudi bam theo qui dao mong mudn. Bai bao
nay trinh bay viéc mé hinh hoa tay may phing c6 khau dan hdi bang
phuong phap ph?m to hitu han va phuong trinh Lagrange loai 2. Trén
co sO phuong trinh vi phan chuyén déng nhén dugc, cac bo didu
khién PD cho bai toan vi trf va bd diéu khién dua trén dong luc hoc
nguoc tay may rén cho bai toan diéu khién qui dao dugc thiét ké. Cac
mo phong sb dugc thyc hién ddi véi tay may phang dé minh hoa cho
thudt giai dé xuét.

Abstract

Keywords:

Modeling; Finite element method,
Motion control; Flexible robot
manipulators; Numerical simulation.

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.

Ngay nhén bai: 30/7/2018
Ngay nhén bai stra: 14/9/2018
Ngay chap nhan dang: 15/9/2018
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1. GIOI THIEU

Ngay nay, tay may robot dugc sir dung rong réi trong hau hét cac linh vuc cong nghiép, y
té, hang khong,... Dé bé qua bién dang dan hoi, tay may robot truyen thong duoc thiét ké ¢ do
ciing cao, do do co thé dugc md hinh nhu hé cac vat rin tuyét ddi duoc lién két bai cac khép
quay hodc khop tinh tién dé thuan tién cho viéc diéu khién hé théng. pé tang do cung tay may,
cac nha ché tao thudng ting kich thudc. Piéu niy lam ting khdi lrong cta cic khau va do do
lam ting kich thudc cta cic co cdu dan va truyén dong, va dan toi tang lugng tiéu thu ning
luong cho robot. Viéc ché tao tay may robot nhe va manh hon c6 chi phi vt lidu va niang luong
thép hon, nhung viéc giam khdi lwgng khau s& dan dén viéc giam d9 cung ctua khau. Khi do, cac
tay may trd nén dé bién dang hon va khé khan hon dé diéu khién chinh xac. Boi vay, doi v6i bai
toan dong lyc hoc nguoc va diéu khién robot c¢6 cac khau manh, nhe hodc cac co cau chuyén
dong voi van tdc va gia tde 1om, cling nhu tai trong lam viéc 16n, tinh chit dan hdi cua khau 1a
khong thé bo qua. Loai tay may dan hoi ndy thuong duge vng dung trong cac linh vyc nhu tham
hiém khong gian, tu dong hoa san xuét, xay dung, mo, noi ma doi hoi tay may c6 khdi lugng nho
va khong gian lam vi¢c 1on.

Viéc nghién ctru tay may dan hdi da thu hat sy quan tdm cta cac nha khoa hoc trong
khoang ba thap nién gan day. Pa co rat nhiéu cong trinh nghién ciru vé dong luc hoc va diéu
khién tay may c6 khau dan hdi. Cac cong trinh nay duoc tong hop trong cac bai nghién ciru tong
quan nhu [1-4, 12, 13]. Nhin chung cic cong trinh tp trung vao viéc md hinh héa va thiét ké
diéu khién cho tay may dan hoi. Trong d6 naim phuong phéap chinh duoc sir dung ¢é mé hinh héa
khau dan hoi, bao gom: 1. phwong phap tham sb tap trung (lumped parameter method, LPM)
[15], 2. phuong phép sai phan hitu han (finite difference method, FDM), 3. phuong phap khai
trién theo cdc ham riéng gia dinh hay phuong phép Ritz-Galerkin (Assumed mode method,
AMM) [9, 10, 11], 4. phuong phap phan tir hiru han (finite difference method, FEM) [14, 16], 5
phuong phap phan tir hitu han ran (rigid finite element method, RFEM) hay con goi la phu'0’ng
phap h¢ nhiéu vt rin (Multlbody System, MBS) [19]. Mdi phuong phap déu c6 nhirng wu nhuoc
diém, voi phuong phap sai phan hiru han cac dao ham riéng theo blen khong gian dugc thay thé
bang cac cong thire sai phan. Kho khan cua phuong phap tham s6 tap trung 14 viéc xac dinh cac
thong s6 ciia bo 10 xo va can nhdt trong duwong. Pdi v6i phuong phap Ritz-Galerkin ta can phai
xac dinh dugc cac ham riéng gia dinh, thuong mo hinh khau bang phan tir ddm hai dau ban 1&
hodc mot dau ngam mot dau ty do. Trai lai, véi phuong phap phém ti hitu han cac ham dang
duoc cho trudc voitoan bd 16p bai toan dua vé md hinh dam Euler - Bernoulli.

