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DPiéu Khién tdi wu cho hé Pendubot 3-link

Optimal control for 3-linked Pendubot
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Tom tit

H¢ pendubot la mot hé théng under-actuated SIMO ¢6 dién
diege sk dung nhiéu trong cdc phong thi nghiém véi muc dich tim
hiéu va nghién ciru hoc thudt diéu khién. Pa phan cdc nghién citu vé
hé pendubot déu chi dé cdp dén pendubot 2-link (hé bdc thdp). Néu
néng cdp s6 link sé lam tang dé phirc tap ciia hé thong can diéu
khién (hé bdc cao). Piéu khién LOR la mét gidi thudt diéu khién
tuyén tinh dwoc chimg minh tinh 6n dinh bang todn hoc. Trong bai
bdo nay, tdc gia sir dung phwong phdp diéu khién LOR dé diéu khién
hé thong pendubot 3-link mé phong cdn bang tai vi tri lam viéc tinh.
M6 phong trén Matlab/Simulink cho thdy sw thanh cong ciia phwong
phdp diéu khién LOR trén mé hinh pendubot 3-link. Két qua diéu
khién trong bdi bdo nay cé thé dwoc dp dung dé cdc nghién ciru trén
cac hé under-actuated bdc cao co thé tham khao.

Abstract

Pendubot is a classical SIMO under-actuated system that has
been much used in laboratories for studying and researching control
algorithms. Most studies on the pendubot only mention the two-linked
pendubot (low-order system). If the number of links is upgraded, the
difficulty of the controlled system will increase (high-order system).
LOR control is a linear control algorithm whose stability is proved by
mathematics. In this paper, the LOR control method was used to
control the three-linked pendubot system for the balanced stimulation
at an equilibrium point. Simulation on Matlab/Simulink showed the
success of the LOR control method on the three-linked pendubot
model. The controlling results in this paper could be applied for
references in other studies on high-order under-actuated systems.

1. GIOI THIEU

Hé pendubot 1a mot hé théng thong
dung trong linh vuc diéu khién [1]. Pay la
mot hé thong co két cdu don gian nhung c¢6
dac tinh cia mot hé phi tuyén SIMO dién
hinh. R4t nhiéu giai thuat diéu khién da

duoc &p dung cho pendubot 2-link [2]-[4].
Tuy nhién, cac cdng trinh vé tang sb link
dé nang cao do phuc tap trong diéu khién
cia pendubot chua céd nhiéu. Viéc thuc
hién céc giai thuat trén cc robot nhiéu link
hd tro viéc nghién cau han 1am vé Iy thuyét
diéu khién cling nhu hd tro viéc dao tao
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sinh vién/ hoc vién & cac truong dai hoc vé
ly thuyét diéu khién tu dong. Tur d6, cac
sinh vién c6 thé ap dung kién thirc cho cac
d6i tuong cu thé, cac qua trinh ty dong
trong san xuit thyc té. O tai liéu [5], tAc gia
Vi Dinh Pat da phan tich phuong trinh
dong hoc cua hé pendubot 3-link va cho
thdy phuong trinh dong hoc cua hé
pendubot 3-link nay rat phuc tap. Trong
nghién ctru trén, mot giai thuat trugt duoc
dé nghi dé diéu khién hé pendubot 3-link.
Tuy nhién, bo diéu khién truot nay kha
phuc tap. Khi hé SIMO bac cao hon, viéc
tinh toén ra tin hiéu diéu khién thong qua
ham phi tuyén chua dugc don gian hoa
khong con don gian nia, cAu trac diéu
khién ciing phirc tap, kho xay dung. Bo
diéu khién LQR c6 cau trac don gian, lai
dugc dam bao 6n dinh bai todn hoc nén cd
xu huéng dé thyc hién va dé ap dung cho
vi xtr li trong diéu khién mé hinh thyc.
Trong linh vuc diéu khién hoc, cac
bo diéu khién rat da dang va méi bo diéu
khién s& duogc thiét ké phu hop véi muc
dich diéu khién. Trudc tién, trong céc bo
diéu khién tuyén tinh thi bo diéu khién
PID kinh dién [6] duoc sir dung rat rong
rdi vi sy don gian trong céu tric va dem
lai hiéu qua cao. Tuy nhién, viéc Xac
dinh cac thong s bo diéu khién PID phai
thong qua quéa trinh thir sai dé tim ra bo
thong sb thich hop. Mit khac, b diéu
khién PID duoc thiét ké phd hop cho 1
hé¢ SISO (mot vao-mot ra) va khdng
thich hop cho mét hé c6 sé ngd vao khac
véi s6 ngd ra. Su 6n dinh caa bo diéu
khién PID ciing khong dugce dam bao vé
mit toan hoc. Do d6, bo diéu khién LQR
& mot phuong an phu hop cho hé
pendubot nhiéu link vi 4p dung duoc cho
cac hé co sb tin hiéu vao ra tiy y, mién
sa0 hé thong d6 mang tinh chat “diéu
khién dwoc”. Bén canh d6, giai thuat
LQR [7] ciing 1a mét bo diéu khién tuyén