Bén canh viéc mo hinh héa, cic luat diéu khién Vi tri va qui dao cua cac khau cling duoc
quan tdm nghién ctru. Rat nhiéu luat diéu khién tir tuyén tinh, phi tuyén, bén virng, thich nghi,
logic mo, sir dung mang no ron,... da duoc thiét 1ap va ap dung dbi véi tay may dan hoi [7, 8-10,
18, 19].

Trong bai bao nay, phuong phap phan tir hiru han va phuwong trinh Lagrange loai 2 dugc sir
dung dé xay dung mo hinh dong lyc cho tay may phang dang chudi c6 hai khop tinh tién va quay
v6i cac khau dan hoi. Trén co s phuong trinh vi phan chuyén dong nhan dugc, cho phép thiét ké
bd diéu khién PD cho bai toan vi tri va bo diéu khién dya trén dong luc hoc ngugc tay may ran
cho bai toan diéu khién qui dao. B cuc ciia bai bio gdbm 5 phan: phan 1 tong quan, phan 2 trinh
bay viéc 4p dung phuong phap FEM vao viéc xdy dung phuong trinh vi phan chuyén dong cho
hé tay may phang hai khau. Phan 3 trinh bay hai luat diéu khién don gian cho hai loai nhiém vu
khéc nhau. Phan 4 trinh bay cac két qua md phong s cua hai luat diéu khién chuyén dong. Cudi
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. M hinh dng lwc hoc cho tay may bang cac phén tir hitu han
Phuong trinh vi phan chuyén dong cta tay may chudi dan hdi duge thiét 1ap bang phuong
phap FEM va phuong trinh Lagrange loai 2 c6 dang ma tran nhu sau
M(q)§ + C(q,4)q + Dq + Kq +g(q) = Bz, (M

véi q =1[q’, q?]T la véc to toa d6 suy rong chura toa do suy rong ran va toa do suy rong dan hdi,
M(q) 1a ma tran khdi lugng suy rong, K 1a ma tran d¢ cing suy rong, D 1a ma tran can, C(q,q)
la ma tran Cori6lis va ly tam, g(q) 1a ma tran lyc suy rong do trong luc. Chi tiét vé viéc xay
dung phuong trinh ndy c6 thé tham khéo trong cac tai liéu [1, 17, 20, 21].

2.2. Phuong trinh vi phan chuyén dong ciia tay may dan héi T-R

Xét tay may hai khau dan héi co cac
khop tinh tién va quay nhu trén Hinh 1.
Thong s6 cua cac khau duge cho trong bang
1. Thong qua mdt sb két qua trong [20], [22]
ta thay khi ldy s6 phan tir ciia mot khau 1a 1,
2, 3, 4 dan dén két qua khong khac biét
nhiéu nhung khdi lwong tinh toan ting déng
ké, vay trong bai ndy ta sir dung mo hinh
mot phén tir cho mdi khau. Cac toa do suy
rong cho cac khau la

miy

up

q, = [quvum?um]T 2
q, = [%)27027“237“24]1" (3)

Yoo =9 t u137‘92 =4, T Uy

Hinh 1. Tay méy 2 khau T-R

Va toa dg suy rong chung cho ca tay may nhu sau

q= [ Q1 Gy Uy Uy Uy Uy ]T 4)
Trong d6 w,, u,,, Uy, u,, lan luot 13 bién dang dai va udn tai diém cudi thanh 1 va 2.
Bing 1. Cac théng s6 ciia tay may hai khau dan hoi
Théng sb Khiu 1 Khéu 2
rho = 8000 (kg/m3); L;=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); me; = my/N; (kg); mya = 0,05*m, (kg);
A =b*h (m"2); my = 0,05*m, (kg); me = my/N; (kg);
E =2x10"10 (N/m"2); m;g = 0,05*m, (kg); m,p= 0,05*m, (kg);
Heé sb can tai hai khép: I;4=0,0001 (m"4); I,o =0,0001 (m™4);
dl1=0,10,d2=0,10; I, =0,0001 (m"4); L = 0,0001 (m™4);
Hé¢ sb can Rayleigh Li.=L{/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*l; (N,m"2) Ep = E*l, (N, m™4);
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Str dung phﬁn mém Maple ta nhan dugc cac ma tran khdi luong va d cung cho tung khau
cta tay may nhu sau:

mle + mlA + mlB %mle + mlB _%mlelle E[ O O 0
M1 = %mle Ty _%mlelle > K1 = Tl 0 12 _GZle ’ (5)
dz L, 12 bl —6l, AR
Ma tran khdi lwong M, ¢ 4x4 d6i xtng c6 cac phan tir nira tam giac trén nhu sau:
_mZe + m2A ng m2g m?(il2f, |
+m23 7 + Myp l2e, COS(q2) T + Myp COS(q2) —TCOS (qz)
1/3)ym, 1% +1 2
( / ) 22(, 2e 24 l m2€Z28 + mwl% _ m28Z2E + [23
M, = +mypl,” + 1, 20 20 (6)
13m2e + _ 11m28l2€
35 2 210
m, |
d(E 2¢ 2¢ + I
i 105 %
0 0 0 0
EI {0 O 0 0
2= )
l28 0 0 12 —6126
O 0 _6l26 41226

V6i khéi lwong va chiéu dai phantir1a m, =m, /N, |, =L, /N, 1=12.
Ghép ndi cac ma tran khdi luong va dg cing cac khau lai ta thu dugc ma tran khdi lugng
M(q)va ma tran d§ cung K cutia ca hé c& 6x6 dang doi xitng vdi cac phan tir:

M, =m, +m, +my+m, +m,, +m,,;
1
M, = §m2912€ cos(q,, + uy,) +mypl, cos(q,, +uy,)
m
— le
M, = 2( My My, My, My,
m, [ m, 1, cos(q., +u,)
1eb1e 2eboe 2 14 .
M14 =t - +m2b>lze cos(qrz +u14)’
12 2
M — m% Cos(qr‘z + u14) + ( + ) . M — m‘lal?ti COS(qu + u14)
15 = m,p COS({,, Uy ) s Mg =
2 12
m, [ m, I, cos(q ., +u,,)
_ My by, 2 . _ My by, 2 14
M,, = 39 St L, +hmy, + 1 s M, = —= 9 - +m,, cos(q,, + u14)l2€
m, 12 7(m,,1,, +1, m,,) m, [
_ Myby, 2 . _ 2et9e ThoMyp) _ 2eboe
M, =—=+L,+L,my,+ 1, M, = 9920 - s dVlgg = — 22)P+ 2B
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13m,,
33 = T My T My, + My, + My
35
11m, [ m, [, cos(q., +u
= le’le + 2e2e (qu 14) + m2B COS((],,2 + U14)l‘2(1
210 2 )

— m?e COS(qr2 + u14) _ mZJZE COS(QTQ + u14)

My, 5 +m,p, cos(q,, +u,) s My, = 1
m ((12() m. e (l‘sc) p 7m‘ fl‘ e
M44 = ﬁ + [113 + ZT + I2A + l;(amZB + [213 ;M45 = #"' szlze
m, 12 13m,, 11m, 1, my 12
6 =7 2202 + Ly s My = 352( T Myp s Mgg == 2120‘2 s Meg = 12052 + 1
Ma tran d ctng tong thé c6 dang
00 o0 0 0 0 |
0 0 0 0 0
00 12[31E1 —6{1El 0 0
lle llzL
K=o 0 —6[1E1 ZJJIE1 0 0
l12€ lle
00 0 0 12[32E2 —61;2E2
l‘ZG l?(i
-6 F. 4] F.
0 O 0 O 6 22 2 2772
L l28 l?e

®)

Ma tran Coriolis va ly tdim C(q,q) dugc xac dinh tir ma tran khdi luong M(q) theo cong

3. PIEU KHIEN TAY MAY CO KHAU PAN HOI

thirc Christoffel [22] hoac st dung tich Kronecker [6]. Bo qua cén trong cia vat liéu khau, ma
trdn can D c6 dugc do can nhdt tai cac khdop 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 phing ngang.

Nhiém vu cta bai toan diéu khién tay may dan hdi 1a dua ra qui luat lyc/md men dan dong

bam quidao q,(t) > q, ,(t).