tinh nhung tin hiéu diéu khién cua bo
diéu khién nay dwoc tinh toan bang cac
cbng thuc toadn hoc duoc chang minh
tinh 6n dinh dua trén viéc giai phuong
trinh Ricatti. Du vay, giai thuat LQR
theo ly thuyét chi 6n dinh t6t néu hé
thng rat sat diém lam viéc tinh. Viéc
chon thong s6 bo diéu khién tét c6 thé 6n
dinh dwoc hé thdng du trang thai dau hé
thdng c6 thé xa diém 1am viéc tinh. Viéc
t6i wu hoéa bd diéu khién LOR s& dugc
trinh bay trong mot van dé & bai bao
khéc hoic duoc nang cap vé sau tir bai
bao nay.

Trong bai bdo nay, nhom tac gia ap
dung giai thuat LQR cho hé pendubot 3-
link dé kiém ching su 6n dinh caa bo
diéu khién tuyén tinh LQR khi 4p dung
cho hé SIMO bac cao. Hé thong s& duoc
tuyén tinh xung quanh diém lam viéc
tinh va bo diéu khién LQR ciing s& duoc
thiét ké dya theo phuong trinh tuyén tinh
cua hé théng da tim duge. Hon thé nira,
giai thuat con dugc kiém chang khi hé
thdng ¢ tac dong cua nhidu bén ngoai.

O phan dau bai bao, nhom tac gia
gi6i thiéu van dé va dan giai toi hudng di
ma bai bao huong téi. Noi dung nghién
cuu ciia bai bao gém 5 phan. Trong phan
noi dung nghién ctru, phuong trinh dong
hoc dugc gigi thiéu va dién giai. Trong
phan 2, giai thuat diéu khién LQR dé
nghi. Két qua md phong duoc thé hién &
phan 3. Két luan caa bai bao duogc trinh
bay & phan 5. O phan 5, c4c tai liéu tham
khao duoc liét ké.

2. NOQI DUNG NHIEN CUU

Nghién ctru giai thuat LQR diéu khién
cho hé con lic nguoc nhiéu link. Trong
trudng hop nay, hé théng pendubot 3-link
dugc st dung trén mé phong théng qua
giai thuat tuyén tinh LQR. Kha ning diéu
khién cua bo didu khién LQR duoc kiém
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chimg dat yéu cau théng qua mé phong
trén Matlab/ Simulink.
2.1. Phwong trinh dong hoc

Theo tai liéu [5], cdu tric md hinh
cia pendubot dugc biéu dien trong
khong gian 2 chiéu ¢ Hinh 1.

ylh

,
3 .
-
4
-
.

=

=
q1 R

T X
Hinh 1. Cdu trGc md hinh ciia hé thong
pendubot 3-link

Bing 1. Thong s6 hé thong [5]

I, 0,2 m Chiéu dai link 2

2 0,1 m Khoang cach tur
khép bi dong den
trong tam link 2
ms 0,055 kg  Khdiluong link 2
l; 022 m  Chiéu dailink 2
les 0,11 m Khoang cach tur
khép bi dong den
trong tam link 2
Ki 0010 Nm/ Hing s5 momen
8 A cua dong co
Ko 0,065 V/(ra Hang sd phan dién
d/s)  cuadong co

Céc phuong trinh toan hoc duoc su
dung trong khau diéu khién déu duoc liét
ké 6 hé¢ phuong trinh (1). Trong do,
momen T 13 tin hiéu tao ra do dong co dé
tac dong vao hé thong. Théng sé hé
thdng dugc liét ké & Bang 1.