3.1 Diéu khién vi tri: diéu khién PD

Luat diéu khién PD+ bu trong lyc dugc ap dung ddi v6i tay may nhu sau:
t=K,(q,-9)+K,(0-q,)+g/(q,q, =0)

1224

tac dung lam cho diém cudi ctia tay may dat dén vi tri mong mudn hay qui dao mong muén véi
d6 chinh xac cang cao cang t6t. So v&i diéu khién tay may ctng, viéc diéu khién tay may dan hoi
gip nhiéu khé khian hon, boi vi trong qua trinh chuyén dong cac khau cia tay may thuong bi
kich thich dao dong do tinh dan hdi ctia n6. O day ta xét bai toan diéu khién tay may trong khong
gian khop. Hai bai toan dugc dit ra & day: 1. diéu khién vi tri q, — q,, = const ; 2. diéu khién
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vOi cac ma tran vuéng K K, > 0 c6 ¢& bang s6 khop cua tay may. Tinh 6n dinh cua h¢ duoc

khao sat nhd ham trit nang sau

1. . 1
Vi=2d'Mla)d +Ila)+(q,, -a,) K, (@, -q,)

Luu y rang 011 / 6q = Kq + g(q) . Pao ham ¥ theo thdi gian va sir dung tinh chit phan d6i
xtng ctia ma tran [M(q) — 2C(q, q)], ta duge V = —¢” (Dr +K, ) q, <0.

So dd khdi cua diéu khién PD duge thé hién nhu trén hinh 2.

g.(q,,q, =0)e
«d _ + . .
q, =0 é, q,.9;
> g 5| K, .
yy T Tay may .
q" + | e dan hdi 4,4,
T ; A : Kp * TPD >

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

3.2. Piéu khién PD ting cuong dua trén md hinh dong lre tay may rin
Gia su réng bién dang cpa cac khau la nh6,~d0 dé ta c6 thé s dung mo hil}h dong luc
ngugc tay may ran la co sd dé tinh lyc/mé men dan dong. Theo d6 ung véi chuyén dong cho
trude cua cac khop q’(¢) ta xac dinh duge lye/md men nhu sau:
7/(t) =M, (q))d; + C, (q;,4,)4; + D, 4 +g,(q;). ©)

Dé khau din cta tay may dan hoi chuyén dong bam theo luat chuyén dong dé ra va co thé
lam giam dao ddng ctia tay may, & day dé xuat thém mot mé men di€u khién tang cuong dang
PD nhu sau:

7.=Ke +Kgé voie =q' —q, (10)
Nhu thé mé men tac dung 1én co cau dan hoi s& la
v, =7/(t)+7. =7/(t) +Ke + K, (11)

véi KP,K ; la cac ma tran xac dinh duong ¢ n x n. So do khoi cua diéu khién dya trén

dong luc hoc nguoc tay may rén’duqc 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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q, > d
y M hinh T, (1)
r > tay may ran )
y > q,,q,
T . —>
() Tay may .
+ e d‘ Ae qr’ qr
® | K, an hoi >
X '
+ e
N O

Hinh 3. So db diéu khién dya vao déng luc hoc nguoc + PD ting cudng

4.KET QUA VA THAO LUAN
4.1. M6 phéng s6 bai toan diéu khién vi tri

Thyc hién trién khai so d0 diéu khién PD + bu trong lyc (hinh 2) trong Matlab/simulink
vdi cac thong so tay may dan hoi nhu trong bang 1. Muc ti€u 1a mudn di€m cudi di chuyén dén
vi tri mong mubn r, =[0.7787,0.7869]" . Piéu kién dau cua cac toa do suy rong dugc chon

q,(0=[0,0]", q,(0)=[0,0,0,0] .

Céc thong s cua bo diéu khlen dugc chon: K, = 400*d1ag([1 1], Kq = 120*diag([1,1]).

Thuyc hién moé phong trén phan mém MATLAB, két qua mo phong sd trong trudng hop niy duoc
dwa ra trén cac hinh 4 dén 6.

1 1
0.8r k| 0.8
~06F =06
E 8
T N
Z 04t 504
0.2+ - 0.2
5 , ‘ ‘ ‘ . p ‘ ‘ . . .
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 2.5 3
t(s) t(s)

Hinh 4. D4 thi toa do khop ran theo thoi gian
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0.1 ; ‘ ‘ : : :
—u13(m) 0.015 —u23(m) ||
- —— u24(rad) o —— u24(rad)
= < 001 -
£ 005 1 S
- < 0.005 .
S S
© ® 0
E o £
o S -0.005 .
[ []
Py o 001 -
g -005 1 &-0015 1
w w
-0.02 g
0.1 : 0.025 ‘ ‘ ‘ ‘ -

1.5 2 25 3 0 05 1 1.5 2 2.5 3
t(s) t(s)

Hinh 5. D) thi bién dang udn va bién dang goc ctia mit cit ngang cudi mdi khau theo thoi gian

2 1
0.8 F
157 1
0.6
21 1 3
0.4
>> >
057 a‘ 1 02F
0 : ‘ ° | | | |
0.8 0.85 0.9 0 8 15 2.5 3
xE(m) t(s)

Hinh 6. DO thi toa dd diém cubi theo thoi gian

Nhdn xét: Chuyén dong cua toa do khop tuong 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 co chuyen dong bién dang nén trong qua trinh chuyen dong dao dong trong
hé xudt hién nhung tit dan. Tir két qua nay co thé thdy rang voi bo diéu khién PD vi tri mong
muén cia diém cudi c6 thé dat duoc.

4.2. M6 phéng s6 bai toan diéu khién qui dao

Thuc hién trién khai so @6 diéu khién dua trén dong luc hoc ngugc tay may ran + PD tang
cuong (hinh 3) trong Matlab/simulink. Muyc tiéu 13 mudn toa d6 khép chu dong q, chuyén dong
theo qui luat mong mudn cho béi cac ham lién tuc theo thoi gian

q,(t) =[0,2sin(4zt + 7 / 2),0,2sin(27t)]|"

Cac thong s6 clia bo diéu khién dugc chon: K, = 400*diag([1,1]), K4 = 120*diag([1,1]).
Piéu kién du cua cac toa do suy rong duogc chon q,(0) =[0,0.2]T, q f(0)=[0,0,0,0]T. Thuc hién

md phong trén phan mém MATLAB, két qua mo phong sd trong truong hop nay duogc dua ra
trén cac hinh 7 va 8.
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Hinh 7. D4 thi toa do khop ran theo thoi gian
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Hinh 8. D4 thi bién dang udn va bién dang goc ciia mit cit ngang cudi mdi khau theo thoi gian

Nhan xét: Cac d6 thi gr1(t) va g,2(¢) trén hinh 7 cho thay rang cac chuyén dong cho trude
cua khop dan dugc diéu khién bam theo chuyen dong mong muodn sau thoi gian khoang 1(s). Khi
chuyén dong cua cac khdp din bam theo chuyén dong mong mudn thi chuyén dong dan hoi xuat
hién nhu mot dao dong binh on. Hién tuong nay la do chuyén dong dat cho cac khdp 1a chuyén
dong tudn hoan.

5. KET LUAN

Bai bao nay di trinh bay mé hinh dong lyc cta tay may phang hai khop tinh tién va quay
(T-R) ¢6 khiu dan hoi. Phuong trinh vi phan chuyén dong cia tay may dan hdi c6 dang twong tu
nhu tay may toan khau ran. Tir cac phuong trinh vi phan chuyén dong nay dap ng ciia hé duoc
md phong bang Matllab/simulink v&i hai b diéu khién: PD cho diéu khién vi tri va PD két hop
v6i dong luc hoc nguoc tay may ctng. Céc két qua méd phong cho thiy véi bai toan didu khién vi
tri, bo diéu khién truyén thong PD cé thé dap tmg dugc. Tuy nhién, thoi gian dé dao dong tit con
tuong d6i 16m. Vi bai toan diéu khién bam qui dao, trong bai bao méi chi ap dung ddi véi
truong 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.

1228



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

TAI LIEU THAM KHAO

[1]. Ahmed A. Shabana (1997): Flexible Multibody Dynamics: Review of Past and Recent
Developments. Multibody System Dynamics 1: 189-222.

[2]. Santosha Kumar Dwivedy and Peter Eberhard (2006): Dynamic analysis of flexible
manipulators, a literature review. Mechanism and Machine Theory 41 749-777.