M® hinh toan hoc cua pendubot 3 link
c6 thé duoc dién giai thong qua phuong
phép Euler-Lagrange nhu sau:

)

)

Ky Gia Don M6 ta Ei L(q, q)——L(q q)=7r (k=12,3)
higu  tri vi dt &g, o
m; 0,15 kg Khéi Tuong link 1 TroEg d("), to;_in tﬁj La\%range la:
L 02 m  Chidudailink1 V"(qT,ql)‘_dA(q,q)“_ ((1? RPN,
lex 0,1 m Khoang cach tu P v(n Aa A,Qng nang e ong, . ,a
khop chii dong dén the nang h¢ thong, q=[q, q, g,] la cac
trong tam link 1 géc léch lan luot cua link 1, 2, 3 theo
m, 0,14 kg  Khéiluong link 2 nhu Hinh 1. Trong d6, T va V dugc tinh
toan nhu sau:
I
V(q,q) = ng(lecosqJ +1l, cosq,} 3)
=1 j
k-1 k-1 N
. —kalkq, + > > mldd; cos(q —q;)+
. jo1j>1 e
T(a,0)=), . , @)
k=1 .
+ka|ck kq qk COS(q| qJ)+Emka|f|k2qE +§quk
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Céac phuong trinh ¢ chudi & phuong
trinh s6 (1) c6 thé viét vé dang ma tran
nhu sau:

D(a)4+C(q,d)+G(a) =Fz
T (5), sau khi chuyén vé, ta duoc
4=D"(q)FT,~D"(q)C(a,4)d-D"(a)G(a) (6)
Vé6i viéec xac dinh ngd vao diéu
khién 12 momen do dong co tao ra, viéc
mo phong chi ding ¢ muc d6 khao sat
kha ning bo diéu khién LQR trong viéc
diéu khién hé thdng chtr chua tao duoc
nén tang dé c6 thé ap dung trén md hinh
thue. Viéc chuyén tin hiéu diéu khién tir
momen sang dién &p gilp viéc diéu
khién trén mo hinh thuc tir tinh todn md
phong sé kha thi hon. Tuy trong nghién
ctu nay, nhém tac gia chua thanh cong
trong viéc xdy dung pendubot 3-link
thuc té nhung viéc md phong van s&
dugc hudng phét trién theo huéng nay.
Phuong trinh quan hé momen va dién ap
V (Volt) [5] dugc trinh bay nhu sau:

r= KbV/Ra - szql/Ra (7)

Khi thay thé (7) vao (6), ta dugc hé

phuong trinh trang thai hé thong véi ngd

vao diéu khién la dién &p cap cho dong
co nhu sau

()

G=F(q,V) 8
F1 [FR(aV)
Vsi F(qV)=|F, |=|F(aqV)|.
Rl | FR(aV)

Viéc liét ké cac ham F1, F2, F3
duoc trinh bay trong chuong trinh luu &
Matlab, khéng thé hién néi trong khudn
kho bai béo vi cong thic rat dai dong.
Qua trinh tinh toan cac ham trén duoc
trinh bay theo cac budc ¢ phia trén.

2.2. Gidi thudt diéu khién

Véi mot hé théng di c6 phuong

trinh toan hoc rd rang, day du thong sb

hé théng va diém lam viéc cu thé, cb
dinh, giai thuat diéu khién LQR 13 mot
phuong phap thong dung. Véi cau tric
don gian, dé tinh todn (nho vao cong cu
Matlab) va kha nang hi¢u chinh don gian
dua vao ma trén trong $6, b diéu khién
LQR thuong dugc dé xuadt cho diéu
khién robot can bang.

Tuy nhién, v6i hé théng c6 dang
X = h(X, u) véi x 12 bién trang thai va u
1a tin hiéu diéu khién, bd diéu khién
LQR chi duoc thiét ké 6n dinh x vé diém
can bang néu diém can bang 1a x=[0] va
u=[0]. Trong khi d0, vi tri cAn bang theo
dinh nghia ¢ (8) lai 1a q1=pi/2 (chua phai
gia tri 0), q2=0, gz=0, vén tbc cac link
déu 14 0 va V=0. Do vy, ta can d6i bién
dé diéu kién thiét ké LQR dugc thoa.
Céc bién duoc dat lai 1a

X1=q1_”/2; Xzqu; x3=q1+q2—;z/2; (9)
X, =0 +0,; X =0, +0,—7/2; X% =0+,
Ldc nay, (8) tré thanh
x=f (X,V) (10)
vei o n .

f(xV)
f,(xV)].

f1
f(xV)=|f, |=
f,] [ f(xV)

Viéc trinh bay cac ham fy, f,, f3 cling
rat dai va chi duoc thé hién trong chuong
trinh Matlab cha khong thé trinh bay hét
trong khudn khé bai béo.