[3]. K. Lochan, B.K. Roy, B. Subudhi (2016): 4 review on two-link flexible manipulators.
Annual Reviews in Control, Volume 42, Pages 346-367.

[4]. Yanqing Gao, Fei-Yue Wang, Zhi-Quan Zhao (2012): Flexible Manipulators:
Modeling, Analysis and Optimum Design, Academic Press.

[5]. Nguyen Van Khang (2007): Dynamics of Multibody Systems (in Vietnamese). Science
and Technics Publishing House, Hanoi.

[6]. Nguyen Van Khang (2011): Kronecker product and a new matrix form of Lagrangian
equations with multipliers for constrained multibody systems. Mechanics Research
Communications 38, 294-29

[7]. Zhi-Cheng Qiu (2012) Adaptive nonlinear vibration control of a Cartesian flexible
manipulator driven by a ballscrew mechanism. Mechanical Systems and Signal Processing, 30,
pp. 248-266.

[8]. Dadfarnia, M., Jalili N., Xian B., Dawson D. M. (2004): Lyapunov-Based Vibration
Control of Translational Euler-Bernoulli Beams Using the Stabilizing Effect of Beam Damping
Mechanisms. Journal of Vibration and Control, 10, pp. 933-961.

[9]. Benosman M., Le Vey G. (2002) Joint trajectory tracking for planar multi-link
flexible manipulator. IEEE Int. Conference on Robotics and Automation, Washington D.C.,
pp. 2461-2466.

[10]. Yang H., Krishnan H., Ang Jr. M. (1997): 4 simple rest-to-rest control command for
a flexible link robot. IEEE Int. Conference on Robotics and Automation, Albuquerque. New
Mexico, pp. 3312-3317

[11]. Benosman M., Le Vey G., Lanari L., De Luca A. (2001): Rest-to-Rest Motion for
Planar Multi-Link Flexible Manipulator Through Backward Recursion. Journal of Dynamic
Systems, Measurement, and Control, 126(1), pp. 115-123.

[12]. R. E. Valembois, P. Fisette, and J. C. Samin (1997): Comparison of Various
Techniques for Modelling Flexible Beams in Multibody Dynamics. Nonlinear Dynamics 12:
367-397.

[13]. Tamer M Wasfy and Ahmed K Noor (2003): Computational strategies for flexible
multibody systems. Appl Mech Rev vol 56, no 6, pp.533-613.

[14]. Javier Garcia de Jalon, Eduardo Bayo (1994): Kinematic and Dynamic Simulation of
Multibody Systems, The Real-Time Challenge. Springer-Verlag NewY ork, Inc.

[15]. Sang-Myeong Kim (2015): Lumped Element Modeling of a Flexible Manipulator
System. IEEE/ASME Transactions on Mechatronics, VOL. 20, NO. 2, 967-974.

[16]. Usoro, P.B., Nadira, R., and Mahil, S.S. (1986). A Finite Element/Lagrange
Approach to Modeling Lightweight Flexible Manipulators. ASME Journal of Dynamic Systems,
Measurement, and Control. 108: 198-205.

1229



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

[17]. Seifried, R. (2014): Dynamics of Underactuated Multibody Systems - Modeling,
Control and Optimal Design. Solid Mechanics and Its Applications, Vol. 205, Springer.

[18]. Lammerts, I. M. M. (1993). Adaptive computed reference computed torque control of
flexible manipulators. Eindhoven: Technische Universiteit Eindhoven, DOI: 10.6100/IR402510..

[19]. Yuangang Tang, Fuchun Sun, Zengqi Sun (2006): Neural network control of flexible-
link manipulators using sliding mode. Neurocomputing 70, 288-295.

[20]. Hoang. N. Q., (2017).‘A’nh huwong cua ludt chuyévnr dong dén mé men dan déng va dao
dong cua tay mdy co khau dan hoi. Hoi nghi Co hoc toan quoc lan thtr X, Téap 2 Dong luc hoc va
diéu khién, Ha Noi.

[21]. Ahmed A. Shabana: Dynamics of Multibody Systems. Cambridge University Press
2005.

[22]. L. Sciavicco and B. Siciliano(2012). Modelling and control of robot manipulators.
Springer Science & Business Media, 2012.

1230