Ldc nay, ta c6 thé xap xi hé phuong
trinh trang thai phi tuyén & (10) vé dang
tuyén tinh khi gia thiét hé thong chi hoat
dong rat sat quanh vi tri can bang duoc
thé hién ¢ (12).

X%=[0 0 - 0], u,=0 (11)

-15-



No. 09/2020

Journal of Science, Tien Giang University

Lac nay, phuong trinh tuyén tinh hé
thong khi hoat dong quanh diém cén
bang la:

X = AX + Bu (12)

Trong d6, ma tran A, B duoc thé
hién & (14).

Ma tran Q, R 1a cc ma tran trong sé
dugc chon ¢6 dang sau

0 o 0l 0 R ..
S D (13)
00 - Q 0 0 - R,

Trong d6, Cac gia tri Q; dén Qp, R;
dén Ry 1a céc gia tri xac dinh duong.
Cac thanh phan khong phai duong chéo
ctia ma tran Q, R déu bang 0. m va n lan
luot 1a bac cua hé phuong trinh trang
thai (s6 bién trang thai caa (12)) va sb
bién diéu khién cia ma tran u. O day, hé
pendubot 3-link lIa mot hé SIMO nén ma
tran R chi gdom mot phan tir dwong duy
nhat. Thanh phan Q; (véi i=1, 2, ..., n) la
trong sé twong wng vai bién trang thai x;.
Khi diéu khién, néu ta quan tam viéc
diéu khién bién trang thai nao thi ta ting
trong sé tuong tng bién trang thai d6 1én
S0 Vi trong s6 cac bién trang thai khac
(twong Gng Viéc giam sy quan tim dén
viéc diéu khién céc bién trang thai khac).

Trong bai bao nay, viéc khao sat su
thay doi thong s6 bo diéu khién dugc bo
qua ma tac gia chi quan tam viéc kiém
tra giai thuat diéu khién LQR co diéu
khién duoc hé théng va muac do bén
viing cua bo diéu khién trén vai md hinh
pendubot 3-link. Do d6, ma tran Q, R
duoc chon gia tri co ban la cac ma tran
don vi nhu & (15). (Vi sy on dinh da
dugc dam Dbao theo phuong trinh
Ricatti).

(14)

X=X
u=u,

afl

ov

o,
v

)
B=|0 0 %}
oV
Q =eye(6);R=1 (15)
Luat diéu khién hoi tiép LQR duogc
tinh c6 dang nhu sau:
u=-Kx (16)
Cau tric diéu khién LQR dugc thé
hién nhu Hinh 2 dudi day

H@ thong|x | El(i"gié“
hi tuyén cn
rp y - Kx
|
tin hiéu diéu khién u
Hinh 2. Céu tric diéu khién LOR
Trong d6 ma tran K dugc xac dinh
théng qua viéc chon ma tran trong s6 Q
va R phu hop, két hgp vai ma tran A, B
(duoc tinh tir ma tran roi rac mo ta hé tai
vi tri cdn bang). B¢ tim ma tran K, su
dung 1énh sau trén phan mém Matlab:

X=Xy
u=u,

(17)

(18)

K=Igr(A B,Q,R)
0 1 0 0 0 0]
1497 -0,17 -9557 0 863 O
Ac 0 0 0 1 0 0
-356,14 042 3281 0 -5361 0
0 0 0 0 0 1
| 28345 -0,33 -41841 0 16091 0

B=[0 26870 0 -63925 0 5,0878]T
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Vi thong s6 ¢ Bang 1, tinh toan
dgqc ma tran A, B ¢ (14) tai diém can
bang (11), ta duoc (18).

Dé xét kha ning xay dung mot bo
dicu khién bat ki doi vaoi hé thong trén,
ma tran diéu khién dugc tinh dua vao
(18) nhu sau:

M.=[B AB - A°B]

Dung Matlab tinh toén, ta c6

rank (M, ) =6 (20)

Hang cua ma tran Mc bang véi bac
cua hé phuong trinh (12) (bang vai so
bién trang thai). Do do, hé thong la diéu
khién duoc tai diem lam viéc. Pay la co
so cho viéc xay dung mot bo dieu khién
bat ki cho hé thong pendubot 3-link.
Trong truong hop nay, bo dieu khién
duoc ap dung la LQR.

Tu (15), (17), (18), ta co;

K =[111,4665 41,9074 -133,9893...

32,3769 323,4086 33,3219]
2.3. Két qud mé phong

Véi ma tran diéu khién K duogc tinh
toan nhu ¢ (21) va tin hiéu dién &p cap cho
mo hinh dugc tinh toan nhu ¢ (16), hé thong
dugc mo phong voi hai truong hgp khong
¢6 nhiéu va cé nhiéu trong qua trinh khéi
dong véi théng so6 chon ban dau la

(2.0 6,(0) 0,(0) ¢,(0) &(0) G,(O)]
=[0,1 0-0,1 0 0,01 QT

Cac két qua mé phong duoc thé hién
tr Hinh 3 dén Hinh 9:

- Trudng hop khong nhiéu

(19)

(21)

(22)

0

-0.2

-0.4

Gocthanh 1 (rad)

-0.6

0 1 2 3 e
Thoi gian (giay)

Hinh 3. Géc link 1 khéng cé nhiéu

0.2
0.1

Goc thanh 2 (rad)

-0.1

-0.2

0 1 2 3 4
Thoi gian (giay)

Hinh 4. Gdc link 2 khi khong c6
nhiéu

0.01

-0.01

Gacthanh 3 (rad)

-0.02

-0.03

a 1 2 3 4
Thii gian (gidy)

Hinh 5. Gdc link 3 khi khong c6
nhiéu
- Trudng hop ¢6 nhiéu
Ham nhiéu dugc chon la
_{O,lif 15<u<2,2

(23)
0 otherwise

0.05

o 1 2 3 4 5
Thoi gian (giay)

Hinh 6. Pé thi biéu dién nhiéu tac
dong

-

L] 1 2 3 L 5
Theri gian (gidy)

Hinh 7. Goc link 1 khi ¢6 nhiéu tdac déng

Thong qua két qua mo phong, ta
théy hé pendubot 3-link- dudi sy dieu
l§hién cua giai thuat LQR- hoat dong kha
6n dinh véi thoi gian xé&c 1ap rat ngin

=]
I

Gocthanh 1 (rad}
o
&
o

=]
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trung binh 0.5 cho dén 1 gidy & trang thai
hoat dong khong cé nhiéu (Tu Hinh 3
dén Hinh 5). Bong thoi, goc dao dong toi
da 14 0.6 rad (34 d6) ¢ link 1, b6t dan
dao dong ¢ céc link bac cao hon (Ian
luot 12 0.2 rad va 0.03 rad ¢ cac link 2 va
3). Trong truong hop ¢ nhiéu, thoi gian
xéc 1ap cua hé théng tré nén dai hon (tir
1,5 dén 4 gidy nhu & Hinh 7 va Hinh 9)
so véi khi khdng co6 nhiéu. Tuy nhién, hé
théng van on dinh. Mat khac, hé thdng
c6 d6 vot 16 khong thay d6i so véi khi
khéng cd nhidu. Piéu nay cho thiy su
bén viing cua b diéu khién LQR dbi voi
hé théng pendubot 3-link. Nhu vay, bo
diéu khién LQR hoan toan c6 thé ap
dung dugc cho cac hé SIMO under-
actuated bac cao ma pendubot 3-link la
mot d6i tuong tiéu biéu.

N

=]

Gac tharh 2 (rad)
e
5
0

o
2

(1] 1 2 3 4 5
Thiri gian (Qidy)

Hinh 8. Géc link 2 khi c6 nhiéu tic déng

.15

0.1

0.05

Goc thanh 3 (rad)

L]

-0.05

(4] 1 2 3 4 S
Thoi gian (giay)

Hinh 9. Géc link 3 khi c6 nhiéu tic déng
3. KET LUAN

Bai bdo da dua ra phuong phap va
chitng minh théng qua md phong. Tuy
nhién, mot hudng di ma cac nghién cau
sau nay veé dé tai diéu khién pendubot 3-
link c6 thé 1a sir dung cac giai thuat tim
kiém on-line hay off-line dé téi wu hoa
ma tran Q, R. Tu do, c6 duoc ma tran

didu khién K tét nhat, gidp cac tiéu
chuan chat lugng dugc cai thién (thoi
gian xac lap, d6 dao dong cua hé thng
khi qué d9...).
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